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ABSTRACT

This paper presents a reliability and probability study focusing on connections using relatively short bolts that have been shown in a com-
panion paper to have the potential to have been designed with threads excluded from the shear plane and then subsequently installed with
the threads not excluded from the shear plane. After an introduction outlining the background of the shear strength and associated design
of joints in various editions of the AISC Specification, the paper presents a structural reliability analysis as well as a probability study using
Monte Carlo simulations; finally, the paper discusses additional considerations and mitigating factors associated with this potential problem.
Calculated reliability coefficients and probabilities of failure are tabulated for joints using two diameter groups of 120-ksi bolts (from % in. to
1in. and from 1% in. to 1% in.) and for joints using 150-ksi bolts. The paper provides an evaluation of the reliability of joints with bolts that have
been designed with the threads excluded from the shear plane but installed with the threads not excluded from the shear plane. Although it is
recommended that future designs involving short bolts be based on the assumption that the threads are not excluded from the shear plane,
this study provides a measure of the reliability of structures that have already been constructed with bolts designed assuming that the threads
were excluded but installed with the threads not excluded. The results show that the reliability of joints in this class is dependent on the grade
and size of the bolts used, on the length of the joint, and on which edition of the AISC Specification was used for design. It was found that
some joints in this class still meet the AISC target reliability for connections and that many joints meet the AISC target reliability for members.

Keywords: structural bolt, high-strength bolt, fastener, A325, A490, F1852, F2280, F3125, threads excluded, threads not excluded, shear.

INTRODUCTION Specification (RCSC, 2015). In these tables, the thread
lengths of structural bolts are presented as constant for each
given bolt diameter. Structural bolts, however, are manufac-
tured to conform to the American Society of Mechanical
Engineers (ASME) B18.2.6 Standard (ASME, 2019) where
the thread length is presented as a reference dimension and
not a control dimension, which means that the thread length
may not be exactly equal to the values shown in tables.
This situation often manifests itself in structural bolts
that are relatively short but still longer than the reference
thread length for their diameter, where the bolt may not have
an unthreaded shank at all despite what is implied in some
design aids. Figure 1 shows three different 7&-in. X 2-in. bolts
that were made by three different producers, all in compli-
ance with ASME standards. Structural bolts that are 7% in.
in diameter have a published thread length of 1Y% in., which
leads to the assumption that a bolt that is 2 in. long should
have an unthreaded shank that is %2 in. long. Provisions in
James A. Swanson, PhD, Associate Professor, Department of Civil and Archi- the ASME standard, however, require this bolt to be man-
telctulral Elngimleering alnd Constrluction Management, University of Cincinnati, ufactured as fully threaded, with a short unthreaded body
Cincinnati, Ohio. Email: swansojs@ucmail.uc.edu (corresponding) with a diameter smaller than the nominal bolt diameter, or
with an unthreaded shank with a diameter equal to the full

hen designing a bolted joint for shear forces, one of the

first determinations that is made is whether the bolts
will be designed with the shear plane of the joint passing
through the shank or through the threads of the bolts. In the
former case where the threads are excluded from the shear
plane (the X condition), the bolts have an available strength
that is higher than in the latter case where the threads are not
excluded from the shear plane (the N condition). To deter-
mine whether or not threads will be excluded from the shear
plane, engineers and detailers often consult Table 7-14 of the
AISC Steel Construction Manual (AISC, 2017), hereafter
referred to as the AISC Manual, or Tables C-2.1 or C-2.2
of the Research Council on Structural Connections (RCSC)
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cinnati, Cincinnati, Ohio. Email: rassatga@ucmail.uc.edu nominal diameter of the bolt. This issue was addressed in
Chad M. Larson, President, LeJeune Bolt Co., Burnsville, Minn. Email: detail in a previous work (Swanson et al., 2019); Table 1 lists
clarson@lejeunebolt.com bolts that may be affected by this issue.

In addition to the issues noted for relatively short bolts,
it is possible for bolts of any length to have geometric
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Table 1. Bolt Lengths Considered to Be Fully Threaded Per ASME B18.2.6
Nominal Bolt Diameter, d}, Fully Threaded Bolt Lengths

Y2in. L<1%in.

% in. L<1%in.

% in. L<1%in.

78 in. L<2in.

1in. L <2%in.

1% in. L <2%in.

1% in. L <2%in.

1% in. L <3%in.

1% in. L <3%in.

deviations from nominal reference dimensions. A common
misunderstanding is that the length of the unthreaded shank
or body of a bolt can be computed simply by subtracting the
reference thread length from the overall length of the bolt.
This is incorrect, though, because of tolerances on the length
and transition length of the bolt. A footnote to Table 7-14
of the AISC Manual provides a reference to tolerances in
ASME BI18.2.6, where minimum body lengths (as well as
other dimensions) are found. The minimum body length, as
a control dimension, is not permitted to be smaller than pub-
lished values. A 73-in. X 2%5-in. bolt, for example, might be
expected to have a shank length of 22 in. — 12 in. = 1 in.
computed by subtracting the thread length from the overall
length. Consultation with Table 2 of ASME B18.2.6, how-
ever, shows a minimum body length, Lg ,;,, of 0.72 in. for
that bolt. While it is sometimes argued that a bolt sheared
through its transition region demonstrates behavior compa-
rable to a bolt sheared through its body; that may not actu-
ally be the case.

Fig. 1. Three 7%-in.-9x2-in.-bolts
made by three different manufacturers.
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This situation presents a potential problem for engineers
and owners with structures already constructed with short
bolts that have been designed in the threads excluded condi-
tion. Bolts that were designed to carry shear forces through
their shanks may actually be carrying shear forces through
their threads or transitions, meaning that they will likely
have an available strength that is lower than expected.
Both the AISC Specification for Structural Steel Buildings
(AISC, 2016) and the RCSC Specification include a factor
of 0.80 for bolts designed in the threads not excluded condi-
tion, thus bolts designed as X but installed as N may have
20% less strength than expected. While this difference is
less than the margin afforded by the resistance factor of 0.75
that is used in the design of bolted joints,1 this may not be a
sufficient remedy in some circumstances.

It should be noted that this issue has existed for nearly
four decades; it can be traced back to at least the 1981 edi-
tion of ASME BI18.2.1 (ASME, 1981). Bolts designed with
threads excluded from the shear plane have been discovered
during installation to be fully threaded on numerous occa-
sions, often resulting in replacement of the fasteners with
longer ones, often at great expense. While it is suspected
that this variation has likely gone undiscovered in the design
and construction of numerous other structures, the authors
are not aware of a structural failure that has resulted from
this specific issue. While this issue can certainly result in
designs that are unconservative, those designs might actu-
ally be only less conservative but still adequate when com-
pared to actual demand. Application of resistance factors,
documented overstrength of fasteners, conservatism built
into design equations, and other factors mitigate the risk

1 Note that there are several differences between the AASHTO LRFD
specification (AASHTO, 2017) relative to the AISC and RCSC specifi-
cations, including the use of a resistance factor of 0.80 instead of 0.75.
These issues will be addressed briefly later in the paper.



associated with these incorrect design assumptions. The fol-
lowing sections aim to quantify the reliability and risk asso-
ciated with this issue.

