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© 2016 American Society of Civil Engineers.

Author keywords: Tee connection; Design; Detailing; Seismic; Experiment; Ductility; Strength; Stiffness.

Introduction and Background

As a possible alternative to fully welded connections, thin and me-
dium bolted rolled Tee connections became the choice of many
structural engineers in designing connections for light to moderate
beam sizes in moment-resisting frames (MRFs). Steel connections
using thin and medium rolled double Tees have demonstrated per-
formance in seismic areas and are included in the ANSI/AISC 358-
16 draft standard (AISC 2016). They can be used as full-strength
connections while maintaining a higher level of ductility by allow-
ing a plastic hinge to occur in the beam.

Thin and medium rolled bolted double-Tee connections associ-
ated with light and moderate beams have been studied extensively
during the past decades to develop design guidelines. The important
studies include those of Faella et al. (1998), Piluso et al. (2001),
Swanson and Leon (2000), Coelho et al. (2004), Piluso and Rizzano
(2007), McManus and Puckett (2011), and Bravo and Herrera
(2014). The rolled double-Tee design guidelines are now included
in the ANSI/AISC 358-16 draft standard (AISC 2016). However,
none of those existing investigations dealt with the performance of
thick plate built-up Tees with complete joint penetration (CJP) or
fillet welds associated with heavy girders. The ANSI/AISC 358-16
draft standard does not include design guidelines and examples of
thick plate built-up Tee connections, and the engineer is required to
demonstrate (by providing experimental results) that the connection
meets the performance requirements set in the AISC Seismic
Provisions, ANSI/AISC 341-10 (AISC 2010b). That is, built-up

double Tees associated with heavy girders can provide more alter-
natives in the choice of the required flange and stem thickness over
the rolled ones. They can be designed to be stronger, stiffer, and
more ductile than their rolled counterparts when associated with
heavy girder sizes.

This paper presents an overview of previous experimental and
analytical studies undertaken by the authors and focuses on the seis-
mic design and detailing of thick plate built-up double-Tee connec-
tions. The experimental results summarized in this paper can be
used to widen the applicability of Tee connections and refine the
existing design methodology for thick-flange Tees, which provides
designers workable options for practical application. The experi-
mental program was broken into two phases. During the hole-
fabrication testing phase, 20 plates were subjected to cyclic loading
to evaluate the influence of the hole-fabrication process. This
investigation shed the light on one of the primary concerns, which
is whether or not the hole fabrication in the tension flange of a
beam section leads to the formation of a plastic hinge. During the
connection testing phase, eight thick built-up Tee connections sub-
jected to cyclic loading were tested. The main objective was to es-
tablish design guidelines and to properly detail connections regard-
ing the type of welding to be used in the built-up Tee. A discussion
of the experimental results is presented, and design issues are
addressed. Finally, a step-by-step design procedure and design
examples on thick plate Tee connections associated with deep gird-
ers are presented. The proposed design procedure takes into
account all possible failure modes and yielding mechanisms, and it
achieves the strength and ductility requirements of the AISC
Seismic Provisions (AISC 2010b).

Seismic Detailing of Thick Plate Built-Up
Double-Tee Connections

The detailing and fabrication of thick plate built-up Tee connec-
tions, illustrated in Fig. 1, are outlined in this section. As shown in
Fig. 1, Tees are bolted both to the column flange and the beam
flanges. The Tees are built up by joining plates using CJP or fillet
welds. The web of the beam and the column flange are connected
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by a shear tab bolted to the beam web and welded to the column
flange.

Hole-Fabrication Tests

Monotonic and cyclic loading tests in the tension zone were per-
formed to investigate the acceptability of different hole-fabrication
methods. Plates with standard drilled, punched, flame-cut, and
short-slotted, punched, flame-cut holes in the middle section were
tested. Two specimens were tested for each case, giving a total of
10 monotonic tests and 10 cyclic tests. The plates were subjected
to: (1) a monotonically increasing load to failure or (2) a cycli-
cally variable load in tension, similar to the AISC seismic load
history. Net section fracture was found to be the governing failure
mechanism. The cyclic tests exhibited similar ultimate strength
and ductility as the monotonic ones. The results showed that
drilled and flame-cut holes have considerably larger ductility than
punched holes, and they also provide a slightly higher ultimate
strength.

The experimentally determined strain supply was compared to
the strain demand calculated using flexural beam theory. An analy-
sis was performed using the results of the tested specimens to deter-
mine whether similar beam sections were able to satisfy the rota-
tional capacity requirement. The rotational capacity of a beam, R,
section can be written as follows:

R ¼ u f � u p

u p
(1)

where u f is the rotation at failure; and u p is the plastic rotation.
According to flexural behavior theory, the ratio of the failure de-
formation to the yield deformation, ɛf =ɛy, is equal to 4.8, where
ɛy is the yield strain; and ɛf is the failure strain. The ratio of the
limiting width-to-thickness ratio for a flexural member, λp, found

in ANSI/AISC 360-10 (AISC 2010a), to the one that accounts for
seismic effects, λps, shown in ANSI/AISC 341-10 (AISC 2010b)
is λp=λps ¼ 1:26.

The strain demand in the tension flange of a beam at the plastic
moment for a specified beam rotational capacity of R = 3 (AISC
2010a) with a shape factor of 1.2 (W shapes), and accounting for
seismic effects ðλp=λpsÞ=ðɛf =ɛyÞ, is approximately 6 times the
yield strain (AISC 2010b). The results show that punched holes
were acceptable if the beam flange was subjected to large defor-
mation demands; however, they cannot be made on thicker plates.
Because the drilled specimens exhibited the most ductile behav-
ior, it is recommended that elements subject to large plastic defor-
mation demands have standard drilled or standard flame-cut holes
(Hantouche et al. 2012). Also, short-slotted holes did not provide
sufficient elongation at failure for use in demand-critical elements
compared with the standard drilled or flame-cut holes. Therefore,
they are not recommended when substantial inelastic tensile
deformations are expected. The hole-fabrication tests show that
standard drilled or flame-cut holes can be used in detailing Tee
connections.

