Lateral Force Distributions in Braced-Moment Frames
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ABSTRACT

Braced frames intended to resist wind and seismic loads traditionally have been analyzed and designed as trusses with all joints modeled
as pins, such that only the braces provide lateral force resistance. However, frames with gusset plate connections create a rigid joint zone
between frame beams and columns, effectively resulting in moment frame behavior, particularly at larger drift angles when braces have
yielded or buckled. Described herein are the force distributions for buckling-restrained braced frames (BRBF) subjected to story drift angles,
where the lateral resistance of the frame comprises both brace and moment frame action.

Keywords: force distribution, buckling restrained braced frames (BRBF), braced-moment frame.

INTRODUCTION

Braced frames are typically modeled and designed as
pinned connected truss members, wherein all lateral resis-
tance is provided by the braces. The design of the gusset
plates is subsequently based upon only the transfer of the
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brace forces to the pin connected beams and columns [Ver-
tical Bracing Connections—Analysis and Design, Design
Guide 29 (Muir and Thornton, 2014)]. This design ratio-
nale has proven acceptable for buckling-restrained braced
frames (BRBF) story drift angles at and below that which
induces yielding in the braces. However, at story drift
angles of approximately 0.0025 (1/400) rad, the braces
yield, as shown in the single-story frame pushover analysis
in Figure 1, and additional lateral displacement is resisted
by moment frame action (Walters et al., 2002). Designers
of braced frames often ignore the moment frame action or
mitigate it by introducing simple or semi-rigid connections
in the braced frame [AISC Seismic Provisions Commen-
tary Section F2.6b (2022a)]. Described herein is a rationale
that evaluates the moment frame action of the braced frame
to lateral loads after the braces yield.
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Fig. 1. Typical story shear distribution in a braced frame pushover analysis.
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Shown in Figure 2 is a braced frame with typical force
distributions using the equivalent lateral force method
given in ASCE/SEI 7, Minimum Design Loads and Asso-
ciated Criteria for Buildings and Other Structures (2022).
At approximately 0.0025 (1/400) rad, the frame behavior
transitions from an idealized braced frame to a combined
braced-moment frame, schematically shown in Figure 3,
with moment frame resistance resulting from the rigidity of
gussets at the beam-column connections. The gusset plates
serve a dual purpose of providing a rigid connection joint
in addition to transferring the brace force to the beams and
columns (Mahin and Patxi, 2002).

Story forces

Braced-Moment Frame Design Rationale 1:
Beam Hinge Mechanism

Figure 4(a) shows a braced-moment frame modeled for
analysis of the seismic force distribution as a combination
of the force distributions in a braced frame (b) and a moment
frame (c). The force distributions in the frames shown in (b)
and (c) are based on a seismic drift displacement that results
in yielding of the braces in frame (b) and inelastic action
in the top and bottom beams in frame (c) based on strong
column-weak beam frame design. The forces in frame (b)
are based on a pinned truss model with the braces at their
yield.

Story shears

0.250

0.250
0.375

0.625
0250

0.875
0.125

1.00
———
T

Base shear = 1.00

Fig. 2. Typical seismic force distribution in a braced frame using the equivalent lateral force procedure.
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Fig. 3. Idealized single-story braced and moment frames for combined frame model.
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Fig. 4. Braced-moment frame modeled for analysis of the seismic force distribution
as a combination of the force distributions in a braced frame and a moment frame.
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The inelastic action in frame (c) is modeled as a four-
hinged frame with the hinges located in the beams at the
ends of the gusset plates as shown. For a story drift of A,
the story moment frame shear, V,, may be determined using
the virtual work equation by equating external virtual work
to internal work:

VinA= 4Mb9hinge )]

where M, is the beam hinge plastic moment, and Op;,g, is
the hinge rotation.

The plastic hinge rotation in terms of the story drift
angle, 0, is:

emﬂ=em=%? @

where the constant k; is defined in Appendix A and / is the
story height.

The beam hinge plastic moment, M}, is determined as
follows:

My, =M,k 3)

where k; is a material term that adjusts the pure bending
plastic hinge moment, M,, to account for axial-moment
interaction. The derivations of k; and k; are presented in the
appendix of this paper.

Combining the previous equations gives the story shear
for the moment story frame (c).

_AM,kiks
h

Vin @

Referencing Figure 4 and knowing the moment frame
story shear, V,,, the brace frame story shear, V,, is deter-
mined as:

V,=V-V, ®)

where V is the frame story shear. The design of the braces
is based upon their expected yield stress. This rationale
provides the forces in the braces, beams, and columns to
design the gusset plates based on a braced-moment frame
force distribution.

