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Designing for Ductile Performance of Bolted Seismic 
Connections to Axially Loaded Members

LARRY S. MUIR 

Field bolted connections are often the safest and most eco-
nomical option for structural steel erection. It is therefore 

desirable to maintain the use and economy of fi eld-bolted 
connections as an option for seismically loaded structures, 
even within the seismic load resisting system. Some of the 
requirements of the AISC 2005 Seismic Provisions for Struc-
tural Steel Buildings (AISC, 2005a), hereafter referred to as 
the AISC Seismic Provisions, create additional challenges 
for the design of bolted connections. However, measures can 
be taken in the connection design and detailing to enhance 
ductility and improve the performance of the structure while 
maintaining economy.

This paper addresses two requirements of the Seismic Pro-
visions: Section 7.2, Bolted Joints, and the requirement that 
vertical brace connections be designed for the expected ten-
sile strength of the brace as stipulated in Sections 14.2 (or-
dinary concentrically braced frames or OCBF) and 13.3a(a) 
(special concentrically braced frames or SCBF). This paper 
does not address bolted moment connections. Guidelines for 
fi eld bolted seismic moment connections are presented in 
FEMA 350 (FEMA, 2000).

REQUIREMENTS OF THE SEISMIC PROVISIONS

Since structures subjected to a seismic event could experi-
ence loads in excess of the design loads, inelastic response of 
the structure is expected. Therefore, structures must exhibit 
ductile behavior. Section 7.2 of the AISC Seismic Provisions 
gives the general requirements for bolted connections to be 
used in the seismic load resisting system. Bolts are required 
to be pretensioned and installed in standard holes or in short 

slots perpendicular to the force, and faying surfaces are 
to be prepared according to the requirements for a slip-
critical Class A faying surface, even though the connection 
can be designed as a bearing joint. Oversized holes are also 
allowed in one ply at bracing connections. The nominal 
bearing strength of the material is limited to 2.4dtFu, instead 
of the more liberal 3.0dtFu, to limit deformation. Addition-
ally, bolts are not permitted to share load with welds, due to 
load-deformation incompatibilities that can occur.

All of these requirements can be addressed simply during 
connection design; however, Section 7.1 states, “The design 
of connections for a member that is a part of the seismic load 
resisting system (SLRS) shall be confi gured such that a duc-
tile limit state in either the connection or the member con-
trols the design.” This provision is intended to ensure ductile 
behavior of the system. Similarly, Sections 14.4 (OCBF) and 
13.3a(a) (SCBF) address ductility for vertical braces. Sec-
tions 14.4 and 13.3a(a) defi ne the expected yield strength of 
the brace as RyFyAg (for LRFD), where Ry accounts for the 
fact that the yield strength of the brace may exceed the speci-
fi ed minimum. Unless analysis indicates that the system can-
not deliver a force equal to the expected yield strength of the 
brace, the brace connection must be designed for the expect-
ed yield strength to ensure ductility. It should be noted that 
while the requirements of Section 7.1 apply to all members 
that are part of the seismic load resisting system, including 
struts, collectors, diaphragms, trusses, and horizontal brac-
ing, the requirements of Sections 14.4 and 13.3a(a) only ap-
ply to the vertical braces in a braced frame. 

These ductility requirements are sometimes misinterpret-
ed to mean that all seismically loaded members connected 
with bolted connections must be reinforced to ensure that net 
section fracture does not control the design. However, there 
are several other options available to the engineer that will 
allow reinforcing to either be eliminated or mitigated. This 
paper will examine some of these options.

DUCTILE AND NONDUCTILE LIMIT STATES

Examples of nonductile limit states are given in the AISC 
Seismic Provisions Commentary as tension or shear fracture, 
bolt shear and block shear rupture. Most engineers would 
also include weld fracture as a nonductile limit state. These 
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limit states are undesirable in seismic design because they 
can lead to sudden separation of the connection, with little 
associated deformation to absorb energy from the seismic 
event.

Examples of ductile limit states are given as tension yield-
ing and bearing deformation. Shear yielding can also be 
viewed as a ductile limit state. Although buckling might be 
interpreted as a nonductile limit state, given the possibility 
of a sudden failure, the AISC Seismic Provisions treat it as 
a ductile limit state, since the formation of plastic hinges in 
the buckled member can absorb seismic energy. Buckling 
can therefore be considered a ductile limit state as long as 
the connection can accommodate the inelastic rotations as-
sociated with the post-buckling deformations of the member. 
For gussets that connect vertical bracing, a 2t bend line is 
provided to accommodate these large rotations. Such prac-
tices are probably advisable for connections to other mem-
bers in the seismic load resisting system where buckling is 
a consideration.