Component Built-Up Tee: Experimental Tests

An experimental investigation on thick plate built-up Tee connec-
tions was conducted by Hantouche et al. (2012) to evaluate the
difference between CJP and fillet welds on the low-cycle fatigue
behavior of built-up Tees. Fig. 2 shows the geometric configura-
tion for the Tee and the size of the welds used. The specimens
were subjected to a cyclic variable load in tension. Table 1 sum-
marizes the results of the component tests performed on built-up
Tees. It shows the type of loading, the type of weld, the failure
mode, the maximum load that the component sustained, and the
maximum deformation recorded at failure. Figs. 3(a and b) show
typical cyclic load–deformation results, comparing Tees with
CJP welds to Tees with fillet welds, Fig. 3(a) for a 19-mm (3/4-in.)

18, 1 in. (25.4 mm) A490-X
8, 1-1/4 in. (31.8 mm) A490

W30x108

W14x257

6, 1 in. (25.4 mm) A490-X

7/8 in. (22.2 mm) Continuity
Plate 4 Places

7/8 in. (22.2 mm) Doubler Plate on
One Side

22 mm (7/8 in.) Continuity
Plate, 4 Places

8, 32 mm (1-1/4 in.) A490
18, 25 mm (1 in.) A490-X

6, 25 mm (1 in.) A490-X

22 mm (7/8 in.) Doubler Plate on 
One Side

Fig. 1. Typical W14� 257 column toW30� 108 beam built-up double-Tee connection
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Table 1. Cyclic Test Results for Built-Up Tees

Test ID Testing procedure Weld type Stem thickness mm (in.) Failure mode Maximum load kN (kips) Maximum deformation mm (in.)

CCS-1 Cyclic CJP 19 Net section fracture 1252 23.88
(3/4) (281.4) (0.94)

CCS-2 Cyclic CJP 19 Net section fracture 1270 28.70
(3/4) (285.5) (1.13)

CCL-1 Cyclic CJP 32 Tension bolt fracture 1761 11.70
(1 1/4) (395.8) (0.46)

CCL-2 Cyclic CJP 32 Tension bolt fracture 1760 —

(1 1/4) (395.7)
CFS-1 Cyclic Fillet 19 Net section fracture 1206 26.93

(3/4) (271.0) (1.06)
CFS-2 Cyclic Fillet 19 Net section fracture 1191 25.66

(3/4) (267.6) (1.01)
CFL-1 Cyclic Fillet 32 Tension bolt fracture — 24.40

(1 1/4) (0.96)
CFL-2 Cyclic Fillet 32 Tension bolt fracture 1764 25.66

(1 1/4) (396.4) (1.01)

Note: For each case, two identical specimens were tested, denoted by the digit in the first column of the table.

2 in. (51 mm)

10 in.
(254 mm)

6 in. (152 mm)

6 in.
(152 mm)

E70XX
TC-U4a CJP

or
11/16 in. (17.5
mm) or 17/16
in. (27 mm)
Fillet Weld

17/16 in. (27 mm) dia. (typ)

1-½ in.
(38 mm)

1 in. (25.4 mm)

2 in. (51 mm)

3 in.
(76 mm)

1-½ in.

11/16 in. dia.(typ)
(17.5 mm)19-7/8 in. (505 mm)

1-½ in. (38 mm)

3 in. (76 mm)

1-½ in. (38 mm)

6 in. (152 mm)
2 in. (51 mm) 2 in. (51 mm)

9@ 1-7/8 in. (48 mm)

¾ in. (19 mm) or 1 ¼ in. (31.75 mm)

254 mm
(10 in.)51 mm (2 in.)

505 mm (19-7/8 in.)
9@ 48 mm (1-7/8 in.)

51 mm (2 in.)

E70XX 
TC-U4a CJP 

or
17.5 mm 

(11/16 in.) 
or 27 mm 
(17/16 in.) 
Fillet Weld

18 mm dia. (typ)
(11/16 in.)

25 mm (1 in.)

51 mm (2 in.) 51 mm (2 in.)

152 mm (6 in.)

152 mm (6 in.)

76 mm 
(3 in.)

38 mm 
(1-1/2 in.)

152 mm 
(6 in.)

38 mm 
(1-1/2 in.)

38 mm (1-1/2 in.)

38 mm (1-1/2 in.)

76 mm (3 in.)

27 mm (17/16 in.) dia. (typ)

19 mm (3/4 in.) or 32 mm (1-1/4 in.)

Fig. 2. Geometric configuration for Tee components tests
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Fig. 3. Results of cyclic tests: (a) 19-mm (3/4-in.) stem thickness; (b) 32-mm (1 1/4-in.) stem thickness (fillet versus CJP)
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and Fig. 3(b) for a 32 mm (1 1/4-in.) stem thicknesses. The Tees
having the smaller stem thickness of 19 mm (3/4 in.) failed by net
section fracture of the stem, as shown in Fig. 3(a). The Tees made
with a 32-mm (1 1/4-in.) stem thickness failed by tension bolt frac-
ture without any significant yielding in the flange or around the fil-
let weld, as shown in Fig. 3(b). In some instances, the stem showed
signs of yielding around the net section. The stem failures were
invariably preceded by extensive yielding around the holes. It was
noted that fracture developed first between the last two bolt holes
and then spread outward toward the edges of the Tee stems.

The cyclic results were simplified by drawing the backbone
curves, which consists of joining the peak loads of all cycles into
one continuous curve. This approach was used to compare the
cyclic tests of built-up Tees with CJP and fillet welds with a 32-mm
(1 1/4-in.) and 19-mm (3/4-in.) stem thickness, as shown in Figs.
3(a and b). Comparing the Tees with a 32-mm (1 1/4-in.) stem
thickness, the ones built up with standard fillet welds, denoted as
CFL-1 and CFL-2, were more ductile than the ones built up from
CJP welds by approximately 30%. The Tees having a 19-mm (3/4-
in.) stem thickness had similar ductility in both the fillet and CJP
weld cases.

