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ABSTRACT

Steel multi-tiered concentrically braced frames (MT-CBFs) are commonly used in North America as a lateral load resisting system of tall 
single-story buildings. Past studies show that MT-CBF columns designed in accordance with the 2010 AISC Seismic Provisions are prone to 
buckling due to a high axial compression force combined with in-plane bending moments caused by the nonuniform distribution of inelastic 
brace deformations along the frame height. Special design provisions have been introduced in the 2016 AISC Seismic Provisions to address 
flexural demands imposed on MT-CBF columns and prevent column instability. In this paper, the seismic design methods for multi-tiered spe-
cial concentrically braced frames are evaluated using the nonlinear finite element analysis method. A two-tiered special concentrically braced 
frame was then created, and nonlinear static and dynamic analyses were performed to evaluate the seismic performance of both frames. 
Analysis results confirmed that the inelastic deformations in the frame designed using the 2010 requirements are not uniformly distributed but 
rather concentrated in one of the tiers and cause column instability under large story drifts, whereas, the 2016 design method significantly 
improves the distribution of inelastic deformation along the height of the frame and prevents column instability. Furthermore, it was found 
that the 2016 AISC Seismic Provisions accurately estimate the axial load but overestimate the in-plane flexural demands and underestimates 
the out-of-plane flexural demand. Nonetheless, the overestimation of in-plane flexure demands results in acceptable strength capacity even 
though out-of-plane flexural demands is underestimated.

Keywords:  Steel multi-tiered concentrically braced frame, design standards, column buckling, cyclic-pushover analysis.

INTRODUCTION

S teel multi-tiered concentrically braced frames (MT-
CBFs) are widely used in North America as a lateral-

resisting system of tall, single-story buildings such as 
airplane hangars, recreational facilities, shopping centers 
and industrial buildings. MT-CBFs consist of multiple brac-
ing panels stacked along the height of the building and are 
separated by horizontal struts as illustrated in Figure 1(a). 
Intermediate struts are used between braced panels to avoid 
unsatisfactory K-braced frame (K-BF) response. Vari-
ous bracing configurations—including chevron, diagonal, 
V-type, and cross—are used in MT-CBFs. Two examples 
of such frames with cross bracing configuration is shown 
in Figures 1(b) and 1(c). Multi-tiered arrangements are typi-
cally used when it is not practical or economical to use a 
single bracing panel along the height of the frame. In MT-
CBFs, the length of the braces is reduced, resulting in a 
lower slenderness ratio, which allows for smaller brace sizes 
to resist lateral loads and a more efficient angle between the 

brace and the horizontal plane of the frame. Additionally, 
the buckling length of the column in the plane of the frame 
is reduced as the intermediate struts provide lateral support 
for in-plane buckling. This framing configuration is also 
beneficial when frames are designed to resist seismic load 
effects. The limits on width-to-thickness and global slender-
ness ratios can be easily satisfied when using shorter braces. 
Moreover, reduced brace sizes result in smaller design forces 
on the adjacent members, including struts, beams, columns, 
connections, and footing.

MT-CBF columns are typically W-shaped members ori-
ented such that out-of-plane bending moment due to the wind 
load acts about the major axis of the section. The columns 
can be considered braced in the plane of the frame as a result 
of horizontal struts; however, no out-of-plane bracing exists 
between the ground and roof levels, and the column buck-
ling length is equal to the full-frame height in this direction.

Two concentrically braced frame systems have been 
defined in the AISC Seismic Provisions (AISC, 20l0, 
2016a): ordinary concentrically braced frames (OCBFs) 
and special concentrically braced frames (SCBFs). Braces 
of both OCBFs and SCBFs are sized to resist the seismic 
load effects under the design seismic base shear. In SCBFs, 
the columns are designed under the axial loads due to the 
combined gravity loads and the axial capacity of the braces 
when they respond in the inelastic range. The columns of 
OCBFs are, however, designed to resist the overstrength 
seismic load. The 2010 AISC Seismic Provisions (AISC, 
2010) did not include design provisions for MT-CBFs. The 
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(a) Multi-tiered concentrically braced frame components

  
	 (b) Two-tiered concentrically braced frame	 (c) Four-tiered concentrically braced frame

Fig. 1.  Multi-tiered concentrically braced frames.
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the frame. The reason is that tensile yielding is only initi-
ated in the tier that has the lowest story shear resistance; 
this tier is referred to as the critical tier. Even if tiers are 
identical, slight variations between the brace properties such 
as material properties, initial geometric imperfections, or 
end conditions can lead to the initiation of brace yielding 
in one of the tiers. This response is illustrated in Figure 2(a) 
for the two-tiered CBF. As shown in Figure 2(b), the com-
pression braces buckle nearly simultaneously in both tiers. 
As the lateral displacement at the roof level increases, ten-
sile yielding initiates only in one of the tiers [i.e., Tier 1 as 
shown in Figure 2(c)], which reduces the story shear resis-
tance of that tier and attracts the rest of the lateral deforma-
tions, thus preventing tensile yielding of the tension brace 
in the adjacent tiers. By further elongation of the tensile 
brace after yielding, excessive inelastic deformations are 
induced in the critical tier. The difference between the story 

two brace loading analysis cases for SCBFs in this standard 
led engineers to recognize the potential for unbalanced 
loads at the intermediate tier due to the violation of the equi-
librium when such brace loading scenarios are considered. 
As such, this framing configuration over time came to be 
considered a K-brace, a framing system that is prohibited 
by the AISC Seismic Provisions. In the absence of special 
design provisions, MT-CBFs had been designed using the 
provisions prescribed for multi-story steel braced frames in 
Section F of the 2010 AISC Seismic Provisions.

The seismic behavior of MT-CBFs designed using the 
2010 Seismic Provisions has been the focus of a number 
of research studies in recent years (Imanpour and Trem-
blay, 2012, 2014; Imanpour et al., 2013, 2016a). The results 
obtained from past numerical simulations confimed that 
inelastic frame deformations tend to concentrate in a single 
tier rather than be uniformly distributed along the height of 

	 (a) Frame undeformed shape	 (b) Frame deformed shape upon  
		  buckling of the compression braces

	 (c) Column buckling	 (d) Tension brace fracture

Fig. 2.  Inelastic response of MT-CBFs.
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shear resistance of the adjacent tiers induces an unbalanced 
horizontal shear force on the columns of the frame, which 
results in large in-plane bending moments in the columns. 
The concentration of inelastic deformations in the critical 
tier can lead to column yielding under the combination of 
high axial compression force and bending moments if the 
columns do not possess sufficient strength and stiffness. 
Such large demands may lead to column buckling as shown 
in Figure  2(c) and even frame collapse. It was found that 
column instability is first initiated in the plane of the frame 
in a flexural buckling mode and suddenly changes to a flex-
ural-torsional buckling mode as excessive out-of-plane dis-
placements develop at the frame mid-height. In addition to 
column instability, excessive brace deformations that take 
place only in one of the tiers can lead to low cyclic fatigue 
fracture of the brace (Tremblay et al., 2003; Hsiao et al., 
2013) as shown in Figure 2(d).