Braced-Moment Frame Design Rationale 2:
Column Hinge Mechanism

Figure 5(a) shows a braced-moment frame modeled for
analysis of the seismic force distribution as a combina-
tion of the force distributions in a braced frame (b) and a
moment frame (c). The force distributions in frames (b) and
(c) are based on a seismic drift displacement that results in
yielding of the braces in frame (b) and inelastic action in the
columns and top beam in frame (c).

The inelastic action in frame (c) is modeled as a four-
hinged frame with two hinges located in the column at the
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end of the bottom gusset plates and two hinges located in
the top beam at the ends of the gusset plates as shown. For
a story drift of A, the story moment frame shear, V,,, may
be determined using the virtual work equation by equating
external virtual work to internal work:

VmAZ 2Mheh,h +2Mceh,c (6)

where M, is the beam hinge plastic moment, and 6, is the
hinge rotation.

The plastic hinge rotations, 0, ;, and 6, ., in terms of the
story drift angle, 6, are:

Ak
05 = Ok; ) = —2

)

&w=9h¢=é%£ @®

where the constants k; ;, and k; . are member specific (see
Appendix A for derivation) and # is the story height.

The beam hinge plastic moment, M}, and column hinge
plastic moment, M., are determined as follows:

My, =M, k2 ©))
Mc = Mu,ckZ,c (10)

where k; , and k, . are member-specific material terms that
adjust the pure bending plastic hinge moments, M, ;, and
M, ., to account for axial-moment interaction. The deriva-
tions of k| and k; are given in Appendix A.

Combining equations gives the story shear for the
moment frame (c).

2
Vi = Z(Mu,bkl,bkz,b + M, ok k) (1)

Referencing Figure 5 and knowing the moment frame
story shear, V,,, the brace frame story shear, V,, is deter-
mined using Equation 5:

Vp=V—=Vn ®)

where V is the frame story shear. The design of the braces
is based upon their expected yield stress. This rationale pro-
vides the forces in the braces, beams, and columns that are
then used to design the gusset plates based on a braced-
moment frame force distribution.

Comparison of the Beam-Moment Frame Analysis
with Finite Element Analysis

Figure 6 shows the single-story frame used for compara-
tive results. The beams are W21x101, the columns are
W14x176, the braces are buckling-restrained braces
(BRBs) with a core area of 6 in., and the gusset plates are
18 in. x 18 in. Frame members and plates are ASTM A992/
A992M (ASTM, 2020) material with F, = 54 ksi and



v = 0.30 (Poisson’s ratio). The ANSYS finite element anal-
ysis (FEA) model is shown in Appendix B. The program
used the von Mises yield criterion and kinematic strain
hardening with the plastic modulus equal to 2% of the elas-
tic modulus of 29,000 ksi.

A 3.00 in. lateral displacement was applied to the top
beam for a 0.025 rad drift angle. Full plastic beam hinges
occurred with the hinging region at the ends of the gus-
set plates. The moment frame action determined by FEA
resisted 48% of the frame lateral force at the 0.025 rad drift
angle.
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Fig. 5. Braced-moment frame modeled for analysis of the seismic force distribution
as a combination of the force distributions in a braced frame and a moment frame.
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For comparative purposes of the beam-moment frame
rationale with the FEA results, a lateral force of 1,200 kips
was applied at the midpoint of the top beam of the frame
shown in Figure 6. The properties of this frame are as
follows:

From AISC Steel Construction Manual Tables 1-1 and
2-4 (AISC, 2023), the geometric and material properties of
the beam and column are as follows:

Beam
W21x101

A, =29.8in.’
Z.,=253in’
d, =214 in.
F, =54 ksi (expected)
Column
W14x176

A. =51.8in2
Z..=320in?
d. =1521in.

F, =54 ksi (expected)

Frame and gusset geometry:

L =240 in. (working point length of the beam)

h =120 in. (working point story height of columns)
L,,=L,.= 18 in. (gusset length/height)

The beam axial yield load and pure bending plastic moment
are calculated as:

P,,=F,A,
= (54 ksi)(29.8 in.?)
=1,610 kips

M, ,=FZ,,

=(54 ksi)(253 in.%)
=13,700 kip-in.
The beam hinge length is calculated as the sum of the gus-

set length and the column halfwidth (i.e., the location of the
working point):

d.
Lh,h = Lp+7c

~18.0 in,+ 2210

=25.6 in.