In no circumstance did fillet welds show signs of distress or
cracking. Through this investigation, it was found that fillet or CJP
welds are acceptable for detailing Tee connections. Allowing Tees
to be built up from plates adds a considerable amount of freedom to
the detailing and designing of Tee connections.

Design Procedure of Thick Plate Built-Up Double Tees

A detailed design procedure and a summary of design examples of
thick built-up Tee connections, associated with deep girders ranging
fromW24 toW30, are presented in this section.

Design Procedure

Full-strength built-up double Tee connections are designed such
that plastic hinge formation in the beam is intended to occur at the
last pair of shear bolts on the Tee stem furthest from the column.
The procedure for built-up Tee connections was used to design the
full-scale Tee connections. Note that the beam and the column were
made of A992, the plate material was made of A572-50 for the con-
necting elements, and the bolts were made of A490 materials. The
beam was seismically compact. This procedure was based on equa-
tions available in ANSI/AISC 360-10 standard (AISC 2010a) and
in ANSI/AISC 358-16 draft (AISC 2016) and adds to them pro-
posed expressions that account for new failure mechanisms that
might be encountered in thick-flange Tee connections. Specifically,
the newly developed expressions that are added to the procedure
provide the following:
• The capacity of thick plate Tee flange built up with either CJP

or fillet weld calculated for the limit state of partial yielding
followed by bolt fracture,

• The required column flange thickness for flexural yielding
based on yield line theory, and

• The column flange capacity accounting for secondary prying,
considering two failure modes: interior bolt fracture and flange
mechanism.
Not incorporating the aforementioned failure modes and limit

states into the design procedure could lead to connection failure.
Flowcharts summarizing Steps 1–17 are presented in Figs. 4 and 5.
The following steps provide the design of thick plate double-Tee
connections.

Step 1: Compute the Probable Maximum Moment at the
Beam Hinge

Mpr ¼ CprRyFybZe (2)

Cpr ¼ Fub þ Fyb

2Fyb
(3)

Step 2: Compute the Maximum Shear Bolt Diameter
To satisfy RtFubAfn � RyFybAfg with 2 rows of bolts in the beam
flange having standard bolt holes, the equation is as follows:

dvb � bfb
2

� �
1� RyFyb

RtFub

� �
� 3 mm (4)

Step 3: Determine the Controlling Strength per Shear Bolt
The controlling strength per shear bolt is calculated as the minimum
between shear and bearing capacity as

f rnv ¼ min
Shear: f n1:1AvbFnv

Bearing: f d2:4dvbtfbFub

(
(5)

Step 4: Estimate the Number of Required Shear Bolts for
Each Beam Flange
A first estimate for the number of shear bolts can be computed as

nvb � 1:25Mpr

dbf rnv
(6)

Step 5: Determine the Location of the Plastic Hinge
in the Beam
The plastic hinge is assumed to be at the furthest pair of bolts from
the column. The distance between the plastic hinge and the face
of the column is calculated for CJP and fillet welds using Eqs. (7)
and (8), respectively.

Sh ¼ SBþ Leh þ Lvb þ db
2

(7)

Sh ¼ SBþ Leh þ Lvb (8)

where SB is the setback from the beam; Leh ¼ 2dvb is the horizontal
end distance in the beam; and Lvb is the length of the flange bolts
line and is given by

Lvb ¼ svb
nvb
2

� 1
� �

� db (9)

where svb ¼ 3dvb is the bolt-to-bolt spacing.
The beam length between the column flanges is

Lf ¼ L0 � dc (10)

The distance between the beam plastic hinges is

Lh ¼ L0 � dc � 2Sh (11)

The dimensions calculated in this step are illustrated in Fig. 6.
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Step 6: Calculate the Shear Force in the Beam at the Location
of the Plastic Hinge

Vh ¼ 2Mpr

Lh
þ wuLh

2
(12)

Step 7: Compute the Moment Expected at the Face of the
Column

Mf ¼ Mpr þ VhSh (13)

Step 8: Compute the Force in the Tee Stem Attributable toMf

An estimate of the tension force of the Tee stem can be calculated as

Ff ¼ Mf

1:05db
(14)

Step 9: Determine the Required Size of the Tee Stem
The width of the Tee is governed by the spacing of the bolts con-
necting the Tee flange to the column flange. It is generally assumed

Step 1: Maximum moment 
at the beam hinge 

(2) 

where:  (3)

Step 2: Maximum shear bolt diameter (2 rows) 

  (4) 

To satisfy

Step 3: Controlling shear bolt strength

(5)

Step 4: Required 
number of shear bolts 
for each beam flange 

     (6)

Step 5: Location of plastic hinge

)7(:dlewPJCroF

For fillet weld:             (8) 
where, length of the flange bolts line: 

             (9) 

Therefore, beam length between column 
flanges:  

(10) 
And the beam length between the plastic 
hinges:  

            (11) 

Step 6: Shear force in 
the beam at the plastic 
hinge location

   (12)

Step 7: Moment at the 
face of the column 

(13) 

Step 8: Force in the 
T-stem due to 

(14) 

Step 9: Required size of the T-stem
T-stem thickness is for: 

Gross section yielding:           (16)

:erutcarfnoitcesteN (17) 

The factor resistance of the T-stem is for:  
Gross section yielding:           (18) 

:erutcarfnoitcesteN (19) 

Step 10: Actual flange 
force resisted by the Tee 

 (20)

Step 11: Back-check the 
strength of shear bolts

 (21) 

If not adequate, increase 
 and go back to step 5  

Step 12: Back-check bearing/tear-out of the beam 
flange and the T-stem 
Beam flange check: 

Tear-out:   (22) 

Bearing:  (23) 
T-stem check:  

Tear-out: (24) 

Bearing:    (25) 
where: 

For end bolts: (26) 

For interior bolts:  (37) 
The total capacity is the sum of the governing individual 
bolts’ capacities. If the total capacity is less than  then 

increase  or and go back to step 5 or 9, respectively. 