Stoakes and Fahnestock (2014, 2016) showed that provid-
ing torsional bracing, along the height of the column at the 
strut-to-column connections, can improve the strong-axis 
buckling strength in the presence of in-plane flexural yield-
ing, particularly when the location of the weak-axis flexural 
moment matches the location of the strong-axis flexural 
moment. More recently, Imanpour et al. (2018) examined 
the seismic performance of an MT-CBF designed in accor-
dance with the 2010 AISC Seismic Provisions using hybrid 
simulation where the first-tier column segment was tested 
experimentally, while the rest of the frame was analyzed 
numerically. The results of hybrid simulations confirmed 
the column instability observed in previous numerical sim-
ulations. A preliminary study was recently performed by 
the authors to evaluate the seismic response of multi-tiered 
concentrically braced frames designed in accordance with 
the 2010 and 2016 Seismic Provisions (AISC, 2010, 2016a; 
Cano and Imanpour, 2018, 2019). The results provide insight 
into the behavior of MT-CBFs designed in accordance with 
the 2016 Seismic Provisions and also the unfavorable failure 
modes of frames designed in accordance with the 2010 Seis-
mic Provisions frames such as column buckling and frame 
collapse.

The 2016 AISC Seismic Provisions have introduced spe-
cial design requirements for both multi-tiered OCBFs and 
SCBFs to address the unsatisfactory response of MT-CBFs 
observed in previous studies. Although significant improve-
ments have been made over the past decade in the seismic 
design methodologies of multi-tiered braced frames, it is felt 
that there is limited information to validate and improve the 
recently adopted design requirements. In particular, the in-
plane and out-of-plane bending moment demands prescribed 
by the current AISC Seismic Provisions must be examined 
and improved if necessary.

This paper aims to examine and compare the seismic 
design methods for steel multi-tiered special concentrically 

braced frames (MT-SCBFs) designed in accordance with the 
2010 and 2016 AISC Seismic Provisions. In particular the 
paper serves to confirm the improved seismic performance 
expected when the 2016 provisions are employed. A review 
of the current and previous seismic design provisions is first 
given. The seismic design of a case study two-tiered SCBF in 
accordance with both provisions is then presented followed 
by the analysis of the seismic response of the frames using 
nonlinear static (pushover) and nonlinear dynamic (response 
history) analyses. Finally, the analysis results including the 
drifts and column moment demands are discussed and used 
to evaluate the column design demands.

AISC SEISMIC PROVISIONS FOR  
THE DESIGN OF STEEL MT-SCBFS

2010 AISC Seismic Provisions

In the 2010 AISC Seismic Provisions, no special design 
guidelines existed for the design of MT-SCBFs. In lieu of 
such provisions, the requirements for standard SCBFs were 
used in design. Two analysis cases (A and B) were considered 
in Section F2.3 representing the brace nonlinear response to 
determine the forces in the members adjacent to the bracing 
members, such as columns, struts, beams, and their connec-
tions. Analysis cases A and B are shown in Figures 3(a) and 
3(b) for a two-tiered braced frame, respectively. In analy-
sis case A, the tension braces reach their expected tensile 
strength, Texp, and compression braces reach their expected 
buckling strength, Cexp. Moreover, the second analysis case 
represents the frame response after experiencing several 
inelastic cycles where the tension braces elongated in ten-
sion, but their strength can still be estimated by the expected 
tensile strength, Texp, while the compression braces reach 
their expected post-buckling strength, C′exp. These two anal-
ysis cases result in seismic axial forces in the columns and 
struts of MT-SCBFs, which are used to size these members. 
The effect of gravity loads must be also considered for the 
design of columns and the roof beam.

2016 AISC Seismic Provisions

Past numerical simulations showed that the seismic-induced 
demands in multi-tiered braced frames differ from those in 
standard multi-story concentrically braced frames, which, 
if not considered in the design, may result in column insta-
bility or excessive brace elongation that can lead to brace 
fracture (Imanpour and Tremblay, 2014; Imanpour et al., 
2016a). The 2016 AISC Seismic Provisions have introduced 
design requirements for ordinary and special concentrically 
braced frames as well as buckling-restraint braced frames 
to prevent such unsatisfactory limit states in the braced 
frames with multi-tiered configurations. According to the 
2016 AISC Seismic Provisions Section F2.3(c), MT-SCBFs 
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needed when designing frames with three or more bracing 
tiers under analysis case C. As a result of this analysis case, 
columns are subjected not only to an axial force, but also to 
an in-plane bending moment due to the difference between 
the shear forces in the braces of adjacent tiers, which creates 
an unbalanced brace story shear force on the columns. To 
obtain the column bending moments in a two-tiered braced 
frame, half of the unbalanced brace story shear force, which 
is determined under the brace expected forces, is used on a 
simply supported column spanning between the tiers. This 
method can be expanded to frames with three or more tiers 
when brace tension yielding propagates progressively start-
ing from the bottom tier or from the top one (Imanpour and 
Tremblay, 2016; Imanpour et al., 2016b).

In addition to the new analysis case that results in col-
umn in-plane moment demands, an out-of-plane bending 
moment demand must be considered in design of columns 
as outlined in AISC Seismic Provisions Section F2.4e(c)(3). 
Out-of-plane bending moments are induced in the columns 
of multi-tiered braced frames as a result of initial geometric 
imperfections, out-of-plane buckling of braces, and plastic 
hinge forming in the brace gusset plate. The 2016 AISC 
Seismic Provisions require a horizontal notional load be 
applied on the column at the tier level to produce an out-of-
plane bending moment demand on the column, represent-
ing imperfection effects. The notional load is equal to 0.006 
times the vertical component of the compression brace that 
meets the column at the tier level. This notional load should 
be amplified by the B1 factor (AISC, 2016b) to account for 
P-δ effects. Furthermore, the columns must be designed to 
resist the out-of-plane moment produced by the buckling 

must be analyzed under the new analysis case (C) in addition 
to analysis cases A and B applied to all other SCBFs. This 
new analysis case is shown in Figure 3(c) for a two-tiered 
braced frame. Analysis case C represents the progressive 
yielding and buckling of braces in MT-SCBFs, meaning that 
brace tensile yielding has occurred in the tier that possesses 
the least story shear resistance (critical tier) [i.e., Tier  1 
in Figure 3(c)] and propagates to the strongest tier [Tier 2 
in Figure  3(c)]. In analysis case  C, it is assumed that the 
compression brace in the critical tier has reached its post-
buckling strength, C′exp, and the compression brace in the 
noncritical tier has reached its expected buckling strength, 
Cexp. Concurrently, the tension brace in both tiers is assumed 
to be at their expected tension strength, Texp.