DESIGN OF SEISMIC CONNECTIONS NOT PART 
OF A MOMENT OR BRACED FRAME

As stated previously, members that are part of the seismic 
load resisting system, but not part of a braced or moment 
frame, must be proportioned so that a ductile limit state gov-
erns the design, but they are not required to be designed for 
the expected strength of the member. Often connections can 
be confi gured such that a ductile limit state in the connection 
rather than in the member controls the strength of the system. 
In this way the connection does not have to be designed to 
resist the full tensile strength of the member, as is sometimes 
believed necessary. As an example we will look at the simple 
case of a W14�68 strut designed for (� 300 kips) using 
load and resistance factor design. The connection shown 
in Figure 1 will be governed by a ductile limit state under 
both compression (301 kips buckling strength) and tension 
(337 kips plate yielding strength). Referenced sections in the 
example pertain to the 2005 AISC Specifi cation for Struc-
tural Steel Buildings (AISC, 2005b).

Fig. 1. Connection for W14�68 strut.

The limit states for this connection are:

Member Net Section Fracture Capacity (Section D2)
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Member Block Shear (Section J4.3)

Agv = =2 15 0 415 12 5( )( . ) .
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Therefore, Pbsm = 362 kips

Plate Yielding (Section D2)

P F d tpy y p p= = =0 9 0 9 50 7 5 1 0 337. . ( )( . )( . ) kips

Plate Net Section Fracture (Section D2)

P F t d dpf u p p h= −( ) = −0 75 3 0 75 65 1 0 [10. . ( )( . ) 3(1.0)] 

 
= 341 kips

FEXX � 70 ksi
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Plate Buckling (Section E3)
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Weld Strength [AISC Steel Construction Manual, pg. 8-8 
(AISC, 2005c)] (note that a 1.5 factor is applied to account 
for transverse loading of the weld)

 Pw = =2 1 5 10 1 392 7 5 313( . )( )( . )( . ) kips

Bolt Strength (AISC Steel Construction Manual, Table 7-1, 
single shear)

 Pb = =9 33 8 304( . ) kips

In this example, the edge distance and horizontal bolt spac-
ing used were such that the beam web block shear capacity 
did not control, and instead the ductile failure modes of the 
plate governed the capacity of the system. Other detailing 
practices were also incorporated in order to enhance ductile 
performance. The length of reduced plate width is set equal 
to twice the plate thickness. This provides for ductility in two 
ways. First, it provides a bend line to allow for post-buckling 
inelastic deformations of the main member. Second, it pro-
vides a tensile yield zone away from the weld. It has been 
shown that triaxial stresses develop local to the weld, which 
can lead to a brittle failure unless it is protected by an unre-
strained yield zone (Blodgett, 1992, 1995). A length equal to 
the dimension across which plastic shear is to occur is suf-
fi cient to provide ductility in the connection. The 2t dimen-
sion is suffi cient to allow ductile yielding to occur. Another 
advisable practice is to provide a gradual transition between 
the differing plate widths to minimize stress concentrations 
(Driscoll and Beedle, 1982). In the case shown, a 2.5:1 bevel 
is provided at the transition. This transition is consistent with 
the work of Driscoll and AWS D1.1. Another measure that 
has been shown to lessen stress concentrations and there-
fore increase ductility is to form a radius at the transition. 
In general, more gradual and smoother transitions will pro-
vide increased ductility. Until further guidance is provided 
by the governing specifi cations, the detailing requirements 
are a matter of engineering judgment. Similar measures can 
be applied to the design of horizontal bracing and trusses to 
cause the ductile failure to occur in the gusset plate.

DESIGN OF CONNECTIONS TO ASTM A992 
BRACES WITHIN A SEISMICALLY LOADED 

BRACED FRAME

Connections to braces within a seismically loaded braced 
frame must be designed for the expected strength of the 
brace, RyFy Ag, and must also satisfy the ductility require-
ments of AISC Seismic Provisions Section 7.1. It may at 
fi rst appear impossible to put holes in a member and still 
satisfy the RyFy Ag requirements, since the expected strength 
of the member exceeds the nominal gross design strength 
of the brace. However, the AISC Seismic Provisions allow 
a similar increase in the tensile strength of the material, Rt. 
For ASTM A992 material, Rt = 1.1. From this, the ductility 
requirement becomes

 0 75 0 9. ( ) .R F x A R F At u g y y g≥

where 
x = ratio of the net area to the gross area

For A992 steel, where Ry = Rt , x is found to be [(0.90)(50)]/
[(0.75)(65)] = 0.923. Therefore, in cases where the net-to-
gross area ratio is greater than 0.923, no reinforcing of the 
main member will be required. 