BACKGROUND OF BOLT SHEAR STRENGTH

The most fundamental form of the design equation for a
connection, written in terms of load and resistance factor
design (LRFD), is

OR, 2 ZyQ M

where
Q = applied load or load effect, kips

R,, = nominal resistance, kips
Y =load factor
¢ =resistance factor

On the left-hand side of the equation, we find the factored
resistance, OR,, and this is a logical place to start. There are
numerous limit states for a bolted joint where the bolts are
subjected to shear, including the shear strength of the bolt,
the bearing and/or tear-out strength of the material around
the bolt, block shear, a net section fracture, and possibly
joint slip depending on the connection type and the require-
ments of the engineer of record.

Bolt Shear Strength

The nominal shear strength of a bolt, r,,, in its fundamental
form can be shown as (Kulak et al., 1987; Tide, 2010)

Ty = ApFy potR R RiRyj 2

where:

A,  =nominal unthreaded body area of the bolt, in.2

F, poir = ultimate tensile strength of the bolt material, ksi

R;  =length reduction factor for joints with L < 38 in.

R;; = length reduction factor for joints with L > 38 in.

R, = thread condition factor (X vs N)

R,  =ratio of shear strength to tensile strength

This form of the nominal strength equation includes the
area of the shank of the bolt, the ultimate tensile strength
of the bolt material, and four reduction factors. A value of
0.625 is used for the first reduction factor, R,, which is the
ratio of the shear strength of the bolt material to the ten-
sile strength of the bolt material (AISC, 2016). The second
reduction factor, R,,, accounts for the thread condition of the
bolts in the joint; a value of R, = 1.00 is used if the threads
are excluded (X) from the shear plane of the joint, and a
value of R, = 0.80 is used when the threads are not excluded
(N) from the shear plane. A value of 0.90 is used for the third
factor, R;, which represents a reduction in the strength of the
bolts due to unequal distribution of shear force among the
bolts in typical joints having lengths up to 38 in. Finally, R;;

is taken as 1.00 for joints with a length up to and including
38 in., but a value of R;; = 0.80 is used for joints longer than
38 in. The factor Rj; is similar to the factor R; but accounts
for a more pronounced inequality in the distribution of shear
forces among the bolts in longer joints.

According to the 2016 edition of the AISC Specification,
for bolts in a joint with a length not exceeding 38 in., where
the threads are excluded from the shear plane (X), R, =
0.625, R, = 1.00, R;=0.90, and R;;= 1.00. For bolts in a joint
that has a length not exceeding 38 in., where the threads
are not excluded from the shear plane (N), R, = 0.625, R, =
0.80, R;=0.90, and R;; = 1.00.

Threads excluded, X:

ny = 0-563AbFu,bolt (3)

Threads not excluded, N:
Fpy = 0-4‘50AbFu,holt (4)

All bolts:
I'ny = AbFu,balt (5)
where
F,, =the nominal strength per unit area of the bolt in
shear, ksi

= RanijleFu,bolt ©6)

The first two factors, R, and R, address the strength of indi-
vidual bolts and the variability of those strengths, whereas
the third and fourth factors, R; and Ry;, address the perfor-
mance of bolt groups in joints and the variability of those
joints.

The Strength of Individual Bolts in Shear with
Threads Not Excluded

Three research studies have been conducted at the Univer-
sity of Cincinnati since 2008 wherein the strength of indi-
vidual bolts was measured (Moore et al., 2008; Taylor et al.,
2008; Roenker et al., 2017). These studies included ASTM
A325, A325T, A490, F1852, and F2280 bolts of various
diameters manufactured by approximately a dozen different
producers.2 A summary of the grades and diameters of bolts
tested is shown in Table 2. All bolts considered herein were
tested in single shear with the shear plane passing through
the threads. For the sake of clarity, A325, A325T, and F1852
bolts are treated as equivalent and are collectively referred
to as Group 120. Similarly, A490 (ASTM, 2014b) and F2280
(ASTM, 2014d) bolts are also treated as equivalent and are
collectively referred to as Group 150.

The results of the bolt tests are summarized in Fig-
ures 2 through 5 where the strength of bolts divided by the

2 Test results that are referenced in this work were obtained for bolts that
were produced before the ASTM F3125 (2018) standard was officially
adopted.
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Table 2. Number of Each Grade and Diameter of Bolts Tested with Threads Not Excluded
Bolt Grade
Diameter, in. A325 A325T F1852 A490 F2280
12 0 0 0 0 0
% 20 15 5 30 0
% 86 50 10 64 15
7 100 15 5 104 15
1 79 20 5 92 15
1% 21 10 5 25 5
1% 20 25 0 30 0
1% 0 0
1% 0 0

nominal area of their unthreaded shanks is shown as histo-
grams. Figure 2 shows data for Group 120 bolts sized % in.
through 1% in. It was observed, however, that the strength
of Group 120 bolts exhibited a bimodal distribution where
the strength of smaller diameter bolts sized 7 in. through
1 in., shown in Figure 3, was noted to be higher than that of
larger diameter bolts sized 1'% in. through 1% in., shown in
Figure 4. When the larger-diameter Group 120 bolts were
considered separately as a subset of the complete dataset,
a lower mean strength and lower standard deviation were
observed for this class of fasteners. This difference may be
related to challenges associated with hardening the larger
diameter bolts and may also be a reflection of the fact that
tests were performed on bolts manufactured prior to the
adoption of ASTM F3125 (2018), which requires that Grade

A325 and A325TC bolts larger than 1 in. in diameter have
a minimum strength of F,, = 120 ksi. Prior to the adoption
of ASTM F3125, ASTM A325 (2014a) and ASTM F1852
(2014c) required that bolts larger than 1 in. in diameter have
a minimum tensile strength of only F, = 105 ksi. A bimodal
distribution was not observed in the data for Group 150
bolts, shown in Figure 5.

It was also noted that the mean shear strength of Group 150
bolts, 74.6 ksi, was slightly lower than the minimum required
value of F, po R R, = (150 ksi)(0.625)(0.80) = 75.0 ksi. In
fact, more than half of the Group 150 bolts that were tested
(211 of 395) had a shear strength less than 75.0 ksi. In con-
trast, the average shear strength of the Group 120 bolts was
greater than the minimum required value of (120 ksi)(0.625)
(0.80) = 60.0 ksi, and only 10 of 491 Group 120 bolts tested

120
Group 120 Bolts n =491 bolts
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d=%"to 14" St Dev = 4.60 ksi
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Measured Ultimate Shear Strength per Unit Area, F,, (ksi)

Fig. 2. Shear strength per unit area of Group 120 bolts tested with threads not excluded.
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Fig. 3. Shear strength per unit area of smaller-diameter Group 120 bolts tested with threads not excluded.
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Fig. 4. Shear strength per unit area of larger-diameter Group 120 bolts tested with threads not excluded.
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had a strength less than 60.0 ksi. This is thought to be a reflec-
tion of the fact that, unlike Group 120 bolts, Group 150 bolts
have a maximum specified tensile strength, which results in
Group 150 bolts being manufactured with a strength that is
closer to their minimum specified strength than Group 120
bolts. This is also evidence that the value of R,,, = 0.80 might
possibly be too large. This reduction factor was proposed
as 0.75 by Fisher and Struik (1974), was then proposed as
0.70 by Kulak et al. (1987), was reported as 0.833 by Frank
and Yura (1981), and was then reported as 0.762 by Moore
et al. (2008; 2010). Early versions of the RCSC Specifica-
tion incorporated a value of approximately 0.68 (RCSC,
1964) but this was increased slightly to 0.70 in the 1976 edi-
tion (RCSC, 1976). The value of 0.80 was adopted with the
release of the LRFD version of the RCSC Specification in
1988 (RCSC, 1988), though the value of 0.70 was retained in
the 1985 and 1994 editions of the ASD version of the RCSC
Specification (RCSC, 1985). This evolution was mirrored in
the AISC Specification development with the exception that
a value of 0.75 was adopted in the first edition of the AISC
LRFD Specification (AISC, 1986), but this was increased to
0.80 in the second edition (AISC, 1993).