In the case of frames with more than three tiers, the com-
pression forces can be taken equal to their expected buckling 
strength while the tension forces are below their expected 
tension strength, which can be computed using an equilib-
rium knowing that tiers have an identical story shear. For a 
two-tiered braced frame similar to the one shown in Fig-
ure 2(a), analysis case C requires only one step when the crit-
ical tier is known; however, analysis case C must be repeated 
with the critical tier being Tier 2 if the difference between 
the story shear resistances is negligible to account for poten-
tial variabilities in the brace material (Schmidt and Barlett, 
2002), brace length connection details, or initial geometric 
imperfections. The designer can set the criterion to iden-
tify the critical tier based on the story shear resistance (e.g., 
a difference between the story shear resistances less than 
10% would be deemed sufficient to examine other plausible 
critical cases). This would mean that multiple analyses are 

	 (a) Analysis case A	 (b) Analysis case B	 (c) Analysis case C

Fig. 3.  Brace loading scenarios used for the design of capacity-controlled members.
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of the braces, but less than the maximum bending moment 
resistance of the brace connections.

As required in the 2016 AISC Seismic Provisions Section 
F2.4e(b)(1), MT-CBFs must also have intermediate struts 
placed between adjacent tiers to prevent the unsatisfactory 
K-braced frame response. Furthermore, columns must be 
torsionally braced at the strut-to-column connections as per 
Section F2.4e(c)(1). Finally, AISC Seismic Provisions Sec-
tion F2.4e(d) has established a maximum tier drift ratio of 
2% to prevent excessive brace deformations that can cause 
brace low-cycle fatigue fracture.

BUILDING CONFIGURATION AND  
LOADING FOR CASE STUDY

Building Geometry

A single-story steel building located in Seattle, Washing-
ton, was selected as a case study. The building has plan 
dimensions of 115 ft × 620 ft with a height of h = 29.5 ft. 
In each principal direction, the building has four concentri-
cally braced frames (two per each exterior wall). The frame 
height is divided into two tiers with X-bracing configuration 
as shown in Figure 4. As illustrated, the bottom tier (Tier 1) 
height is h1 = 15.4 ft, and the top tier (Tier 2) height is h2 = 
14.1 ft. The purpose of having tiers of different heights is to 
trigger brace tensile yielding in one of the tiers first. A spe-
cial concentrically braced frame system was selected.

The columns are made of wide-flange sections and ori-
ented such that the out-of-plane bending moment occurs 
about the strong-axis of the section. A 23-ft horizontal strut 
is placed between tiers to prevent K-braced frame response 
and ensure the seismic load is appropriately transferred to 
the base through the truss action once the braces respond in 
the inelastic range.

Loading

The design loads for the selected building were determined 
in accordance with ASCE/SEI 7-16 Minimum Design Loads 
and Associated Criteria for Buildings and Other Structures 
(ASCE, 2016). Risk Category II was chosen, and it was 
assumed that the building is located on a Site Class C with 
a Seismic Design Category  D. The gravity loads include 
the roof dead load DL = 21 psf, the exterior wall dead load 
WL = 10 psf, and a live load LL = 20 psf. The tributary area 
considered per column was calculated on the basis that steel 
roof trusses support the roof system between the exterior 
walls of the building. The resulting factored axial load at the 
top of each column was then calculated to be PG = 56 kips.

The seismic load parameters include a response modi-
fication factor R = 6.0, overstrength factor Ωo = 2, and a 
deflection amplification factor Cd = 5.0. The mapped 
risk-targeted Maximum Considered Earthquake (MCER) 

spectral response acceleration parameters, SS = 1.362g and  
S1 = 0.458g for short and 1.0-s periods, respectively, were 
used to obtain the design spectral response acceleration 
parameters SDS = 0.908g and SD1 = 0.458g. The empirical 
fundamental period was calculated using Ct = 0.0488 and x 
= 0.75, which is equal to Ta = 0.25 s. The seismic design coef-
ficient was then calculated as Cs = 0.15. The seismic weight 
of the building W is equal to 1,710 kips and was obtained 
from the roof dead load plus half of the exterior wall dead 
load. The equivalent lateral force procedure was used to cal-
culate the frame seismic base shear V, which is the product 
of the seismic coefficient and the seismic weight. This force 
was amplified to account for accidental torsion, resulting in 
a seismic design base shear per frame equal to 71 kips.

FRAME DESIGN

Design of structural members was performed in accordance 
with the AISC Specification for Structural Steel Buildings 
(AISC, 2016b) and AISC Seismic Provisions (AISC, 2010; 
2016a). This section summarizes the key design steps and 
member sizes for braces, columns, and the strut. The design 
of braces is presented once as the steps and requirements 
are the same for both the 2010 and 2016 designs. The col-
umn design is described for each braced frame individu-
ally. Design of the strut is presented once and differences 
between the 2010 and 2016 designs are highlighted. The 
frame drift check is then presented for each design.

Brace Design

The braces in both tiers were designed to resist the seismic 
load effects in tension and compression. The brace design 
compression force in Tier 1 is equal to Pr,b1 = 45 kips, which 
includes the seismic induced axial force PE,b1 = 43 kips plus 
the gravity-induced axial force PG,b1 = 2 kips. The design 
compression force of the Tier  2 brace is Pr,b2  = 44  kips, 
which similarly includes the seismic induced axial force 
PE,b2 = 42 kips plus the gravity-induced axial force PG,b2 = 
2  kips. The braces are designed using square HSS mem-
bers. Such members are commonly used in practice and 
are more efficient than singly symmetric sections as they 
have an identical radius of gyration about both principal 
axes of the section (Black et al., 1980). The braces are made 
of ASTM A1085 steel (ASTM, 2015a) with a yield stress 
Fy  = 50 ksi and an expected yield stress RyFy  = 62.5 ksi. 
Although use of the selected HSS grade was not common 
for the frames designed in 2010, the steel grade was kept the 
same for braces of both 2010 and 2016 designs to ease the 
comparison between the frames. Braces were designed such 
that they buckle out of the plane of the frame using a lin-
ear hinge zone in the gusset plate (Astaneh-Asl et al., 1985) 
as specified in the AISC Seismic Design Manual (AISC, 
2018) to trigger out-of-plane buckling. An effective length 
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design forces and lengths are slightly different in the tiers. 
The brace design axial compression strengths were deter-
mined from the AISC Specification Chapter E to be Pc,b1 = 
48 kips and Pc,b2 = 51 kips in Tiers 1 and 2, respectively. 
The selected section complies with the width-to-thickness 
ratio limit b/t = 12 < 14 as required for highly ductile mem-
bers in AISC Seismic Provisions Section F2.5a. The global 

of 0.45 times the total length of the brace, which is mea-
sured between the brace working points, was used in design 
to account for the lateral bracing provided by the brace act-
ing in tension (Wakabayashi et al., 1974; Nakashima and 
Wakabayashi, 1992; El-Tayem and Goel, 1985, 1986; Sabelli 
and Hohbach, 1999). An identical HSS 32×32×4 section 
was selected for braces of both tiers, even though the brace 

(a) Geometry of two-tiered SCBF selected for case study

	 (b) Analysis case A*	 (c) Analysis case B*

* No column bending moment considered.