The beam hinge rotation adjustment factor, &y, is calcu-
lated as:
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(from Eq. A-4)

2(25.6in.)
240 in.—2(25.6 in.)
=127

The axial load in the beam, P, is half the story shear
because the columns share the story shear equally. Conse-
quently, k; is calculated as:

_ 1,200 kips
2
=600 kips

B, 600 kips

P, 1,610 kips
=0.373>0.2

k. =2(1 . )
8 Py,b

- 3(1-0.373)

(from Eq. A-6)

=0.705

Using a strain hardening factor of 1.1, the moment capac-
ity of the beam hinge is calculated as:

My =1.1M,k,
=1.1(13,700 kip-in.)(0.705)
=10,600 kip-in.

The moment frame story shear is calculated as:
_ AMypky

=

_ 4(10,600 kip-in.)(1.27)

- 120 in.

=449 kips

Vin

This is 37% of the total frame shear of 1,200 kips, which
is in agreement with the 48% moment frame action deter-
mined by FEA.

The braced frame story shear is calculated as:

Vo=V =V ®)
=1,200 kips —449 kips
=751 kips

This is 63% of the total frame shear of 1,200 kips, which is
in agreement with the FEA 52%.



Evaluation of a Lopez Test Frame Using the
Column Hinge Mechanism

Shown in Figure 7 are the laboratory test frames designed
to evaluate BRBs in braced frames (Lopez et al., 2002,
2004). An analysis for force distributions in the chevron
frame is made here.

The properties of the beam and column are as follows:

Beam
W21x93

A, =273in?
Z.p=2211in>
d, =216in.
F, =54 ksi (expected)
Column
W14x176

A. =51.8in2
Z..=320in?
d. =1521in.

F, =54 ksi (expected)

240"

Frame and gusset geometry:
L =240 in. (working point length of the beam)
h =132 in. (working point story height of columns)

L,,=L,.=24in. (gusset length/height)

The beam axial yield load and pure bending plastic
moment are calculated as:

P, =F,A,
=(54 ksi)(27.3 in.%)
=1,470 kips

Mu,b = Fny,b

=(54 ksi)(221 in.%)

=11,900 kip-in.

The beam hinge length is calculated as the sum of the gus-
set length and the column half width (i.e., the location of the
working point):

Story shear/displacement

\ 120"

i Columns: W14x176

Beams: W21x101
Gussets: PL34x18"x1'-6"

HIS

Fig. 6. Single-story chevron test frame.
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d P, _ 600 Kips

Lyy=L,+=< b - R
b= Er T, P,, 1,470 kips
=240 in, 42210 =0.408>0.2
=31.6 in. kyp = %(1 - PPlJ (from Eq. A-6)
b
The beam hinge rotation adjustment factor, kyp, is calcu- 9 !
lated as: =2(1-0.408)
2L 8
kpp=1+—"0 (from Eq. A-4) =0.666
’ L-2L,,
2(31.6 in.) The column axial yield load and pure bending plastic

240 in.—2(31.6 in.) moment are calculated as:

=1.36 P =FA.

_ . .2
The axial load in the beam, P, is half the story shear = (54 ksi)(51.8 in.%)

because the columns share the story shear equally. Conse- =2,800 kips
quently, k; is calculated as: M. = F\Zs.
v 3
P, = 5 =(54 ksi)(320 in.”)
1,200 kips =17,300 kip-in.
S 2 . . .
— 600 kips The column hinge length is calculated as the gusset height

because the working point is at the bottom of the column:

(E) |Loading beam \ (E) |Loading beam \

L L
B e — _ B e -
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e |- é/ |-
7 \
% W21 &
| N _ 174} _ 1
\
] ,— CP-2 Unbonded
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=1 = =1 =
CP-1 Ur N . L
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Partial elevation. Setup for test 1. Partial elevation. Setup for tests 2 & 3.

Fig. 7. Laboratory test frames (Lopez et al., 2002, 2004).
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Lpe=Ly=240in.

The column hinge rotation adjustment factor, k; ., is calcu-
lated as:

kic.=1+ Lic
’ h— Ly,
~ 24.0 in
©132in.-24.0 in.
=1.22

The axial load in the column, P,, is evaluated by equating
the frame moment of the axial force to the moment of the
shear force [refer to Figure 3 of Lopez et al. (2002), for the
frame dimensions]:

P.(240 in.)= (1,200 kips)(244 in.)