Fig. 4. Design procedure, Steps 1–12
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to be equal to the width of the column flange. This width is then
checked against theWhitmore width, and the largest is selected.

WWhit ¼ 2Lvb tan ð30�Þ þ gvb (15)

The thickness of the Tee stem is:

Based on gross section yielding: tst � Ff

f dFytWT
(16)

Based on net section fracture: tst � Ff

f nFut WT � 2 dvb þ 2mmð Þ½ �
(17)

Therefore, the factored resistance of the stem is:

Based on gross section yielding: fRn ¼ f dFytWTtst (18)

Based on net section fracture: fRn

¼ f nFut½WT � 2ðdvb þ 2mmÞ�tst
(19)

Step 10: Determine the Actual Flange Force Resisted by the Tee
The exact Tee stem tension force is calculated as

Ff ¼ Mf

db þ tst
(20)

Step 16: Preliminary configuration of T-flange
Smaller gage is desirable from a strength point of
view, however larger gage provides additional 
ductility at the expense of increased prying. The 
gage of the tension bolts should be larger than the 
corresponding entering and tightening clearances:

(31)

(32)

(33)
To minimize prying forces:

(34)

(35)
The width of the Tee flange is given by:

(36)
A sufficient space for the shear tab, between the top
and bottom Tees, is satisfied when:

(37)
The capacity of the tension bolts is:

(38)
The required Tee flange capacity per tension bolt is:

(39)

Based on mixed-mode failure, the minimum flange 
thickness is:

(40)

where (41)

The flange thickness required to eliminate prying:

(42)

Step 17: Calculation of tension bolt force 
accounting for prying effect
Plastic mechanism in the tension flange, the design
resistance per tension bolt is (Swanson 2002):

(43)

Tension flange yielding followed by fracture of the 
bolts (a mixed-mode failure), the design resistance
per tension bolt is calculated as (Swanson 2002):

(44)

Bolt fracture with no yielding of the tension
flange, the design resistance per tension bolt is
calculated as 

(45)
Flange partial yielding followed by bolt fracture,
when , the capacity of thick
Tee flange built-up with CJP and fillet welds can
be computed as (Hantouche et al. 2015):
For CJP weld:

(46)

For fillet weld:
(47)

The governing bolt factored resistance should be 
larger than or equal to the required Tee flange 
capacity per bolt, . If not, use a larger bolt 
size, and go back to step 16.

Step 13: Block shear of the T-stem and beam flange
(28)

Step 14: Design of fillet weld
If used, the fillet weld is to be 
designed for the largest T-stem
factored resistance calculated
in step 10 as follows:

(29)

Step 15: Size of bolts between 
the Tee and the column flange
Assuming no prying:

(30)

Fig. 5. Design procedure, Steps 13–17
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Step 11: Check the Strength of the Shear Bolts with the
Updated Value of Ff

The number of shear bolts estimated in Step 4 is checked for the
actual force in the Tee stem.

nvb � Ff

f rnv
(21)

If needed, increase thenumberof shearbolts andgoback toStep5.

Step 12: Check the Bearing/Tear-Out Strength of the Beam
Flange and the Tee Stem
The beam flange check is as follows:

Tear� out: fRn ¼ f d1:2LctfbFub (22)

Bearing: fRn ¼ f d2:4dvbtfbFub (23)

The Tee-stem check is as follows:

Tear� out: fRn ¼ f d1:2LctstFut (24)

Bearing: fRn ¼ f d2:4dvbtstFut (25)

where:

For end bolts: Lc ¼ Leh � 1=2ð Þ dvb (26)

For interior bolts: Lc ¼ svb � ð2Þ 1=2ð Þ dvb (27)

Total bearing/tear-out capacity is equal to the sum of the mini-
mum capacity corresponding to each bolt. If it is higher than the
force in the Tee, Ff , proceed to Step 13. If not, then change the

number of bolts, configuration, or Tee-stem thickness and go back
to the corresponding step.

Step 13: Check Block Shear of the Beam Flange and Tee Stem
The resistance to block shear is given as

Rn ¼ 0:6FubAnv þ UbsFubAnt � 0:6FybAgv þ UbsFubAnt (28)

This equation applies for both the beam flange and Tee stem. Ant is
the effective net area failing in tension; Agv is the gross area failing in
shear; Anv is the effective net area failing in shear; andUbs is the shear
lag factor given in Table D3.1 in the AISCmanual (AISC 2010a).

Step 14: Design of the Fillet Welds
Fillet welds, if used, are to be sized based on the governing force
betweengross sectionyield andnet section fracture failuremodes as

Rn ¼ 0:707wLFw (29)

To ensure that the strength of the plate will govern over the
strength of the weld, takew � 5=8 tst.

Step 15: Determine the Size of the Bolts between the Tee
Flange and the Column Flange
Assuming no prying, the minimum bolt diameter is

dtb �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4Ff

ntbf npFnt

s
(30)

Step 16: Determine the Preliminary Configuration
of the Tee Flange
The smallest gauge possible for the tension bolts is desirable from a
strength point of view; however, larger gauges can provide addi-
tional ductility in the Tee flange at the expense of increased prying.