Fig. 4 (a–c).  Geometry and internal member forces for the different seismic analyses of SCBFS (forces in kips).
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slenderness ratios for braces in Tiers 1 and 2 are L/r = 113 
and 110, respectively, which are less than the limit (i.e., 200) 
prescribed by AISC Seismic Provisions Section F2.5b.

Column Design

The columns of the selected braced frame were designed 
using two design methodologies, 2010 and 2016 AISC 
Seismic Provisions, to illustrate the design procedures and 

examine the seismic performance, in particular, the stability 
of columns.

2010 Design

The frame with the columns designed using the 2010 AISC 
Seismic Provisions is referred to as the 2010 design. The 
columns were designed to resist the axial compression force 
due to gravity loads PG,c = 51 kips plus the maximum axial 

(d) Analysis case C with critical Tier 1

(e) Analysis case C with critical Tier 2

Fig. 4 (d–e).  Geometry and internal member forces for the different seismic analyses of SCBFS (forces in kips).
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shear resistance between the tiers: Vexp,1 = 218 kips < Vexp,2 = 
228 kips. The shear resistance was obtained from the sum-
mation of the horizontal components of the brace resistances 
in tension and compression Vexp = (Texp + Cexp) cosθ, where 
θ is the angle between the brace and the horizontal plane. 
Comparing the shear resistances shows that Tier 1 has the 
least shear resistance and therefore is the critical tier. How-
ever, because the difference between the shear resistances is 
small, analysis case C was repeated assuming critical Tier 2 
as shown in Figure 4(e). The case where the critical tier is 
Tier 1 resulted in the most critical combination of the axial 
compression force and flexural bending moment. The design 
in-plane bending moment of the column Mry,c is calculated 
using Equation 1 and the unbalanced brace story shear force 
ΔVbr as described in Imanpour et al. (2016b).

	
Mry,c =

VΔ brh1

1+ h1 h2( ) �
(1)

where ΔVbr is the unbalanced brace story shear computed 
as follows:

	
Vbr = −Δ θθTexp exp exp exp+C( )

2
cos 2 T +C( )

1
cos 1�

(2)

For the frame shown in Figure 4(d), the unbalanced brace 
story shear and design in-plane bending moment in the col-
umns are equal to ΔVbr = 51 kips and Mry,c = 187 kip-ft (0.66 
times the nominal plastic flexural strength in the weak-axis 
Mpy), respectively. This was obtained assuming that the col-
umn is pinned in the plane of the frame at the roof and base 
levels.

As prescribed by the 2016 AISC Seismic Provisions, an 
additional out-of-plane bending moment demand equal to 
Mrx,c = 4.2 kip-ft (0.007 times the nominal plastic flexural 
strength in the strong-axis Mpxs) was calculated, arising 
from the out-of-plane notional load applied at the tier level 
plus the brace out-of-plane buckling. The former effect was 
calculated by applying an out-of-plane horizontal notional 
load at the tier level that is 0.006 times the vertical compo-
nent of the buckling strength of the Tier 2 brace; this force 
was amplified by multiplier B1 = 1.16 to account for the P-δ 
effect. Multiplier B1 was calculated using the method speci-
fied in 2016 AISC Specification Appendix 8.2. The latter 
effect need not exceed forces corresponding to the flex-
ural resistance of the brace connections and was equal to 
1.1RyMp/αs, where Ry is the ratio of expected yield stress to 
the specified minimum yield stress, Mp is the corresponding 
plastic bending moment of the brace, and αs is the LRFD 
force level adjustment factor taken equal to 1.0. A W12×96 
column conforming to ASTM A992 Grade 50 steel was 
selected to carry the gravity plus seismic-induced forces for 
the frame of Figure 4(a). Note that had the effective length 
factors Kx, Ky, and Kz been set equal to 1.0, the column sec-
tion would have remained unchanged. For the selected col-
umn, the axial strength, strong-axis flexural strength, and 

load induced by the vertical components of brace forces 
when they reach their resistance in tension and compression. 
For the latter, two analysis cases are prescribed by the 2010 
AISC Seismic Provisions Section F2.3 as shown in Fig-
ures 4(b) and 4(c). The maximum seismic axial compression 
force PE,c = 248 kips was obtained under analysis case A. 
The required column axial strength is Pr,c = 299 kips. The 
columns are made of ASTM A992 steel (ASTM, 2015b) 
with a yield stress Fy  = 50 ksi. To determine the flexural 
buckling resistance in the strong-axis and flexural-torsional 
buckling resistance of the column, the full-frame height was 
used, whereas, the weak-axis flexural buckling resistance 
was computed using the length of the column equal to the 
height of the first tier as the strut provides lateral support 
in the plane of the frame. The effective length factors Kx = 
0.84, Ky = 0.80, and Kz = 1.0 were used to compute the col-
umn effective length factors in strong-axis, weak-axis, and 
torsion, respectively. The effective length factors for flexural 
buckling modes, Kx and Ky, were obtained using an Eigen 
buckling analysis of an individual column under the loads 
applied at the roof and tier levels using S-Frame software 
(S-Frame, 2017). A W16×45 column conforming to ASTM 
A992 Grade 50 steel (ASTM, 2015b) with yield stress Fy = 
50 ksi was selected for the 2010 design as the lightest cross-
section based solely on the axial demand since there are no 
flexural moments considered in design. The column design 
axial strength is equal to Pc,c = 313 kips. Although in prac-
tice the effective length factors are generally taken equal to 
one, Kx = Ky = Kz = 1.0, in this study the effective length 
factors smaller than unity were used as allowed by the AISC 
Specification Appendix  7.2 to account for the beneficial 
effect of distributed axial loads on MT-CBF columns (Dalal, 
1969). Had effective length factors equal to one been used in 
design, a W14×48 column section would have been chosen.