Consideration of the Effect of Joint Length

In most designs, the strength of a group of bolts is taken as
the sum of the individual strengths of each bolt in the group.
It has been shown through testing of end-loaded bolted
shear joints, however, that the load transferred through the
joint may not be equally shared among the bolts in the joint.
Kulak et al. (1987) reported that the bolts near the beginning
and end of a shear joint tend to experience loads that are
higher than the average, while bolts near the middle of the

joint tend to experience loads that are lower than the average.
Kulak et al. further reported that the extent of the nonuni-
form load distribution was more severe in longer joints than
in shorter joints. Kulak et al. recommended that a reduc-
tion factor, referred to as R; herein, of 0.80 be applied to the
computed strength of bolts in all joints and that a second
reduction factor, referred to as Rj; herein, of 0.80 be applied
to the computed strength of bolts in joints that have a length
greater than 50 in.

The recommendations of Kulak et al. are reflected in
AISC Specifications up to and including the 2005 edition
(AISC, 2005). The reduction factors were modified in
the 2010 edition of the AISC Specification (AISC, 2010),
though, based in part on work by Tide (2010), such that the
factor R; of 0.90 is applied to joints of all lengths and the fac-
tor R of 0.833 is applied to joints exceeding 38 in. in length,
as shown in Figure 6. The limit of L > 38 in. was chosen
based on the notion that few joints have a length equal to
38 in. using typical bolt spacings.

It should be noted, however, that Kulak et al. (1987)
reported that the distribution of load within a bolt group is
approximately uniform for short or compact bolt groups that
have a length up to approximately 10 in. The commentary
to the 2016 AISC Specification states that, “[iJn connections
consisting of only a few fasteners and length not exceeding
approximately 16 in. the effect of differential strain on the
shear in bearing fasteners is negligible.” Further, the com-
mentary goes on to say that, “[f]or shear-type connections
used in beams and girders with lengths greater than 38 in.,
there is no need to make the second reduction,” and provides
examples shown in Figure 7 as references.

In this paper, compact joints will be defined as joints
with a length, L, less than or equal to 16 in. Conversely, long

120
Group 150 Bolts n =395 bolts
100 Threads N Ave =74.6 ksi
d=%"to 14" St Dev = 3.81 ksi
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Measured Ultimate Shear Strength per Unit Area, F;,, (ksi)

Fig. 5. Shear strength per unit area of Group 150 bolts tested with threads not excluded.
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Table 3. Joint Efficiency, R;R;, Based on Distribution of Bolt Forces in Shear Joints
(Tide, 2010)
AISC Specification Prior to 2010 AISC Specification 2010 and 2016

Standard Standard

Mean Deviation Mean Deviation
Compact 0.970 0.045 0.970 0.045
Intermediate 0.831 0.122 0.834 0.101
Long 0.820 0.160 0.821 0.163
All 0.881 0.598 0.881 0.598

joints will be defined herein as those joints with a length
greater than 50 in. when taken in the context of AISC Speci-
fications prior to 2010 and joints with a length greater than
38 in. when taken in the context of the 2010 or 2016 AISC
Specifications. Joints that are neither compact nor long are
defined as intermediate length.

In 2010, Tide (2010) presented a discussion of the effects
of nonuniform loading of bolts in joints. Tide summarized
72 experiments wherein the value of R;R;; was measured for
joints ranging in length from 3.50 in. to 94.0 in., shown in
Figure 8. Twenty-seven of those experiments were of joints

AISC LRFD Prior to 2010

Nominal Stress of Fasteners and Threaded Parts,
ksi (MPa)
Nominal Shear Stress in
Nominal Tensile| Bearing-Type
Stress, Fp, Connections, F,,
Description of Fasteners ksi (MPa) ksi (MPa)
A307 bolts 45 (310) [2llb] 24 (165) Pl
A325 or A325M bolts, when 90 (620) (¢ 48 (330) [f
threads are not excluded
from shear planes
A325 or A325M bolts, when 90 (620) €] 60 (414)
threads are excluded from
shear planes
A490 or A490M bolts, when 113 (780) [¢ 60 (414) [f
threads are not excluded
from shear planes
A490 or A490M bolts, when 113 (780) [e 75 (520) 1
threads are excluded from
shear planes
Threaded parts meeting the 0.75 Fu[““d] 0.40F,
requirements of Section
A3.4, when threads are not
excluded from shear planes
Threaded parts meeting the 0.75 Fu[a“d} 0.50F,
requirements of Section
A3.4, when threads are
excluded from shear planes
[alSubject to the requirements of Appendix 3. L )
[lFor A307 bolts the tabulated values shall be reduced by 1 p o
of length in the grip.
[IThreads permitted in shear planes.
[The nominal tensile strength of the threaded portion of an upset rod, based upon the cross-sectional area
at its major thread diameter, Ap, which shall be larger than the nominal body area of the rod before upsetting
times Fy.
[elFor A325 or A325M and A490 or A490M bolts subject to tensile fatigue loading, see Appendix 3.
fIWhen bearing-type connections used to splice tension members have a fastener pattern whose length,
measured parallel to the line of force, exceeds 50 in. (1270 mm), tabulated values shall be reduced by
20 percent.

with lengths up to and including 14 in., comprising from two
to five rows of bolts arranged perpendicular to the applied
load. For those compact joints, the average value of R;R;; was
found to be 0.970 with a standard deviation of 0.045. These
values are shown in Table 3 along with means and standard
deviations for compact, intermediate, and long joints as the
joint efficiency, which is defined within this context as the
ratio of the joint strength to the sum of the strengths of the
individual bolts in the joint.

Tide presented an equation for R;R;;, shown in Equation 7
and Figure 8, that is a linear function of the joint length, L.

AISC LRFD 2010 and 2016

TABLE J3.2
Nominal Strength of Fasteners and

Threaded Parts, ksi W.Ea)_\

Nominal Shear Strength in
Bearing-Type Connections,
Frv, ksi (MPa)®

Nominal Tensile Strengh,

Description of Fasteners Ft, ksi (MPa)@!

A307 bolts 45 (310) 27 (188)l

Group A (e.g., A325) bolts,
when threads are not excluded
from shear planes

90 (620) 54 (372)

Group A (e.g., A325) bolts,
when threads are excluded
from shear planes

90 (620) 68 (457)

Group B (e.g., A490) bolts,
when threads are not excluded
from shear planes

113 (780) 68 (457)

Group B (e.g., A490) bolts,
when threads are excluded
from shear planes

113 (780) 84 (579)

Threaded parts meeting the
requirements of Section A3.4,
when threads are not excluded
from shear planes

0.75F, 0.450F,

Threaded parts meeting the
requirements of Section A3.4,
when threads are excluded
from shear planes

0.75F, 0.563F

18l For high-strength bolts subject to tensile fatigue loading, see A|

I For end loaded connections with a fastener pattern length greater than 38 in. (965 mm), Fn, shall be
reduced to 83.3% of the tabulated values. Fastener pattern length is the maximum distance parallel to the
line of force between the centerline of the bolts connecting two parts with one faying surface.

1 For A307 bolts the tabulated values shall be reduced by 1% for each /16 in. (2 mm) over 5 diameters of
length in the grip.