Sh

LvbLehSB

Sh

Lo

Lf

Lh

Lvb Leh SB

Fig. 6. Location of plastic hinges and different beam lengths
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The gauge of the tension bolts will probably be governed by the
entering and tightening clearances of the tension bolts relative to the
beam flange, Tee stem, and shear bolts.

gtb � 2tfb þ tst þ dwrench (31)

b ¼ 1
2

� �
gtb � tst;effð Þ (32)

b0 ¼ b� 1
2
dtb (33)

Tominimize prying forces

a ¼ 11=2 dtb � 1:25b (34)

a0 ¼ aþ 1
2
dtb (35)

The width of the Tee flange is given by

bft ¼ gtb þ 2a (36)

Care must be taken to ensure that there is sufficient space
between the top and bottom Tees for the shear tab. This can be
checked by satisfying

bft � db þ tst � Lsc (37)

The capacity of the tension bolts is computed as

rnt ¼ AtbFnt (38)

The required Tee flange capacity in units of kN (kips) per tension
bolt is

Treqd ¼ Ff

ntb
(39)

The minimum flange thickness based on a mixed-mode failure,
which will typically govern, can be computed as

tft � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Treqd a0 þ b0ð Þ � /nrnt � a0

pf � /dFyt

s
(40)

where pf ¼ 2WT

ntb
(41)

The flange thickness required to eliminate prying can be com-
puted as

tft;crit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4/nrnt � b0
pf � /dFyt

s
(42)

Step 17: Calculate Tension Bolt Force Accounting
for Prying Effect
For the limit state of a plastic mechanism in the tension flange, the
design resistance per tension bolt is calculated, as per (Swanson
2002), as

f T1 ¼ 1þ dð Þ
4b0

pf � /dFyt � t2ft (43)

For the limit state of tension flange yielding followed by fracture
of the bolts (a mixed-mode failure), the design resistance per ten-
sion bolt is calculated, as per Swanson (2002), as

fT2 ¼ /nrnt � a0
a0 þ b0

þ pf � /dFyt � t2ft
4 a0 þ b0ð Þ (44)

For the limit state of bolt fracture without yielding of the tension
flange, the design resistance per tension bolt is calculated as

/T3 ¼ /nrnt (45)

For the limit state of partial yielding of the flange followed by
bolt fracture, when 3:00 � gtb=tft � 4:00, the capacity of thick Tee
flange built up with CJP and fillet welds can be computed, as per
Hantouche et al. (2013, 2015), as follows:

For the CJP weld

/T4 ¼ /nBn

0:231 gtb
tft

� �
3
pf

� �
þ 1–0:662 3

pf

� �h i (46)

For the fillet weld

/T5 ¼ /nBn

0:0591 gtb
tft

� �
3
pf

� �
þ 1–0:1539 3

pf

� �h i (47)

The governing bolt factored resistance should be larger than or
equal to the required Tee flange capacity per bolt, Treqd. If not, use a
larger bolt size, using Step 15.

Step 18: Check the Tee Stem for Compression Buckling
Check the stem of the Tee in compression using the provisions of
Section J4.4 of the AISC Specification for Structural Steel
Buildings (AISC 2010a) taking the effective length as 75% of the
distance from the face of the Tee flange to the row of shear bolts in
the Tee stem that is closest to the column. Based on this the effective
slenderness ratio can be computed as

KL
r

¼ 0:75ð Þ Leh þ SB� tftð Þffiffiffiffiffiffiffiffiffiffiffi
WTt3st

12WTtst

q ¼ 2:598
Leh þ SB� tft

tst

� �
(48)

Note that per Section J4.4 of the AISC LRFD standards (ANSI/
AISC 360-14), when the effective slenderness ratio is less than 25,
the compressive strength is simply based on the gross yielding
strength of the part in compression.

Step 19: Determine the Configuration of the Shear Connection
to theWeb
Because of the large setback required, the shear connection will
most likely need to be designed as an extended shear tab. Most
importantly, the length of the shear connection, Lsc, should be deter-
mined so as to fit between the Tee flanges of the allowing ample
clearance.
1. Determine the eccentricity and maximum length of the shear

connector:
The eccentricity of the bolts and welds can be computed as

© ASCE 04016013-9 Pract. Period. Struct. Des. Constr.
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ex ¼ SBþ Leh (49)

2. Check the capacity of the web bolts:
Compute the capacity of a single web bolt as

/rnw ¼ /n
p

4

� �
dwbð Þ2 Fnwð Þ (50)

Estimate the minimum number of web bolts required from
Table 7-7 of the AISC LRFD manual (AISC 2010a), taking k =
0 and rounding the eccentricity, ex, to the next larger value
included in the table.

Cmin ¼ Vh

/rnw
(51)

The capacity of the bolts within the web connection and the
load on the most critically loaded bolt can then be computed as

/Rn ¼ /ruwC (52)

ruw ¼ Vh

C
(53)

where C is the actual value from Table 7-7 in the AISC manual,
interpolating as needed, for example.
Using the vertical end distance, Lev, and the bolt-to-bolt spacing
of the web bolts, swb, the actual length of the shear plate, Lsc,
can be computed and compared to the maximum length,
Lsc;max, which is based on the clear distance between the Tee
flanges.

Lsc ¼ 2Lev þ swbðnwb � 1Þ (54)

Lsc;max ¼ db þ tst � bft (55)

3. Determine the thickness of the shear plate:
The thickness of the shear plate is based on the failure modes of
shear yielding, shear rupture, bearing, and tear-out.
Based on shear yielding of the plate

tsc � Vh

/d0:6FyscLsc
(56)

Based on shear rupture of the plate

tsc � Vh

/n0:6Fusc Lsc � nwb dwb þ 1=16
00� �	 
 (57)

Based on a bearing failure of the shear plate

tsc � ruw
/d2:4dwbFusc

(58)

Based on a tear-out failure

tsc � ruw
/d1:2LcFusc

(59)

In this case, it is conservative to take Lc as the distance from the
critical bolts to its nearest edge, as follows:

Lc ¼ min

Lev � 1
2

� �
dwbð Þ

Leh � 1
2

� �
dwbð Þ

8>>>><
>>>>:

(60)

4. Check bearing and tear-out of the beam web:
As in the previous check, conservatively take Lc as the distance
from the critical bolt to its nearest edge. In this case, only the
horizontal edge distance is critical; thus, take

Lc ¼ Leh � 1
2

� �
dwbð Þ (61)

ts,eff = ts +6.5 mm (ts +1/4 in.)