2016 Design

The 2016 design represents the frame with the columns 
designed using the 2016 AISC Seismic Provisions. The 
required strength of the columns was determined using the 
most critical combination of the axial compression force 
and bending moment obtained from analysis cases A, B, 
and C as shown in Figures 4(b)–4(e). One major difference 
between the 2010 and 2016 design is that analysis case C, 
which represents the progressive buckling and yielding 
of the braces as shown in Figure  3(c), is required in the 
2016 design. Analysis case  C resulted in the most critical 
demands on the columns as illustrated in Figure 4(d), includ-
ing an axial compression force equal to Pr,c = 299 kips due 
to the brace resistances plus the gravity load and an in-plane 
flexural bending moment Mry,c = 187 kip-ft caused by non-
uniform yielding of the braces between two adjacent tiers. 
To calculate the in-plane bending moment in the columns, 
the critical tier was first identified by comparing the story 
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weak-axis flexural strength are Pc,c = 1,020 kips, Mcx,c = 552 
kip-ft, and Mcy,c = 255 kip-ft, respectively. The column resis-
tance was verified using the interaction equation given in 
AISC Specification Section H1.1:

Pr,c
Pc,c

+ ≤8

9

Mrx,c

Mcx,c
+
Mry,c

Mcy,c
1.0

⎛
⎝⎜

⎞
⎠⎟ �

(from Spec. Eq. H1-1a)

299 kips

1,020 kips
+ 8

9

4.20 kip-ft

552 kip-ft
+ ≤187 kip-ft

255 kip-ft
1.0

0.95 <1.0 o.k.

⎛
⎝⎜

⎞
⎠⎟

Strut Design

The maximum axial compression force equal to Pr,s  = 
149 kips was induced in the strut under analysis case B in 
Figure 4(c) for both the 2010 and 2016 designs. This anal-
ysis case corresponds to the brace loading scenario when 
the tension braces reach Texp and C′exp is developed in the 
compression braces of both tiers. As required by the 2016 
AISC Seismic Provisions, when braces buckle out-of-plane, 
in addition to the axial compression force a flexural moment 
induced by brace buckling was considered in design; how-
ever, the torsional moment need not exceed the moment 
corresponding to the flexural resistance of the brace con-
nections. Although the design forces between two designs 
are not identical, a W10×45 section made of ASTM A992 
Grade 50 steel satisfies both designs. For the 2010 design, 
the strut was oriented such that the web is in the vertical 
plane; however, the web of the strut was placed in the hori-
zontal plane for the 2016 design so that it can provide tor-
sional bracing at the strut-to-column connections through 
its strong-axis moment capacity (Imanpour et al., 2016a; 
Stoakes and Fahnestock, 2014). This detail for the 2016 
design was selected to satisfy the 2016 AISC Seismic Provi-
sions requirement to torsionally brace the MT-CBF columns 
at the strut-to-column location.

Drift Checks

The story drift must be verified for both designs as specified 
in ASCE/SEI 7-16 (ASCE, 2016). The maximum story drift 
allowed by this standard is 2.5% for the structures in risk 
category II. The design story drift, Δd, was calculated by 
multiplying the elastic drift Δe = 0.12% for the 2010 design 
and Δe = 0.11% for the 2016 design by the deflection ampli-
fication factor Cd = 5 and divided by the importance factor 
Ie  = 1: Cd Δe/Ie = 0.6% and 0.55% for the 2010 and 2016 
designs, respectively. Both design story drifts satisfy the 
story drift limit prescribed by ASCE/SEI 7-16. Note that the 
elastic drift Δe can be calculated manually using structural 
analysis principles or using a structural analysis program 
under the design seismic force.

An additional drift limit is imposed by the 2016 AISC 

Seismic Provisions for individual braced tiers in MT-SCBFs 
to prevent premature brace failure due to excessive tier drifts 
(Tremblay et al., 2003; and Hsiao et al., 2013). It is required 
that the drift in each braced tier be limited to 2% of the tier 
height when the frame is subjected to the design story drift. 
This check was only performed for the 2016 design at the 
critical tier, which experiences the largest tier drift among 
the braced tiers. To calculate the critical tier drift, it was 
assumed that the tier drift is composed of two components: 
(1) the overall frame drift represented by a linear variation 
over the length of the frame ΔF and (2) the distortion due to 
column bending caused by the unbalanced brace story shear 
ΔVbr. When the first tier is the critical tier, Equation 4 gives 
the first-tier drift:

	
1 = F,1 + ≤Δ Δ Vbr

2

h1h2
2

3EIch
2%

⎛
⎝⎜

⎛
⎝⎜

⎞
⎠⎟

⎞
⎠⎟ �

(4)

where E = 29,000 ksi is the Young’s modulus of steel, and Ic 
is the moment of inertia of the column about the weak-axis 
of the section.

The overall frame drift ΔF is equal to the design story 
drift, Δd = 0.55%; therefore, ΔF,1 = 0.55%. To calculate the 
distortion due to column bending, the unbalanced brace 
story shear was calculated using the Case B forces shown 
in Figure 4(c), assuming that the compression braces in both 
tiers have experienced several inelastic cycles and reached 
their expected post-buckling capacity, while tension braces 
have reached their yield force and experienced significant 
elongations at least in one tier:

Vbr = −Δ θθTexp +Cexp( )
2

cos 2 Texp +Cexp( )
1
cos 1

= −193 kips+ 22 kips( )cos31.6°
193 kips+ 21 kips( )cos33.9°

= 5.40 kips �

(5)

The drift in Tier 1 obtained using Equation 4 is equal to 
Δ1 = 0.74%, which meets the 2% limit prescribed by the 2016 
AISC Seismic Provisions. A similar check was performed 
assuming Tier 2 as the critical tier, which resulted in a criti-
cal tier drift equal to 0.76% and, therefore, satisfying the 2% 
limit as well. Thus, the selected column for the 2016 design 
satisfies the story drift and tier drift checks. Figures 5(a) and 
5(b) show the final members selected for the 2010 and 2016 
designs, respectively.

SEISMIC PERFORMANCE EVALUATION

Braced Frame Numerical Model

The three-dimensional finite element models of the two-
tiered concentrically braced frames designed in accordance 
with the 2010 and 2016 AISC Seismic Provisions were 
developed using the ABAQUS program (ABAQUS, 2014). 
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Similarly, at the top of each column, the web and flanges 
were constrained to a reference point at the middle of the 
web of the column. These reference points at the top of the 
columns were restrained from out-of-plane movement and 
twist. The reference points at the top were free to move in 
the plane of the frame and rotate in and out of the plane of 
the frame.