19 Threads permitted in shear planes.

Fig. 6. Comparison of design shear strength in the 2005 (R; = 0.80) and 2010 (R; = 0.90) AISC Specifications.

ENGINEERING JOURNAL / FIRST QUARTER /2020 / 39



p!

+ +
ZPI + S S * + S
+ +
*
End loaded End loaded Non-end loaded
End loaded

Non-end loaded i

v ¥

As shown

Fig. 7. Examples of joints that are end-loaded and joints that are non-end-loaded (AISC, 2016).

1.20
* * * * .
1.00 4 o . b4 *
*
‘ Q’ *
. RS ° .
. o *
& 050 . . Eq.7
= * s
g S * Eq.8 ¢
£ 0.60 - 3 - g -
E
ot
D
="
e
= 0.40
0.20 -
0.00 : : : : : . : : :
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

Joint Length, in.
Fig. 8. Experimentally measured joint efficiency, RiRy; (Tide, 2010).

40 / ENGINEERING JOURNAL / FIRST QUARTER / 2020



When evaluated against the 72 data points, the ratio of the
experimental data to the value predicted by the equation is
on average 1.05 with a standard deviation 0.146. The equa-
tion proved to match the experimental data very well for
compact joints but demonstrated more deviation for longer
joints, particularly for joints in excess of approximately
40 in. long, where the ratio was as low as 0.80 for some
joints and as high as 1.40 for others.

RiR;=1.075-0.0113L 7)

where 0.75 < RiR;; < 0.90

Recognizing the iterative nature and challenges associ-
ated with designing a joint where the strength is a function
of both the number of bolts and the length of the joint, Tide
ultimately recommended that R;R;be taken as 0.90 for joints
not longer than 38 in. and that R;R); be taken as 0.75 for joints
longer than 38 in.

A second equation proposed herein can be used to repre-
sent the lower bound of the data in Tide (2010). This equa-
tion, shown in Equation 8 and Figure 8, provides a lower
bound of the measured data within 1%.

RiR;=1.02-0.0120L ®)
where 0.60 < R;R;; < 0.90
DISCUSSION

For aboltin a joint designed assuming that the threads would
be excluded but installed with the threads not excluded, the
ratio of the as-installed strength to the as-designed strength
would be

Strength N _ Rv (O~80)RlejAbFu,bolt
Strength X R, (1.00)R;Rjj Ay Fy pois

=0.80 &)

This represents a difference of 20%, and while at first glance
it might seem that bolted joints designed as X but installed
as N must always be understrength, this is not necessarily
the case. While the location of the shear plane is one of the
more critical parameters affecting the strength of bolts in
shear joints, other factors may partially or completely off-
set the effect of shear plane location. These other factors
include inherent overstrength of bolt materials, conserva-
tive approaches used to account for the distribution of forces
among the bolts in a joint, rounding up the number of bolts
required in a joint, and designing for connection forces that
are conservative.

As an example, the ultimate shear strength per unit area
of a bolt sheared through its shank, not considering joint
length effects, would be

F,, = (0.625)(1.00)F,, pois (10)
= O~625Fu,boll

For a smaller-diameter Group 120 bolt, this would be (0.625)
(120 ksi) = 75.0 ksi. The average measured shear strength per
unit area from Figure 3 is 69.5 ksi, which is approximately
93% of the strength assumed during design. Of the 410 bolts
in the category that were tested, 33 had a measured strength
greater than or equal to 75 ksi. It is also noted, however, that
there were two bolts with a measured strength below 60 ksi,
which is the nominal design strength of a single Group 120
bolt with the threads not excluded.

As a second example, based on the rationale for com-
pact joints described earlier, the strength of bolts in com-
pact joints (joints with L < 16 in.), where the threads are
not excluded from the shear plane (N), taking R, = 0.625,
R, = 0.80, R; = 1.00, and R;; = 1.00, can be expected to be
approximately

Fpy = AbFu,bolthRanlej @
= ApF e poi(0.625)(0.80)(1.00)(1.00)
=0.5004,F, pois an

For joints designed using the AISC Specification prior to
2010, this is the same as the strength of bolts designed as
X. For joints designed using the 2010 or 2016 AISC Speci-

fication, this is approximately 89% of the nominal strength

of bolts designed as X. In the former case, there would be
no deficiency in the design of a joint designed as X but
installed as N. In the latter case, the 11% difference in nomi-
nal strength would be offset by the resistance factor to be
applied to the joint.

Finally, considering that the resistance factor assigned
to the bolt fracture limit state is 0.75, the ratio of nominal
strength in the N condition to design strength in the X condi-
tion is 1.07, suggesting that the resistance factor may offset a
strength deficiency due to inaccurate assumptions regarding
thread condition.

Nominal strength N R, (0.80)R; R;j Ay F, i 12)
Design strength X (0.75)R, (1.00)R; RjjApFy poi
=1.07

While these anecdotal examples show that a bolt designed
as X but installed as N may have sufficient strength to be
considered adequate without the need for remedial action,
basing decisions on anecdotal evidence alone may not be
appropriate in all cases. A more rational approach to quan-
tifying the safety of joints with bolts designed as X but
installed as N is to conduct a structural reliability analysis.

A Structural Reliability Analysis

It can be shown that there is a high likelihood that joints
with bolts designed as X but installed as N will actually have
a strength lower than expected during design. However, that
alone does not mean that the joint will fail. In order for a

ENGINEERING JOURNAL / FIRST QUARTER / 2020 / 41



failure to occur, the available strength of the joint has to be
lower than the demand on the joint.

Equation 13 has been a generally accepted fundamental
basis of the LRFD approach for steel structures for many
years (Fisher et al., 1978):

)
In| —
= On (13)

p=——="2
JVi+V3
where

0,, = mean value of load, kips

R,, = mean value of resistance, kips

V& = coefficient of variation of resistance
Vo = coefficient of variation of load

B =reliability index

In the following example, results of 410 tests of smaller-
diameter (34 in. to 1 in.) Group 120 bolts sheared in the N
condition conducted at the University of Cincinnati are used
to illustrate the procedure followed to calculate the reliabil-
ity indices as part of this study. Based on the measured shear
strengths, the mean value, standard deviation, and coeffi-
cient of variation can be calculated as

Rp= (ﬂ] (14)
Ah,nom mean
=69.5 ksi
o = 4.63 ksi
Vi =0.061

For example, during one experiment, a %-in.-diameter
A325 bolt was tested in single shear with the threads not
excluded and failed at a load of 41.8 kips. For this bolt

2
Apnom = (E) (z ln)
' 4)\8

=0.6011n.
_ 41.8 kips
~0.6011in.2
=69.6 ksi

uy

where F,, is the measured shear strength per unit area, based
on the nominal area of the unthreaded body of the bolt.