Fig. 7. Geometric variables of thick-flange built-up Tee, with CJP, fillet welds, and column flange
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Tear� out : /Rn ¼ /d1:2LctwbFub (62)

Bearing : /Rn ¼ /d2:4dwbtwbFub (63)

5. Determine the size of the weld to the column flange

Dmin ¼ Vh

/CC1Lsc
(64)

where k = 0.0, take C1 ¼ 1:00 for E70 electrodes, and
asc ¼ ex=Lsc.
To ensure that the strength of the plate will govern over the
strength of the weld, take 5/8 tsc.

6. Check the beam web for block shear:
Consistent with ANSI/AISC 360-14 and/or the purpose of this
design, the block shear failure shall be considered a nonductile
failure mode.

Step 20: Check the Column for Adequate Strength
1. Check the column web for panel-zone shear strength:

Check the column web for adequate shear strength consistent with
Sections J10.6 and J10.9 of ANSI/AISC 360-10 and Section 9.3
or 10.3 of ANSI/AISC 341-10, respectively, as applicable.

2. Check the column for web yielding and web crippling:
Web local buckling and web crippling are checked for the unstiff-
ened column. If the unstiffened column has adequate capacity, then
continuity plates with a minimum thickness of not less than the
thickness of thebeamflange are specified. If theunstiffenedcolumn
does not have adequate strength, the thickness of the continuity
plates is determined so that they resist the difference between the
required strength and the available strength of the unstiffened col-
umn,butnot less than the thicknessof theconnectedbeamflange.
Check web yielding:

/Pn ¼ /dð5k þ NÞFyctwc (65)

Check web crippling

/Pn ¼ /n0:80t
2
wc 1þ 3

N
dc

� �
twc
tfc

� �1:5
" # ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EFyctfc
twc

r
(66)

Fig. 8. W24� 76 beam toW14� 257 column CJP built-up Tee connection, Steps 1–17
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3. Check the column flange for flexural yielding:
The plasticflange thickness tp is calculated for the case of eight ten-
sion bolts connecting the Tee flange to the column flange, based on
theyield line shown inFig. 7 for thecolumnflange, as follows:

tp¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ff

ðmþnþpÞ 1
oþ 1

q

� �
þðmþnÞ 1

oþ 1
q

� �
þ2

h i
Fpy

vuut (67)

The thickness, tp, should be less than the supplied column
flange thickness, tcf ; if not, increase the column size. This
equation is used to determine the adequacy of the column
flange. Continuity plates shall be designed consistent with
section J10.8 of the ANSI/AISC 360-10 and Section 9.5 or
10.5 of ANSI/AISC 341-10 respectively, as applicable.

4. Check for secondary prying in the tension bolts:
Because of lack of experimental data for full-strength Tee con-
nections without continuity plates, an analytical study on sec-
ondary prying phenomenon that investigates the need of
continuity plates was performed by Hantouche et al. (2012).
The study showed that continuity plates should be provided for
those specific connections. It showed that the need of continuity
plates is largely dependent on the ratio of column flange to Tee
flange thickness for the cases where the beam sizes range from
W24 to W36.

In the case of eight tension bolts and if no continuity plates are
provided, the capacity of the column flange including second-
ary prying when interior tension bolt failure occurs can be writ-
ten as (see Fig. 7)

/T6 ¼ f nB1m0
m0þn0þp0 þ f nB2ðm0þn0Þ

m0þn0þp0 þ /dFyc � tfcpf 2
4 m0 þ n0 þ p0ð Þ (68)

In the case of the flange mechanism, the capacity of the flange
column is calculated as

/T7 ¼ �/dMp

m0 þ n0
þ /nB1 þ /nB2m0

m0 þ n0
(69)

Fig. 7 shows the configuration of the Tee and illustrates the dif-
ferent geometric variables used in the equations.

Design Examples

Four design examples are summarized in this section. A W24� 76
beam connected to a W14� 257 column and a W30� 108 beam
connected to W14� 257 column Tee connections were designed.
For each case, two types of welds were used to build up the Tees:
CJP and fillet welds. Figs. 8 and 9 provide step-by-step calculations

Fig. 9. W24� 76 beam toW14� 257 column CJP built-up Tee connection, Steps 18–20
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for the W24� 76 beam to W14� 257 column connection built up
with CJP. The designed connections are detailed and presented in
Figs. 10 and 11. Tables 2 and 3 summarize the capacity correspond-
ing to different failure modes, and ratios to the governing failure
mode are presented. The capacity of the beam-to-column connec-
tion is governed by plastic hinge formation in the beam.

Conclusions

A detailed design procedure and design examples for thick plate
built-up double-Tee connections for use in MRFs for seismic appli-
cations are presented. The proposed procedure is based on analyti-
cal studies and extensive experimental results evaluating different
hole-fabrication methods and types of welds (CJP and fillet) that
can be used in detailing thick plate double-Tee connections. This
study resulted in the following conclusions:
• Experimental study on the acceptability of different hole-

fabrication methods showed that standard drilled or flame-cut
holes can be used in detailing Tee connections.

• Cyclic tests on built-up Tees showed that both fillet and CJP
welds are acceptable in detailing Tee connections. Allowing
built-up Tees adds a considerable amount of freedom in the
design and detailing of Tee connections.

• A step-by-step design procedure that provides a ductile built-
up Tee connection having adequate strength and stiffness was
presented. Four design examples were summarized.