P. =1,220 kips

Subsequently, k; . is calculated as:
P. 1,220 kips
P, 2.800 kips
=0.436>0.2

ke = 3(1 ~0.436)

=0.635

With two beam plastic hinges, two column plastic hinges,
and a strain hardening factor of 1.1, the moment frame
shear is:

_L1(2)

Vin T(Mu,hkl,ka,b +Mu,ck1,ck2,c)

_1102) [(11,900 kip-in.)(1.36)(0.666) +
132 in.

(17,300 kip-in.)(1.22)(0.635)
=403 kips

This is 34% of the total frame shear of 1,200 kips. This
distribution of the shear in this frame is within reasonable
agreement with the test results of V,, = 58% [refer to Fig-
ures 6 and 9 of Lopez et al. (2002)] in view of the stiffening
effects of the frame by the loading truss that was required
for testing.

SUMMARY

A rationale is presented herein for buckling-restrained
braced frames that includes the inherent moment frame
forces when the frame is subjected to seismic forces and
displacements. An evaluation of the distribution of the
story shear between the braces and the moment frame is
made using conventional plastic analysis of the moment

frame. This rationale may be used to optimize the story
shear distribution to mitigate the effects of the frame dis-
tortion forces when the frame is subjected to large seismic
and wind loadings. An evaluation of the lateral force dis-
tributions in a typical frame by FEA and in the simulated
Lopez test frame by the rationale presented herein showed
an agreement between the FEA and the laboratory test and
analytical model force distributions that supports the ratio-
nale presented herein.
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APPENDIX A
DERIVATION OF COEFFICIENTS

Derivation of &

A braced-moment frame with hinged beams is shown in
Figure A-1. Because the hinges are offset from the beam
ends, the hinge rotation, 0, exceeds the story drift angle, 6,
as shown in Figure A-2, where L is the beam length.

The hinge rotation is calculated as:

0,=0+ 261, (A-1)
L-2L,
= 9(1 + 2Ly )
L-2L,
=0k,
where
2L
ky=1+—"" (A-2)
L-2L,
L
CL-2L,

A generalized braced frame (i.e., chevron or diagonal)
may have moment hinge lengths, L, , and L ;, that differ
on either side of the member. For this case, k; differs on
each side of the member and is calculated separately for
each side as:

2L,
L—Lyq—Lpp
_ L+ Lh,a - Lh,b
L—Lpqa—Lpp

kig=1+ (A-3)

2Lh,;,
L—Lja—Lpp
_L-Lp,+Lyy
CL—Ly.—Lyy

kl,b =1+ (A-4)

The member shear is calculated by adding the working
point moments, which only differ by the factors k;, and
ki, and dividing by the member length. An effective k;
factor can be calculated as:

kl =kl,a + kl,b (A-S)
2
_ L
L- Lh,a - Lh,b
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This formulation can be used for all frame calculations
when member hinge locations relative to the working points
are known. Note that for the symmetric case where L; , =
Ly, = Ly, ky simplifies to the general case. When only one
hinge exists on a member, as with columns in the column
mechanism, setting one hinge length to zero provides an
accurate yet conservative result for the moment frame pro-
portion of the base shear.

Derivation of &,

The beam plastic moment capacity, M, is evaluated using
beam-column interaction equations given in AISC Speci-

fication Section H1 (AISC, 2022b). Assuming the beams

(with gross area, A, and strong-axis plastic modulus, Z,)
are in uniaxial bending, the moment capacity for a given
axial load, P, is found by rearranging the equations:

g(l—ﬁl, for 520.2
P

M 8 , P,
ky = VP = » ! » ? (A-6)
Y 1-—, for —<0.2
2P, P,
where
P, =FyA, (A7)
M, = Fny (A-8)
APPENDIX B

FINITE ELEMENT ANALYSIS RESULTS

Shown in Figure B-1 is the FEA model used to analyze the
Figure 6 truss. Beams, columns, braces, and plates were
modeled using 20-node hexahedrons. Fillet welds were
modeled using 10-node tetrahedrons. The BRB core area
yield stress was 42 ksi. This FEA model comprised approx-
imately 468,000 nodes and 96,000 elements (Richard et al.,
2017).
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Fig. A-1. Moment frame story geometry and plastic hinge mechanism.

Fig. A-2. Magnified view of plastic hinge rotation from Figure A-1.
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FE model using solid elements with BRBs

Fig. B-1. Finite element model of the frame shown in Figure 6.
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