Initial geometric imperfections corresponding to the first 
buckling mode of the members, which were obtained from 
an eigenvalue buckling analysis, were assigned to columns 
and braces. The amplitude of the initial geometric imperfec-
tion was taken equal to 1/1000 times the unbraced length 
of the member in the direction of buckling (AISC, 2016c). 
For the columns, the total height of the frame was used for 
the out-of-plane direction, and the tier heights were used 
for the amplitudes in the plane of the frame. For the braces, 
the imperfections were only considered in the out-of-plane 
direction within the half of the brace length. Initial residual 
stresses were incorporated in wide-flange sections based 
on the pattern proposed by Galambos and Ketter (1958). A 
leaning column was also included in the model to account 
for large P-Δ effects. The leaning column was simulated 
using a deformable wire element and pin connected at its 
base and top. The in-plane horizontal displacement of the 
leaning column was constrained to the lateral displacement 
of the braced frame at the roof level. Additional information 
on the numerical model development and calibration can be 
found in Cano (2019).

Inertial forces developed at the roof level were repro-
duced using two point masses at the top end of the braced 
frame columns. The masses represent the weight equal to 

The numerical model of the frame is shown in Figure 6. The 
frame connections were designed in accordance with the 
AISC Seismic Design Manual (AISC, 2018). All connec-
tions, excluding the column base connection, were included 
in the numerical models. Frame connections were designed 
as welded connections in accordance with AISC Seismic 
Design Manual; however, welds were not explicitly simu-
lated in the numerical model; instead, connection plates and 
structural members were tied in their intersections. Three-
dimensional deformable shell elements (S4R) were used to 
simulate braces, columns, struts, and connections. A finer 
mesh was used in the connection zones to better repro-
duce local effects. Material nonlinearity was incorporated 
through the Maxwell-Huber-Hencky-von Mises yield cri-
terion with associated flow rule. The nonlinear kinematic/
isotropic cyclic hardening model in ABAQUS was chosen to 
simulate the inelastic cyclic behavior of steel. The param-
eters used to define the hardening model were obtained 
from Suzuki and Lignos (2015). Geometric nonlinearities 
were incorporated in the models through the use of a large-
displacement formulation. Young’s modulus of elasticity and 
Poisson’s ratio were assumed as 29,000 ksi and 0.3, respec-
tively. The yield stress RyFy = 62.5 ksi and Fy = 50 ksi were 
assigned to the braces and other members, respectively.

The base of the columns and bottom-edge of the base 
gusset plates were constrained to a reference point at the 
center of the column. The three translational degrees-of-
freedom (DOFs) along with the torsional degree-of-freedom 
were fixed at the reference point. The reference point was 
free to rotate in and out of the plane of the frame to simu-
late a pinned base condition of the braced frame columns. 

	 (a) 2010 design	 (b) 2016 design

Fig. 5.  Selected members for two-tiered SCBF.
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one-eighth of the total building seismic weight. The masses 
corresponding to the self-weight of the strut, roof beam, and 
connections were assigned as mass densities. However, only 
0.1% of the mass density corresponding to the braces and 
columns was input in the mass definition to overcome the 
overshoot effect in the prediction of brace buckling response 
(Kazemzadeh Azad et al., 2018). Damping was defined 
using the Rayleigh’s damping method to generate the damp-
ing forces under dynamic loading.

Nonlinear static (pushover) and dynamic analyses were 
performed on both 2010 and 2016  models. Each analy-
sis was carried out in two steps. A gravity load of 51 kips 
was applied at the top end of each column in the first step 
using the static/general procedure. The gravity load equal 
to 675 kips corresponding to the adjacent gravity columns 
in the selected building was also applied at the top end of 
the leaning column in the same step. Once the gravity loads 
were applied, the lateral seismic load was applied. For the 
nonlinear static analysis, the frame was subjected to a cyclic 
horizontal displacement history at its roof level using a 
similar static/general procedure. For the nonlinear dynamic 
analysis, a set of ground motion accelerations were applied 

to the base of the frame and leaning column in the horizon-
tal direction. Note that the inertia masses were only included 
in the dynamic analysis. To perform the dynamic analysis, 
the dynamic implicit procedure was selected, which uses the 
Newton-Raphson method to solve the nonlinear dynamic 
equilibrium.

Loading History for Nonlinear Static Analysis

Figure 7 shows the horizontal displacement history applied 
to the frames at the roof level. The displacement history con-
sists of 14 cycles in which the first 10 cycles were obtained 
from the displacement history prescribed for prequalifica-
tion of buckling restrained braces (BRBs) in 2016 AISC 
Seismic Provisions Appendix K plus four additional cycles: 
two cycles with the peak displacement corresponding to 
three times the frame design story drift and the last two 
cycles corresponding to four times the design story drift. 
The largest displacement cycle was selected to reproduce 
the maximum roof displacement observed in the dynamic 
analysis of the frame (see Table 1). In Figure 7, δy is the story 
drift corresponding to brace tensile yielding, and Cdδe is the 
frame design story drift per ASCE/SEI 7-16.

Fig. 6.  Finite element model of the two-tiered concentrically brace frame (leaning column not shown for clarity).
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subsequent cycle, which eventually led to column instability 
in the first-tier segment of the right-hand-side (RHS) col-
umn of the 2010 design. Column buckling occurred under 
the combination of large in-plane bending moment and axial 
compression force demands. Figure 9(a) shows the deformed 
frame shape at the initiation of column buckling. The anal-
ysis stopped just at the column buckling due to numerical 
convergence issues at 2.0% story drift.

The response of the 2016 design was significantly dif-
ferent than the 2010 counterpart. Brace tensile yielding 
developed in Tier 2 at 0.76% story drift, which reduced the 
nonuniformity of lateral inelastic deformations along the 
frame height. As shown in Figure 8(b), inelastic frame lat-
eral deformations were distributed more uniformly between 
the tiers. Nevertheless, tier drift in critical Tier 1 was still 
higher than the one in noncritical Tier 2. No column insta-
bility was observed in the 2016 design. The frame deformed 
shape at the maximum story drift applied (i.e., 2.1%) is 
shown in Figure 9(b).

The brace axial forces in both tiers were normalized by 
the maximum expected tensile strength, ARyFy where A is 
the cross-sectional area of the brace and RyFy is the expected 
yield stress, and plotted against the tier drift in Figures 10(a) 
and 10(b) and Figures  10(c) and 10(d) for 2010 and 2016 
designs, respectively. For the 2010 design, the tension brace 
in Tier  2 remained essentially elastic. Although the com-
pression brace experienced buckling in compression, the 
buckling capacity was not significantly reduced; however, 
the braces in Tier 1 underwent severe inelastic deformations 
due to severe buckling and yielding. In contrast, the braces 

Ground Motion Acceleration for Nonlinear 
Dynamic Analysis

The set of ground motion accelerations used to perform the 
dynamic analysis comprises the horizontal component of 40 
historical ground motions. The ground motion records were 
selected and scaled using the method proposed by Deh-
ghani and Tremblay (2016) to match, on average, the code-
prescribed MCER response spectra as given in ASCE 7 at 
the fundamental period of the braced frame. The selection 
and scaling methods are described in detail in Dehghani 
(2016). The ensemble contains 14 records representing 
crustal earthquakes (0–185 miles), 21 records representing 
interplate earthquakes (45–185 miles deep), and 5 records 
representing in-slab earthquakes (185–440 miles).