Considering compact joints where L < 16 in., the joint
efficiency, its standard deviation, and its coefficient of varia-
tion are

R,= (“//—ij (15)
=0.970

6,=0.045

V, = 0.046
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Thus, the resistance, referred to as R,, when taken as the
mean of several instances, and the coefficient of variation
can be computed as

Ry =RyR, (16)
= (69.5 ksi)(0.970)
= 674 ksi

Ve=+ Vi + Vi (17)

=(0.061)2 +(0.046)>
=0.076

For this analysis, it will be assumed that the mean dead
load effect is 1.05 times the nominal value with a coefficient
of variation of 0.10 (D,, = 1.05D,,,, with V= 0.10) and that
the mean live load effect is equal to the nominal value with
a coefficient of variation of 0.25 (L,, = 1.00L,,,, with V, =
0.25). Using a ratio of live load to dead load of L/D = 3.0,
the mean load effect can be computed as

On=Du+Ly (18)
= 1.05D 0 + (1.00)(3.0D 100
—4.05D,,,

Similarly, the coefficient of variation for the load effect
with a ratio of L/D = 3.0 can be computed as

1.05D,,,,)(0.10)]* +[(3.00D,,,,)(0.25)]*
vy - 005D OF +[600)OB

=0.187

The basis for design is OR,, > XyQ, where the design resis-
tance according to the 2010 and 2016 AISC Specifications,
assuming that the threads would be excluded from the shear
plane, is

q)Rn = q)Ranx(Rlej)Ab,nomFu,nom (20)
= (0.75)(0.625)(1.00)(0.90)Ap o Fr nom

For the load combination 2yQ = 1.2D + 1.6L using a ratio
of L/ID=3.0

2v0 = (1.2)(Dyom) + (1.6)(3.0D,,0,) 21)
=6.0D,,o
Thus
(0.75)(0.625)(1.00)(0.90)Ap, nomF u.nom = 6.0D 01, (22)
Dyom < 0.070Ap, nomF . nom

Substituting this value into Equation 18,

0,,=4.05D,,,, (18)



Table 4. Reliability Indices for Bolted Shear Joints Designed as X
but Installed as N Based on Reliability Analyses for L/D = 3.0

AISC Specification Prior to 2010 AISC Specification 2010 and 2016
Grade 120 120 150 120 120 150
Diameter, in. %6—1 1%-1% %-1% %-1 1¥%-1% %-1%
Compact 3.94 3.59 3.24 3.36 2.99 2.65
Intermediate 2.61 2.29 2.01 2.28 1.94 1.64
Long 3.07 2.79 2.54 2.48 2.19 1.95

Table 5. Approximate Probabilities of Failure for Bolted Shear Joints
Designed as X but Installed as N Based on Reliability Analyses for L/D = 3.0

AISC Specification Prior to 2010 AISC Specification 2010 and 2016
Grade 120 120 150 120 120 150
Diameter, in. S6—1 1%-1% %-1% %1 1%-1% %-1%
Compact <0.01% 0.02% 0.06% 0.04% 0.14% 0.41%
Intermediate 0.45% 1.10% 2.20% 1.12% 2.64% 5.01%
Long 0.11% 0.26% 0.55% 0.65% 1.41% 2.54%
=4.05(0.070Ap, nomFu,nom) indices were computed for the ratio of live load to dead load
02844 P 23 of 3.0 and are shown in Table 4. Approximate probabilities
o b,nom®"u,nom 23) of failure that correspond to these reliability indices are
Finally, the reliability index can be computed as shown in Table 5. Reliability indices and probabilities of
R failure for other ratios of live load to dead load are shown in
Reliability index = Q_m (24) Appendix A as Tables Al and A2, respectively.
_ (67.4 ksi)(Apnom) Overstrength Due to Discretization
0.284 Ap, om Fri.nom . . .
o Most bolted joints are inherently overdesigned because of
- 67.4 ksi the practical necessity to select a discrete number of bolts
(0.284)(120 ksi) for a given joint. Suppose, for example, that a joint is sub-
_ 67.4 ksi jected to a factored design load of P, = 95 kips and 7&-in.-
" 341 ksi diameter Grade 120 bolts are being used. According to the

=

In (—m)
= -z 13)

B =
JVi +Vg
(67.4 ksi)
In -
34.1 ksi
J(0.077)% +(0.187)>
=336

Considering the three classes of bolts (smaller Group 120,
larger Group 120, and Group 150), the categories of joints
based on joint length (compact, intermediate, and long), and
the two slightly different approaches employed in the design
specifications (AISC Specifications prior to 2010 versus the
AISC 2010 and 2016 Specifications), a total of 18 reliability

2010 or 2016 AISC Specification, the bolts would have a
design strength of ¢r,, = 30.7 kip/bolt in the X condition
and ¢r,, = 24.3 kip/bolt in the N condition. If the joint is
designed as X, then 95 kips/30.7 kip/bolt = 3.07 bolts are
required, and the engineer would likely use four bolts.?
Thus, the bolts in this joint would have a design strength of
(4 bolts)(30.7 kip/bolt) = 123 kips, which is 29% larger than
the required strength. Suppose that after the joint with four
bolts is erected, it is discovered that the bolts were actually
installed as N. The design strength in that case would be

3 It is assumed in the analyses presented in this work that the theoretical
number of required bolts is always rounded up to the next largest whole
number. It is recognized, however, that some engineers might be inclined
to round the number of required bolts down in some cases where it would
be only slightly unconservative to do so.
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(4 bolts)(24.3 kip/bolt) = 97.2 kips, which is still larger than
the required strength of 95 kips. This situation is referred to
herein as discretization overstrength.

Discretization overstrength is challenging to quantify
deterministically, but there are a few factors that influence
when discretization overstrength is present and how large it
may be. The first factor is the number of rows of bolts that
are in a joint parallel to the applied force. The incremental
change in design strength is typically an integer multiple of
the number of parallel rows in the joint. For example, if there
is a single parallel row of bolts, then bolts are added one at a
time until the design strength exceeds the required strength
of the joint. On the other hand, if there are two parallel rows
of bolts, then two bolts are generally added at a time. A sec-
ond factor is the size and strength of an individual bolt. If
small bolts are used in a joint, then incrementally increasing
the number of bolts in the joint increases the strength by a
smaller amount than if larger bolts had been used. Addition-
ally, if bolts are deployed in double shear, then the incre-
mental strength increase would be double relative to bolts
deployed in single shear. While this is interesting in a gen-
eral sense, it is not likely to have an influence on the fully
threaded short bolt problem because those bolts are likely
not long enough to be deployed in double shear. Finally, the
size of the joint is also a consideration. When joints made
of a larger number of bolts are designed, the incremental
strength increase associated with adding one row of bolts is
smaller relative to the overall strength of the joint made up
of a smaller number of bolts. This behavior, and the fact that
no fewer than two bolts can be used in any bolted joint, leads
to a higher discretization overstrength for smaller joints than
for larger joints.

Monte Carlo Simulations

Given the difficulty in deterministically quantifying the
discretization overstrength, an indirect approach was used
to assess the safety of bolted joints designed as “threads
excluded” but erected as “threads not excluded.” A series of
six analyses was conducted for end-loaded joints correspond-
ing to each of the three classes of bolts and two versions of
the AISC Specification. Each of the analyses consisted of
100,000 Monte Carlo simulations. Sample calculations for
one simulation are shown in Appendix B.

The nominal dead load in each simulation, D,, was
modeled as a uniformly distributed random variable rang-
ing between approximately 0.50 times and 24 times the
design strength of a single bolt in the joint being consid-
ered. The simulated dead load, Dj;,, was modeled as a
normally distributed random variable with a mean of 1.05
times the nominal dead load and a coefficient of variation
of 0.10 (Nowak and Collins, 2013). The nominal live load,
L,, was determined by multiplying the nominal dead load
by the ratio of live load to dead load that was considered
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for the simulation. The simulated live load, L;,,, was mod-
eled using a Gumbel distribution (Extreme Type I) with a
mean of 1.00 times the nominal live load and a coefficient
of variation of 0.25 (Nowak and Collins, 2013). The required
strength was calculated using the load combination XyQ =
1.2D, + 1.6L,, and the total simulated load was calculated as
Osim = Dyim + Lim-

Bolt diameter was modeled as a uniform random variable
over the range of % in. to 1 in. for smaller Group 120 bolts,
1Y% in. to 1% in. for larger Group 120 bolts, or % in. to 1'& in.
for Group 150 bolts. The number of bolts was determined
by dividing the required strength by the design strength per
bolt in the X condition as £yQ/¢r,, and then rounding up to
the next highest integer, but using no fewer than two bolts.
Spacing of the bolts in the direction of load, s, was taken as
the larger of 3 in. or three times the bolt diameter, and the
length of the joint was calculated as L = (npos — 1)s. The
design strength and number of bolts was modified for joints
whose length exceeded the transition values of 50 in. in the
AISC Specifications prior to 2010 and 38 in. in the 2010 and
2016 AISC Specifications.