Using a reliability analysis, similar to that used as the ba-
sis of Load and Resistance Factor Design (LRFD), a slightly 
smaller value of x can be justifi ed. The Commentary to the 
AISC Specifi cation for Structural Steel Buildings (AISC, 
2005b) indicates that the target reliability index, β, against 
fracture is 4.0.

The reliability index can be found as follows

= ( )
+

ln /R Q

V V

m m

R Q
2 2

Since LRFD is a reliability method, based on statistical 
data, the determination of β can be based on statistical data 
collected by the University of Minnesota for the Structural 
Shape Producers Council. From these data we fi nd values for 
the required strength, Qm, the resistance, Rm, and the coef-
fi cient of variation, COV, as follows:

Q F Am y g=

R
F

x Am
y

g= ( )
0 77.

COV = 0 038.
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where x is the ratio of the net area to the gross area, and 0.77 
and 0.038 are the mean and COV of the yield-to–tensile strength 
ratio for web only data obtained in the study. 

Substituting these values and solving for β = 4.0, we 
obtain a value of 0.896 for x. If we were to use 0.76 and 
0.040, the mean and COV of the yield-to-tensile strength 
ratio for fl ange-only data obtained in the University of Min-
nesota study, we obtain a value of 0.892 for x. Since 20,003 
fl ange samples were tested and 4,925 web samples were 
tested, taking a weighted average gives a value of 0.893 
for x. Therefore, in cases where the net-to-gross area ratio is 
greater than 0.893, no reinforcing of the main member will 
be required. This approach allows a greater spread between 
the net area and the gross area than the AISC Seismic Provi-
sions. Given the large number of samples (24,928) and the 
nearly normal distribution of the data, the reliability analysis 
is well-suited to the problem. 

We will use the case of an ASTM A992 W14�90 brace 
as an example:

The expected strength of the member for connection design 
is

 P R F Au y y g= = ( ) ( ) =1 1 50 26 5 1 460. . , kips

The force taken through the fl anges of the brace is calculated 
as
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The force taken through the web of the brace is calculated 
as

 F P Fw u f= − = − ( ) ( ) =2 1 460 2 567 326, kips

Assuming 7⁄8-in. A490-X bolts in single shear, the number of 
bolts required in the fl ange is
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.
.  or 9 rows of 2 columns per fl ange

Assuming bolts in double shear, the number of bolts required 
in the web is
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The member is therefore confi gured as shown.

At the fi rst set of holes (furthest from the support), the ratio 
of net-to-gross area is
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Therefore, the net section is okay, although it would not be 
okay per the AISC Seismic Provisions.

At the section with all the holes taken out, a portion of 
the load has been transferred out of the member and into the 
connection. Assuming each bolt resists an equal share of the 
load, the load remaining in the strut is
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where
ns = the number of bolts before the change in net 

section
ntot = the number of bolts times the number of shear 

planes per bolt in the connection

The net section check then becomes
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Therefore, the net section is okay.
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SUMMARY AND CONCLUSIONS

Good seismic performance depends on the dissipation of en-
ergy through inelastic deformations. Maintaining a satisfac-
tory level of ductility is therefore required for good seismic 
performance. However, it can be shown analytically that it 
is not always necessary to add expensive reinforcing to the 
connected member in order to maintain the required ductil-
ity. By diligently observing design and detailing practices to 
preserve ductility in the connections, it is possible to utilize 
economic and safe fi eld bolted connections in seismically 
loaded structures. 

SYMBOLS

β = reliability index, the number of standard deviations 
that the mean of ln(Rm/Qm) is from the origin

Qm = mean value of the demand

Rm = mean value of the resistance

Ry = ratio of expected yield strength to the minimum 
specifi ed yield strength; = 1.1 for A992 steel

VR = coeffi cient of variance of the resistance

VQ = coeffi cient of variance of the demand

t = thickness of plate, in.

x =  the ratio of the net area to the gross area

All other variables are as defi ned in AISC (2005b).

035-040_Muir_2007_1Q.indd   39035-040_Muir_2007_1Q.indd   39 3/29/07   5:24:29 PM3/29/07   5:24:29 PM



035-040_Muir_2007_1Q.indd   40035-040_Muir_2007_1Q.indd   40 3/29/07   5:24:29 PM3/29/07   5:24:29 PM



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /Frutiger-Bold
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