• The proposed design procedure for thick plate built-up Tees
includes prying strength models for the limit state of partial
yielding followed by bolt fracture. It includes an expression
for computing the required column flange thickness for flex-
ural yielding based on yield line theory. Also, a proposed
strength model for predicting the column flange capacity and
accounting for secondary prying effect is developed and
included in the design procedure. The models consider two
failure modes: (1) interior bolt fracture and (2) flange
mechanism.

• The proposed design procedure accounts for all possible yield-
ing mechanisms and failure modes that might occur in thick
double-Tee connections and achieves the strength and rotation
requirements of the AISC Seismic Provisions (ANSI/AISC
341-10). The information presented in this paper can be used
toward prequalification of thick plate built-up double-Tee con-
nections for use in MRFs in seismic areas.
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Notation

The following symbols are used in this paper:
Afg ¼ gross area of tension flange of the beam,

mm2 (in.2);

Afn ¼ net area of the tension flange of the beam,
mm2 (in.2);

Agv ¼ gross area failing in shear for block shear
calculation;

Ant ¼ effective net area failing in tension;
Anv ¼ effective net area failing in shear;
Atb ¼ gross area of a tension bolt measured through

its shank, mm2 (in.2);
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Table 2. Failure Capacity of Tees with CJP Welds

Failure mode

W24� 76 beam W30� 108 beam

Capacity kN
(kN·cm) Ratio

Capacity kN
(kN·cm) Ratio

Plastic hinge in beam 3,029 (193,090) 1.000 4,355 (346,138) 1.000
Tension bolt fracture 3,597 (218,364) 1.188 4,448 (336,692) 1.021
Stem yielding 3,114 (189,022) 1.028 4,568 (345,776) 1.049
Shear bolt fracture 3,236 (196,423) 1.068 4,755 (359,922) 1.092
Stem fracture 3,188 (193,508) 1.052 4,439 (336,014) 1.019
Mixed-mode flange
failure

3,243 (196,852) 1.070 4,448 (336,692) 1.021

Block shear capacity 3,559 (216,025) 1.175 4,470 (338,387) 1.026
Plastic flange
mechanism

6,139 (372,429) 2.026 7,437 (562,954) 1.708

Shear bolt bearing/
tear-out

6,503 (394,789) 2.147 8,954 (677,757) 2.056

Table 3. Failure Capacity of Tees with Fillet Welds

Failure mode

W24� 76 beam W30� 108 beam

Capacity kN
(kN·cm) Ratio

Capacity kN
(kN·cm) Ratio

Plastic hinge in beam 2,705 (172,414) 1.000 3,754 (298,368) 1.000
Tension bolt fracture 2,842 (172,527) 1.051 4,022 (304,492) 1.071
Stem yielding 3,114 (189,022) 1.151 4,025 (304,605) 1.072
Shear bolt fracture 3,178 (202,558) 1.175 4,151 (314,209) 1.106
Stem fracture 3,188 (203,179) 1.178 4,441 (336,127) 1.183
Mixed-mode flange
failure

3,220 (195,462) 1.190 4,448 (336,692) 1.184

Block shear capacity 3,512 (213,201) 1.298 4,470 (338,387) 1.191
Plastic flange
mechanism

6,094 (370,023) 2.253 6,023 (456,003) 1.604

Shear bolt bearing/
tear-out

6,503 (394,789) 2.404 7,927 (599,945) 2.218
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Avb ¼ gross area of a shear bolt measured through
its shank, mm2 (in.2);

a ¼ distance between bolt line and outside edge
of Tee flange, mm (in.);

a0 ¼ distance between inside edge of bolt line and
outside edge of Tee flange, mm (in.);

asc ¼ leg size of the fillet weld;
Bn ¼ nominal strength of the tension bolt;
B1 ¼ bolt force at the internal bolt line for case of

eight tension bolts;
B2 ¼ bolt force at the external bolt line for case of

eight tension bolts;
b ¼ distance between effective Tee stem and bolt

line in the Tee flange, mm (in.);
b0 ¼ distance between effective Tee stem and

inside edge of bolt line in Tee flange,
mm (in.);

bfb ¼ flange width of the beam, mm (in.);
bft ¼ width of the Tee flange, mm (in.);
C ¼ coefficient for eccentrically loaded bolt

group (AISC Table 7-7);
Cmin ¼ minimum coefficient for eccentrically loaded

bolt group;
Cpr ¼ factor to account for peak strength
C1 ¼ coefficient for eccentrically loaded bolt

group (AISC Table 7-7);
c0 ¼ distance between the interior sides of the

bolts of the internal and external bolt lines
for configuration of eight tension bolts;

Dmin ¼ size of the weld connecting the shear tab to
the column flange;

db ¼ depth of the beam, mm (in.);
dc ¼ depth of the column, mm (in.);
dtb ¼ diameter of the tension bolts between the

Tee flange and the column flange,
mm (in.);

dvb ¼ diameter of the shear bolts between the Tee
stem and the beam flange (in.);

dwb ¼ diameter of the shear bolts connecting the
shear tab to the beam web;

dwrench ¼ diameter of the wrench used to tighten the
bolts, mm (in.);

E ¼ modulus of elasticity of steel, GPa (ksi);
ex ¼ eccentricity of the bolts and welds in the

shear tab;
Ff ¼ maximum force in the Tee, kN (kip);
Fnt ¼ nominal tensile stress of the tension bolts,

GPa (ksi);
Fnv ¼ nominal shear stress of the shear bolts, GPa

(ksi);
Fnw ¼ nominal shear stress of the web bolts, GPa

(ksi);
Fpy ¼ yield stress of the Tee flange;
Fub ¼ specified minimum tensile strength of the

beam, GPa (ksi);
Fusc ¼ specified minimum tensile strength of the

single-plate shear connection, GPa (ksi);
Fut ¼ specified minimum tensile strength of the

Tee, GPa (ksi);
Fyb ¼ specified minimum yield stress of the beam,

GPa (ksi);
Fyc ¼ yield stress of the column’s materials;