The simulated ultimate shear strength per unit area of the
bolts, F,, i, was modeled as a lognormal random variable
using the means and standard deviations shown in Figures 3,
4, and 5. Figure 9 shows a histogram of simulated shear
strength per unit area for smaller Group 120 bolts used in the
analysis with AISC Specifications prior to 2010. The simu-
lated bolt strength, Ry;,,, was calculated as nyoyRiRjApF uy, sims
where R;R;; was modeled as a uniformly distributed random
variable with a lower bound determined using Equation 8
and an upper bound of 1.00. Finally, the capacity-to-demand
ratio was computed as the ratio of Ry, to Qy;;,, and the prob-
ability of failure was taken as the number of simulations
yielding a capacity-to-demand ratio less than unity divided
by the number of simulations. The simulated values of joint
efficiency, R;Ry;, for the analysis of smaller Group 120 bolts
designed using AISC Specifications prior to 2010 are shown
in Figure 10.

Figure 11 shows an overview of the results of the analysis
of smaller Group 120 bolts designed using AISC Specifi-
cations prior to 2010. Overall, the probability of failure for
this analysis was 0.16%. The results were further subdivided
based on the length of the joints in each of the 100,000 simu-
lations and are shown in Table 6 along with the results from
the other analyses. Results for ratios of live load to dead load
other than 3.0 are shown in Appendix A as Table A3.

SUMMARY

A question that will undoubtedly arise regarding structures
that were designed with short bolts assuming that threads
were excluded from the shear plane is whether remedial
measures need to be taken to ensure the safety of the struc-
ture. The results of the reliability analysis and Monte Carlo



Table 6. Approximate Probabilities of Failure for Bolts Designed as X
but Installed as N Based on Monte Carlo Analyses for L/D = 3.0
AISC Specification Prior to 2010 AISC Specification 2010 and 2016
Grade 120 120 150 120 120 150
Diameter, in. %61 1%-1% %-1% %1 1%-1% %-1%
Compact <0.01% <0.01% <0.01% 0.01% 0.05% 0.18%
Intermediate 0.34% 0.70% 1.45% 0.72% 1.72% 2.91%
Long 0.02% 0.07% 0.26% 0.29% 0.73% 1.48%
25%
Group 120 Bolts n=100,000 Simulations
) Threads N Ave = 69.5 ksi
0% g=%"t01" St Dev = 4.27 ksi
Max = 90.3 ksi
;\3 Min = 53.1 ksi
~ 15% A+
2y
5
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o
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Fig. 9. Simulated shear strength per unit area of smaller Group 120 bolts with threads not excluded.
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Fig. 10. Simulated joint efficiency used in the analysis of smaller Group 120 bolts per AISC Specifications prior to 2010.
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Table 7. Relationship between Probability of Failure and

Reliability Index for a Normally Distributed Dataset
Reliability Index Probability of Failure

1.0 15.9%
2.0 2.28%
25 0.621%
2.6 0.466%
3.0 0.135%
3.5 0.0233%
4.0 0.00317%
4.5 0.000340%

analyses described herein should help an engineer make that
decision. The commentary to Chapter B of the 2016 AISC
Specification (AISC, 2016) states that target reliability
indices at L/D = 3 of approximately 2.6 for members and
approximately 4.0 for connections were used in the develop-
ment of the specification. The probabilities of failure associ-
ated with these reliability indices are approximately 0.466%
and 0.00317%, respectively. Approximate probabilities of
failure for these and additional values of the reliability index
are presented in Table 7.

It can be observed from the analyses described herein that
bolts designed as X but installed as N still have a substantial
level of reliability, in some cases as high as target reliabili-
ties cited in the commentary to the 2016 AISC Specifica-
tion. The following conclusions can be made:

e Bolts in joints designed using AISC Specifications prior

to 2010 have a higher reliability than those designed using
the 2010 and 2016 AISC Specifications.

* Smaller Group 120 bolts demonstrated the highest level of
reliability, and Group 150 bolts demonstrated the lowest
reliability of the three classes of bolts considered in this
study.

e Compact joints proved to be the most reliable, followed
by long joints, and then intermediate-length joints.

e Based on the Monte Carlo analyses, it can be concluded
that compact joints designed using AISC Specifications
prior to 2010, regardless of bolt grade and diameter, have
a reliability that approximately meets target reliabilities
for connections in the 2016 AISC Specification.

It is evident that bolts designed as X but installed as N
may not meet the target reliability index for connections in

20%
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14% A
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10% A
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AISC Specification prior to 2010
Designed as X, installed as N
n=100,000 simulations
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Fig. 11. Results of analysis of smaller Group 120 bolts per AISC Specifications prior to 2010.
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many cases. However, a criterion that an engineer may con-
sider imposing when deciding whether remedial measures
are necessary is whether the connection has a reliability that
is at least equal to that of the members that are joined by it.
If that criterion is employed, then a maximum probability
of failure of approximately 0.466% would be acceptable. In
that case, it could be stated that all compact joints designed
using any AISC Specification would satisfy that criterion.
Further, it could be stated that all joints, regardless of length,
designed in accordance with AISC Specifications prior to
2010 would also satisfy that criterion as long as Group 120
bolts not larger than 1 in. in diameter were used.

Additional Considerations

The analyses described herein were conducted under the
assumption that the joints were designed for the loads to
which they were actually subjected. If joints in this case
were actually designed, as is often done in practice, for
artificially large loads, such as those corresponding to the
capacity of the member(s) being joined or a fraction of the
load that would cause failure of the connected member(s)
[e.g., 2 uniformly distributed load (UDL)], then the reliabil-
ity of the joints would be increased, substantially in many
cases.

Shear joints designed as slip critical will likely be unaf-
fected by the issue described herein. While it is noted that
slip-critical joints must also be checked to ensure that the
strength of the bolts in bearing is satisfactory, a larger num-
ber of bolts is generally required in slip-critical joints than
in bearing joints, and those additional bolts will likely pro-
vide enough added strength in shear to provide a satisfactory
level of reliability.

Additionally, bolts deployed with more than one shear
plane (e.g., double shear, triple shear, etc.) are less likely to
be affected by the short bolt issue. Because bolts deployed
with more than one shear plane tend to be longer, they are
less likely to fall into the category of short fully threaded
bolts. However, care should be taken with bolts of any length
that are deployed in applications with more than one shear
plane to ensure that the threads of the bolts are excluded
from all shear planes, if that is the assumption made during
design.