Nonlinear Static Analysis Results

The results obtained from the nonlinear static (pushover) 
analysis of the 2010 and 2016 designs are presented in this 
section. Figures 8(a) and 8(b) show the drift demands in both 
tiers for the 2010 and 2016 designs, respectively. For both 
designs, the drifts in both braced tiers are nearly identical 
through the first six cycles before the story drift reaches 
0.6%. Brace buckling took place in both tiers in the seventh 
cycle. Brace yielding was then initiated in the critical Tier 1, 
as expected in design. In the 2010 design, however, the sub-
sequent brace elongation in tension led to a significantly 
larger drift in this tier compared to Tier 2, which remained 
essentially elastic through the entire analysis. The non-
uniform distribution of drift demands was observed in the 

Fig. 7.  Horizontal displacement history.
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in both tiers of the 2016 design contributed to the inelas-
tic response of the frame through yielding and buckling as 
shown in Figures 10(c) and 10(d).

Column in-plane bending moments recorded just below 
the brace-to-column connection were plotted against the 
story drift for 2010 and 2016 designs in Figures 11(a) and 
11(b), respectively, to determine how the differential tier 
drifts can affect the bending moment demand on the column. 
The results are only presented for the critical RHS column, 
which is in compression when column buckling takes place 
in the 2010 design. The moments were normalized by the 
weak-axis plastic moment Mpy of the corresponding section. 
The maximum normalized moment demand in the frame 
designed using the 2010 and 2016 AISC Seismic Provisions 
are 0.34 and 0.33, respectively. In 2016 design, the tension 
brace in Tier 2 yields at approximately 0.7% story drift, and 
the columns begins to straighten, which, combined with 
large-P-Δ effects, led to a nearly constant in-plane moment 
for the story drift exceeding 0.7% as shown in Figure 11(b). 
This is due to the combination of the moment arising from 
the decrease of the unbalanced brace story shear plus the P-Δ 
effects on the RHS column when it is under compression. It 
was also found that the design in-plane bending moment as 
per the 2016 AISC Seismic Provisions was largely overesti-
mated (0.66Mpy vs. 0.33Mpy).

Column out-of-plane bending moments recorded just 
below the brace-to-column connection are plotted against 
the story drift for 2010 and 2016 designs in Figure 11(c) and 
11(d), respectively. The moments were normalized by the 
strong-axis plastic moment Mpx of the corresponding sec-
tion. The columns of the 2010 and 2016 designs experienced 
a maximum out-of-plane demand of 17.0  kip-ft (0.05Mpx) 
and 18.4  kip-ft (0.03Mpx), respectively. The maximum 

out-of-plane bending moment obtained for the 2016 design 
significantly exceeded the design value specified in the 2016 
AISC Seismic Provisions (0.007Mpx vs. 0.03Mpx). However, 
it was observed that the maximum in-plane and out-of-plane 
moments generally do not co-exist. The maximum in-plane 
moments are experienced at story drifts that occur when the 
brace tensile yielding is initiated in the noncritical tier or 
higher (i.e., >0.7% story drift), but the out-of-plane moment 
value is driven by the compression brace force meeting 
the column at the tier level, and its maximum is achieved 
when the compression brace in the noncritical tier begins to 
buckle, which occurs at relatively small story drift.

The results obtained from the nonlinear static analysis 
suggest that the strength and stability of the column designed 
in accordance with the 2016 AISC Seismic Provisions is sat-
isfactory even though the in-plane and out-of-plane bending 
demands are not accurately estimated in design. The over
estimation of the in-plane moment demand can be attributed 
to the fact that the demand is calculated with a conserva-
tive assumption of brace expected strengths, which agrees 
with the other brace loading analysis cases [see Figures 2(a) 
and 2(b)] prescribed by the standard for multi-story SCBFs. 
The underestimation of the out-of-plane moment demand is 
not expected to have a significant impact on design due to 
relatively low moment demands compared to a large strong-
axis moment capacity provided by the column selected to 
primarily resist the axial compression force and large weak-
axis bending moment. For comparison, the interaction 
ratio is recalculated to be 0.62 using the measured column 
forces from the numerical analysis, which is lower than 0.95 
obtained using design values, thus confirming the adequacy 
of the new column design requirements specified in 2016 
AISC Seismic Provisions.

  
	 (a) 2010 design	 (b) 2016 design

Fig. 8.  Tier drift versus story drift.
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(a) 2010 design at column buckling, 2.0% story drift

(b) 2016 design at maximum story drift 2.1%

Fig. 9.  Frame deformed shape at peak story drift.
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Nonlinear Dynamic Analysis Results

The results obtained from the nonlinear dynamic analysis of 
the 2010 and 2016 designs under 40 ground motion records 
are presented in this section.

2010 Design Overall Behavior

Column instability similar to the one observed using the 
static analysis method was observed for the 2010 design 
under 13 ground motion records out of the 40 ground motions 
analyzed. Column buckling triggered dynamic instability 
and led to frame collapse in all 13 cases. Figure 12 shows 
an example of the frame collapse under the 1994 Northridge 
ground motion record. Examining the results of the col-
lapsed cases showed that the left-hand-side (LHS) column 
buckled upon reaching lower story drifts in comparison to 
the RHS column due to the direction of initial geometric 
imperfections, which favored the in-plane buckling of the 
LHS column. The in-plane flexural buckling was observed 

first with a limited twist; the instability mode then changed 
to out-of-plane buckling due to the lack of out-of-plane sup-
port, resulting in a flexural-torsional buckling mode.

The statistics of the NonLinear Response History 
(NLRH) analysis results were used to evaluate the seismic 
response of the frames. Table 1 presents the results for the 
story drift, story drift ratio normalized by the design story 
drift CdΔe, drifts in Tiers 1 and 2, and drift ratios in Tiers 1 
and 2 normalized by the story drift. For each parameter, 
the maximum, minimum, median and 84th percentile of 
the maximum recorded value under each ground motion 
are given. Note that the maximum, median, as well as the 
84th percentile values were computed based on the ground 
motion records where the frame did not collapse. The story 
drifts range between 0.5% and 2.2% with a median value of 
1.1%. Comparing the tier drift results for the non-collapse 
cases shows that drift in Tier 1 is approximately three times 
that of Tier 2, which confirms the finding of the static analy-
sis and that brace tensile yielding only occurred in the criti-
cal tier.