Fysc ¼ specified minimum yield stress of the single-
plate shear connection, GPa (ksi);

Fyt ¼ specified minimum yield stress of the Tee,
GPa (ksi);

Fw ¼ fillet weld material’s shear strength;
gtb ¼ gauge of the tension bolts in the Tee flange,

mm (in.);
gvb ¼ gauge of the shear bolts in the Tee stem, mm

(in.);
KL/r ¼ effective slenderness ratio;

k ¼ distance between the outer face of the col-
umn flange and web toe of its fillet if the col-
umn section is rolled or an equivalent dis-
tance if the column section is welded, mm
(in.);

L ¼ fillet weld length;
Lc ¼ clear distance between adjacent bolt holes or

the clear distance between a bolt hole and
the end of a plate used in bearing and tear-
out calculations, mm (in.);

Leh ¼ end distance of the bolt group measured hori-
zontally from the end or edge of the con-
nected part to the center of the first bolt or
first row of bolts, mm (in.), where

Leh � 51 mm ð2 in:Þ;

Lev ¼ end distance of the bolt group measured ver-
tically from the end or edge of the connected
part to the center of the first bolt or first row
of bolts, mm (in.);

Lf ¼ length of the connected beam measured
between the faces of the adjacent columns,
mm (in.);

Lh ¼ length of the connected beam measured
between the plastic hinges that form near
each of the adjacent columns, mm (in.);

Lo ¼ theoretical length of the connected beam
measured between the working points of the
adjacent columns, mm (in.);

Lsc ¼ length of the shear tab, mm (in.);
Lsc,max ¼ maximum length of the shear tab, mm (in.);

Lvb ¼ length of the shear bolt pattern in the Tee
flange, mm (in.);

Mf ¼ maximummoment at the face of the column,
kN·mm (kip/in.);

Mp ¼ plastic moment of the column flange,
kN·mm (kip/in.);

Mpr ¼ probable maximum moment at the face of
the column, kN·mm (kip/in.);

m, n, p, o, q ¼ geometric dimensions used in the yield line
determination in the column flange, pre-
sented in Fig. 8;

m0, n0, p0 ¼ geometric dimensions used in secondary
prying calculations, presented in Fig. 8,
where

m0 ¼ mþ dtb
2

n0 ¼ n
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p0 ¼ p� dtb
2
;

N ¼ bearing length;
ntb ¼ number of tension bolts connecting the Tee

flange to the column flange;
nvb ¼ number of shear bolts connecting the Tee

stem to the beam flange;
nwb ¼ number of web bolts connecting the beam

web to the single-plate shear connection;
Pn ¼ nominal load reaction;
pf ¼ width of the Tee flange tributary to a pair of

tension bolts, mm/bolt (
in./bolt);

R ¼ rotational capacity of the beam;
Rn ¼ nominal resistance for block shear;
Rt ¼ ratio of expected tensile strength to the speci-

fied minimum tensile strength;
Ry ¼ ratio of expected yield stress to the specified

minimum yield stress;
rnt ¼ nominal tensile capacity of a tension bolt,

kN (kip);
rnv ¼ nominal shear capacity of a shear bolt, kN

(kip);
rnw ¼ nominal shear capacity of a bolt in shear, kN

(kip);
ruw ¼ bearing strength;
Sh ¼ location of the plastic hinge measured from

the face of the column, mm (in.);
svb ¼ spacing of the shear bolts in the Tee stem,

mm (in.);
swb ¼ spacing of the web bolts in the single-plate

shear connections, mm (in.);
SB ¼ setback distance between the face of the col-

umn and end of the beam, mm (in.), where

SB ¼ 89 mm ð31=2 in:Þ;

Treqd ¼ required Tee force per tension bolt, kN/bolt
(kip/bolt);

T, T1, T2, T3 ¼ tension force per bolt, kN/bolt (
kip/bolt);

tfb ¼ flange thickness of the beam, mm (in.);
tfc ¼ flange thickness of the column, mm (in.);
tft ¼ thickness of the Tee flange, mm (in.);

tft,crit ¼ thickness of the Tee flange above which pry-
ing is negligible, mm (in.);

tp ¼ column’s plastic flange thickness;
tsc ¼ plate thickness of the single-plate shear con-

nector, mm (in.);
tst ¼ thickness of the Tee stem, mm (in.);

tst,eff ¼ effective Tee stem thickness used for prying
calculations, mm (in.), where

tst;eff ¼ k þ tst
2

for rolled Teesð Þ

tst;eff ¼ tst þ 8 mm
tst;eff ¼ tst þ 5

�
16 in:

�
ðfor built-up TeesÞ;

twb ¼ thickness of the beam web;
twc ¼ thickness of the column web;
Ubs ¼ shear lag factor;

Vh ¼ shear force in the beam at the location of the
plastic hinge, kN (kip);

WT ¼ width of the Tee measured parallel to the col-
umn flange width, mm (in.);

WWhit ¼ Whitmore width of the Tee stem, mm (in.);
w ¼ leg size of fillet welds used in built-up Tees,

mm (in.);
wu ¼ uniform load acting on the beam over the

length Lh,
kN/int (

kip/in);
Ze ¼ effective plastic modulus of the beam section

at the location of the plastic hinge,
mm3 (in.3);

d ¼ factor accounting for net area of the Tee
flange, where

d ¼ 1� dtb
p
;

« f ¼ beam deformation at failure;
« y ¼ yield deformation of the beam;
l p ¼ limiting width-to-thickness ratio for a flex-

ural member;
l ps ¼ limiting width-to-thickness ratio for a flex-

ural member under seismic conditions;
f d ¼ resistance factor for ductile failure modes

(f d = 1.00);
f n ¼ resistance factor for nonductile failure

modes (f n = 0.90);
u f ¼ beam rotation at failure; and
u p ¼ plastic beam rotation at failure.
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