One aspect of joint design that is absent from the analyses
presented herein is the possibility that failure modes other
than bolt shear may govern the strength of the joint. For
example, the strength of a joint with bolts designed as X but
later discovered to actually be N may have been controlled
by, for example, the bearing strength of the material around
the bolt instead of by the strength of the bolts. Revising the
shear strength of the bolts in that case may have no effect
on the strength of the joint or may result in a reduction in
strength less than the 20% implied by Equation 9. An analy-
sis of bearing strength is possible because it depends only on

the bolt diameter and the thickness and material strength of
the connected plies. This is explored in Appendix C, where
critical ply thicknesses are tabulated; joints with plies thin-
ner than those tabulated will have bearing strengths that are
lower than the shear strength of the associated bolt in the N
condition.

The analyses presented herein focused on end-loaded
joints to the exclusion of eccentrically loaded joints. How-
ever, because the strength of eccentrically loaded joints
tends to depend mostly on the strength of the single most
heavily loaded fastener in the bolt group, it could be postu-
lated that the reliability of eccentrically loaded joints would
be similar to the reliability of compact end-loaded joints.
This is supported by additional Monte Carlo simulations
that were conducted but are not described herein.

Finally, if after considering the analyses and discussion
presented herein, an engineer decides that remedial action
may be needed for a structure as a last resort, consider-
ation should be given to the idea of removing a representa-
tive sample of the bolts in question to see if sufficient body
length may actually exist before prescribing a more exten-
sive and costly remediation solution.

It is noted that differences exist between the AISC and
AASHTO-LRFD specifications—particularly differences
in the resistance factors, loads, and load combinations—
that make it difficult to directly apply the reliabilities and
probabilities of failure presented herein to bridge structures.
Still, it is expected that the analyses presented herein will
be useful to bridge engineers nonetheless. It is noted that
the change in design strength between the 2005 and 2010
AISC Specifications was approximately mirrored between
the 7th and 8th editions of the AASHTO-LRFD Specifica-
tions. In the 7th and prior editions of the AASHTO-LRFD
Specification, the design strengths were r,,, = 0.48A,F, poir Ny
and r,, = 0.38A,F, poisNs for threads excluded and not
excluded, respectively, whereas in the 8th edition, the design
strengths were increased to r,, = 0.56A,F), po;:Ny and r,, =
0.45A,F, poitNs, where Ny is the number of shear planes.
The coefficients used in the 7th and prior editions of the
AASHTO-LRFD Specifications are slightly lower than
those in the AISC Specifications prior to 2010; thus, the reli-
ability of joints designed per those specifications would be
favorably affected. It is further noted that the commentary to
the 8th edition of the AASHTO-LRFD Specification states
that it has been calibrated with a target reliability index of
3.5 for main members under the Strength I load combina-
tion over a 75-year design life. In a separate section, the
AASHTO commentary states that a reliability index of 4.5
was targeted for truss gusset plates under the Strength I load
combination at a dead load to live load ratio of 6.0, which
is outside of the range considered in this study (AASHTO,
2017).
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APPENDIX A

ADDITIONAL CALCULATED VALUES

Table A1. Reliability Indices for Bolted Shear Joints Designed as X
but Installed as N Based on Reliability Analyses for Various Ratios of L/D

Ratio of Live Load to Dead Load

1 2 3 4 5
Smaller Gr 120 4.68 4.18 3.94 3.81 3.72
Compact Larger Gr 120 4.27 3.80 3.59 3.47 3.39
.§ ° Gr 150 3.78 3.42 3.24 3.14 3.07
:g é Smaller Gr 120 2.71 2.66 2.61 2.58 2.55
8 2| Intermediate Larger Gr 120 2.33 2.32 2.29 2.27 2.25
‘§ .n§_ Gr 150 2.00 2.03 2.01 2.00 1.99
2 Smaller Gr 120 3.16 3.12 3.07 3.04 3.01
Long Larger Gr 120 2.84 2.82 2.79 2.76 2.74
Gr 150 2.56 2.57 2.54 2.52 2.51
Smaller Gr 120 3.91 3.54 3.36 3.26 3.19
Compact Larger Gr 120 3.47 3.15 2.99 2.90 2.85
.§ © Gr 150 2.99 2.76 2.65 2.58 2.53
:g é Smaller Gr 120 2.35 2.32 2.28 2.25 2.23
S 5| Intermediate Larger Gr 120 1.94 1.95 1.94 1.92 1.91
‘§ § Gr 150 1.58 1.64 1.64 1.64 1.64
2 Smaller Gr 120 2.49 2.50 2.48 2.46 2.45
Long Larger Gr 120 2.16 2.20 2.19 2.19 2.18
Gr 150 1.89 1.95 1.95 1.95 1.95
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Table A2. Probabilities of Failure for Bolted Shear Joints Designed as X
but Installed as N Based on Reliability Analyses for Various Ratios of L/D

Ratio of Live Load to Dead Load

1 2 3 4 5

Smaller Gr 120 | <0.01% <0.01% <0.01% <0.01% <0.01%

c Compact Larger Gr 120 <0.01% <0.01% 0.02% 0.03% 0.04%

L o Gr150| <0.01% 0.03% 0.06% 0.09% 0.11%

51

L § Smaller Gr 120 0.34% 0.39% 0.45% 0.50% 0.53%

§ 2| Intermediate Larger Gr 120 0.98% 1.01% 1.10% 1.17% 1.22%
1

n 9 Gr 150 2.27% 2.13% 2.20% 2.27% 2.32%
g

% Smaller Gr 120 0.08% 0.09% 0.11% 0.12% 0.13%

Long Larger Gr 120 0.22% 0.24% 0.26% 0.29% 0.31%

Gr 150 0.52% 0.51% 0.55% 0.58% 0.61%

Smaller Gr 120 | < 0.01% 0.02% 0.04% 0.06% 0.07%

c Compact Larger Gr 120 0.03% 0.08% 0.14% 0.19% 0.22%

) © Gr 150 0.14% 0.29% 0.41% 0.50% 0.57%
Q=

-é’ 8 Smaller Gr 120 0.93% 1.01% 1.12% 1.21% 1.28%

§ S| Intermediate Larger Gr 120 2.62% 2.53% 2.64% 2.74% 2.82%

8 g Gr 150 5.72% 5.06% 5.01% 5.05% 5.09%

g o Smaller Gr 120 0.65% 0.62% 0.65% 0.69% 0.71%

Long Larger Gr 120 1.53% 1.39% 1.41% 1.44% 1.47%

Gr 150 2.95% 2.58% 2.54% 2.55% 2.57%

Table A3. Approximate Probabilities of Failure for Bolted Shear Joints Designed as X
but Installed as N Based on Monte Carlo Analyses for Various Ratios of L/D
Ratio of Live Load to Dead Load
1 2 3 4 5

Smaller Gr 120 <0.01% <0.01% <0.01% <0.01% <0.01%

c Compact Larger Gr 120 <0.01% <0.01% <0.01% <0.01% <0.01%

Lo Gr150| <0.01% <0.01% <0.01% 0.04% 0.04%
T -

L8 Smaller Gr 120 0.21% 0.28% 0.34% 0.28% 0.31%

§ 2| Intermediate Larger Gr 120 0.59% 0.70% 0.70% 0.76% 0.77%

3 2 Gr 150 1.43% 1.40% 1.45% 1.40% 1.51%

g o Smaller Gr 120 <0.01% 0.02% 0.02% 0.03% 0.03%

Long Larger Gr 120 0.04% 0.07% 0.07% 0.11% 0.16%

Gr 150 0.14% 0.21% 0.26% 0.29% 0.30%

Smaller Gr 120 <0.01% <0.01% 0.01% 0.02% 0.01%

c Compact Larger Gr 120 0.02% 0.02% 0.05% 0.05% 0.04%

) © Gr 150 0.06% 0.11% 0.18% 0.22% 0.25%
T

8 Smaller Gr 120 0.56% 0.67% 0.72% 0.66% 0.74%

§ S| Intermediate Larger Gr 120 1.68% 1.66% 1.72% 1.74% 1.64%

8 g Gr 150 3.37% 2.99% 2.91% 3.03% 3.12%

g o Smaller Gr 120 0.15% 0.27% 0.29% 0.35% 0.39%

Long Larger Gr 120 0.55% 0.58% 0.73% 0.79% 0.77%

Gr 150 1.38% 1.43% 1.48% 1.45% 1.64%
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APPENDIX B

SAMPLE CALCULATIONS FROM MONTE CARLO SIMULATIONS

Case Group 150 Bolts Conforming to AISC 2010 and 2016 Specifications with L/D =3.0
Randomly select 1-in.-diameter bolts: A;, = 0.785 in?
The design strength of a single bolt with threads excluded is:
Fuy = RyRyRiR;iF, poir ©6)
= (0.625)(1.00)(0.90)(1.00)(150 ksi)
= 84.4 ksi

q)rnv = q)Aban (fl'Ol’l’l Eq 5)
= (0.75)(0.785 in.?)(84.4 ksi)
= 49.7 kip/bolt

Determine the design loads:
Set the minimum nominal dead load:

(0.50)(49.7 kip/bolt)

[(1.2)(1.0)+(1.6)(3.0)]
=4.14 kips

Dn,min =

Set the maximum nominal dead load:
(24)(49.7 kip/bolt)

[(1.2)(1.0)+(1.6)(3.0)]
=199 kips

n,max —

A nominal dead load of D,, = 136 kips is computed as a uniform random variable between 4.14 kips and 199 kips.

An “actual” dead load of Dy;,, = 134 kips is simulated as a normally distributed random variable with a mean of (1.05)(136 kips) =
143 kips and a standard deviation of (0.10)(136 kip) = 13.6 kips.

The nominal live load is computed as L, = (3.0)(136 kips) = 408 kips.

An “actual” live load of Ly, = 529 kips is simulated as a random variable with Gumbel distribution using a mean of (1.00)
(408 kips) = 408 kips and a standard deviation of (0.25)(408 kips) = 102 kips.

The total nominal load is
0n=D,+L,
= 136 kips + 408 kips
= 544 kips

The total design load is
Y0 =12D,+16L,
= (1.2)(136 kips) + (1.6)(408 kips)
= 816 kips
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The total “actual” load is
Qsim = Dyim + Lyim
= 134 kips + 529 kips
=603 kips

With a design load of XyQ = 816 kips and a design strength of ¢r,,, = 49.7 kip/bolt, the trial number of required bolts is

816 kips

———  =16.4 bolts — try 17 bolts
49.7 kip/bolt

The spacing of the bolts is 3 in., thus the length of the joint would be L = (17 — 1)(3 in.) =48.0 in.
Because the length is greater than 38 in., the factor Rj; is taken as 0.833 instead of 1.00, thus,
F,, = (0.625)(1.00)(0.90)(0.833)(150 ksi)
=70.3 ksi

Ory = (0.75)(0.7854 in.2)(70.3 ksi)
= 41.4 kip/bolt

The number of required bolts is recomputed as

816 kips

——=19.7 bolts — use 20 bolts
41.4 kip/bolt

and the length of the connection is recomputed as L = (20 — 1)(3 in.) = 57.0 in.

The nominal shear strength per unit area of the bolt with the threads not excluded is simulated as a log-normally distributed
random variable with a mean of 74.6 ksi and a standard deviation of 3.81 ksi and is determined to be F,,,, s, = 78.0 kst for this
simulation.

The factor R;R;; is simulated as a uniformly distributed variable with an upper bound of 1.00 and a lower bound of
RiRjj jpin = 1.02-0.0120L @®)

= 1.02 - (0.0120)(57.0 in.)
=0.336

Because RjR;j nin < 0.60, use R;Rj; in = 0.60.
For this simulation, a value of R;R;; = 0.619 was used.
The “actual” strength of this joint is simulated as
Ryim = (20 bolts)(0.785 in.*/bolt)(78.0 ksi)(0.619)
=758 kips

Finally, the capacity-to-demand ratio for the joint is then
R 758 kips
Osim 663 Kips
=1.14
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APPENDIX C

Table C1. Ply Thickness Below which Bearing Strength Will Govern over Bolt Shear Strength, N

Fy,piy = 58 ksi Fyp1y = 65 ksi
Fy,bort = 120 ksi Fu,po1t = 150 ksi Fu,port = 120 ksi Fy,port = 150 ksi
Bolt Dia. terit terit terit terit
(in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
Y2 0.152 1) 0.190 %6 0.136 iz 0.170 Y6
% 0.190 Y 0.238 Y4 0.170 %6 0.212 %6
% 0.228 Y4 0.286 %6 0.204 Y6 0.255 Ya
78 0.267 Y4 0.333 Y6 0.238 ta 0.297 %6
1 0.305 %6 0.381 % 0.272 A 0.340 %6
1% 0.343 %6 0.428 %6 0.306 %6 0.382 Y%
1% 0.381 Y% 0.476 Y2 0.340 %6 0.425 %6
1% 0.419 %6 0.524 Y2 0.374 % 0.467 76
12 0.457 76 0.571 Y46 0.408 76 0.510 Y2

Table C2. W-Shapes (A992 Steel) for which the Bearing Strength of the Web Will Govern over Bolt Shear Strength, N

Group 120 Bolts Group 150 Bolts
Shape d=%in. d=7in. d=1in. d=%in. d=7in. d=1in.

W18 — — — - - <W18x40
W16 — — <W16x26 W16x26 <W16x36 <W16x40
w14 - < W14x22 < W14x30 < W14x26 <W14x34 <W14x48
W12 W12x14 <W12x19 <W12x30 <W12x19 <W12x35 <W12x45
W10 W10x12 <W10x15 < W10x26 < W10x22 < W10x26 <W10x39
w8 W8x10 < W8x13 < W8x24 < W8x24 < W8x31 < W8x35
W6 < W6x9 <W6x15 < W6x20 <W6x15 < W6x20 All

BEARING STRENGTH COMPARISON

For bolts in single shear, the bearing strength of a connected
ply will govern when the bearing strength is less than or
equal to the bolt shear strength, N:

¢bearing2-4tplydeu,ply + ¢shear0~450AbFu,bolt (Cl)
Thus, joints that have a ply thinner than shown in the follow-
ing equation will be governed by bearing strength instead of

the bolt shear strength.
dyF,
tp]y S b u,holt (C2)
6.791F,

Substituting common values of 58 ksi and 65 ksi for
F, piy, and 120 ksi and 150 ksi for £, into this equation,

the critical ply thickness can be found as a function of the
bolt diameter. Joints with ply thicknesses less than this will
have a bearing strength less than the bolt shear strength,
calculated assuming that the threads are not excluded from
the shear plane. These values are shown in Table C1, where
both decimal values and the nearest Yisth fractional values
are tabulated. Additionally, note that the tabulated values
are based on the case where deformation at the bolt hole
at service load is a design consideration and that the bolt
shear strength is calculated using the 2010 and 2016 AISC
Specifications.

When bolts are used to connect the webs of wide-flange
shapes, shapes can be identified that will satisfy the mini-
mum ply thickness shown in Table Cl. Those shapes are
tabulated in Table C2 for Group 120 and Group 150 bolts for
the common bolt diameters of % in., 7% in., and 1 in.
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