    
	 (a) 2010 design continuous braces	 (b) 2016 design continuous braces

    
	 (c) 2010 design discontinuous braces	 (d) 2016 design discontinuous braces

Fig. 10.  Normalized brace axial forces.
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Table 1.  Dynamic Analysis Statistics for Drift Response

Parameters

Story Drift

Δ/CdΔe

Tier 1 Drift Tier 2 Drift

Δ1/Δ Δ2/ΔΔ Δ1 Δ2

20
10

 
D

es
ig

n

Minimum 0.5% 0.8 0.5% 0.5% 1.0 1.0

Maximum 2.2% 3.6 3.6% 0.6% 1.7 0.3

Median 1.1% 1.9 1.7% 0.5% 1.5 0.4

84th percentile 1.5% 2.5 2.4% 0.5% 1.6 0.4

20
16

  
D

es
ig

n

Minimum 0.5% 0.9 0.5% 0.5% 1.0 1.0

Maximum 2.6% 4.7 3.3% 1.9% 1.6 0.7

Median 1.4% 2.5 2.0% 0.7% 1.4 0.5

84th percentile 1.9% 3.5 2.6% 1.3% 1.5 0.7

  
	 (a) 2010 design in-plane bending moment 	 (b) 2016 design in-plane bending moment

      
	 (c) 2010 design out-of-plane bending moment 	 (d) 2016 design out-of-plane bending moment

Fig. 11.  RHS column moment demands.
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(a) Onset of LHS column buckling at t = 4.70 sec and story drift of 1.7%

(b) LHS column buckling at t = 5.38 sec

(c) Frame collapse at t = 5.49 sec

Fig. 12.  2010 frame deformed shape under 1994 Northridge record.
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The results obtained for the 2010 frame indicate a high 
axial compression force that matches the design axial com-
pression load is induced in the columns. Column in-plane 
and out-of-plane moments were not significantly large 
because the statistics only encompasses the noncollapse 
cases.

2016 Design Column Behavior

The axial force and moment values in the 2016 design show 
that the column capacity is shared between the axial force 
and biaxial bending moments as expected in design. How-
ever, the measured in-plane bending moment is lower than 
the value obtained using the current AISC Seismic Provi-
sions because (1) brace tensile yielding does not occur under 
some of the ground motion records, and (2) the compression 
brace forces assumed in design to compute the unbalanced 
brace story shear (C′exp in the critical tier and Cexp in non-
critical tier) were found to be higher than C′exp in the criti-
cal tier, due to the difference between the observed strength 
degradation at the post-buckling range and that expected 
in the standard to determine C′exp, and lower than Cexp in 
the noncritical tier, due to slight strength degradation after 
achieving brace buckling.

Out-of-plane moments for the 2016 frame exceeded the 
design out-of-plane moment as per the 2016 AISC Seismic 
Provisions in 35 out of 40 cases with a median Mrx/Mrx,design 
value of 1.63. The maximum out-of-plane moment tends 
to occur when the braces reach their maximum buckling 
capacity and generally do not coincide with the maximum 
in-plane moment. The out-of-plane moment was investi-
gated further by differentiating the contributing compo-
nents including (tension and compression) brace forces, strut 
forces, gusset plate plastic moments, and P-δ effects. It was 
found that the out-of-plane moment induced by the out-of-
plane component of the brace forces and the P-δ effects are 
the key contributors to the out-of-plane bending moment of 
the compression column. The contribution from the braces 
on the out-of-plane moment of the columns was found not 

2016 Design Overall Behavior

The results obtained for the 2016 design indicated that nei-
ther column buckling nor frame instability occurs under any 
of the 40 ground motion records. The summary of the frame 
displacement response is presented in Table 1. The median 
story drift is 1.4%, 2.5 times higher than the design story 
drift. The maximum story drift of 2.6% occurred under the 
1979 Montenegro, Yugoslavia, earthquake. Note that the 
median story drift for the 2016 frame appears higher than 
the 2010 design; however, this is because the collapsed cases 
are not included in the calculation of median for the 2010 
design.

The results of the tier drifts for the 2016 frame indicate 
that the tension brace in noncritical Tier 2 yields under the 
majority of the ground motion records, which significantly 
improved the distribution of inelastic lateral deformations 
over the height of the selected braced frame. Although the 
critical tier drift exceeded the limit prescribed by 2016 
AISC Seismic Provisions (i.e., 2.0%) under a few major 
earthquakes, the median value of the critical tier drift 2.0% 
suggests that the stiffness design requirements specified in 
the 2016 AISC Seismic Provisions on average lead to a sat-
isfactory drift response.

2010 Design Column Behavior

The statistics of the maximum column demands, including 
bending moments and axial forces for the 2010 and 2016 
designs, are given in Table 2. The moment values were nor-
malized by the corresponding plastic moment Mp (x and y 
are the strong and weak axis of the section, respectively), 
and axial forces were normalized by the nominal compres-
sive strength. For the 2010 design, the axial forces were 
compared against the design value only because there were 
no moments used in design to compare against flexural 
demands. For the 2016 design, both the flexural moments 
and axial forces were compared against the designed values. 
Column moment demands were recorded for each ground 
motion just below the brace-to-column connection in Tier 1.

Table 2.  Dynamic Analysis Statistics for Column Demands

Parameters Mry/Mpy Mry/Mry,design Mrx/Mpx Mrx/Mrx,design Pr/Pn Pr/Pr,design

20
10

 
D

es
ig

n

Minimum 0.04 – 0.01 – 0.86 1.00

Maximum 0.31 – 0.10 – 0.92 1.07

Median 0.18 – 0.06 – 0.90 1.04

84th percentile 0.28 – 0.08 – 0.91 1.06

20
16

 
D

es
ig

n

Minimum 0.01 0.01 0.01 0.51 0.25 0.94

Maximum 0.41 0.61 0.06 2.32 0.27 1.02

Median 0.30 0.46 0.04 1.63 0.26 0.99

84th percentile 0.35 0.53 0.05 1.96 0.26 1.00
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only to be caused by the buckled compression braces, but 
also by the tension braces. This is because residual plastic 
deformations developed upon brace out-of-plane buckling 
result in an elongated brace in the subsequent tension cycle 
that creates out-of-plane forces on the column. However, 
such out-of-plane deformations in the tension brace were 
considerably smaller than those in the compression brace 
since the brace tends to straighten under the tension load. 
The results of the NLRH analyses showed that although the 
moment demands are not accurately predicted, the stability 
and strength of the column designed in accordance with the 
2016 AISC Seismic Provisions are satisfactory.

CONCLUSIONS

This paper presents the seismic response of steel multi-tiered 
special concentrically braced frames designed in accor-
dance with the 2010 and 2016 AISC Seismic Provisions. 
A detailed nonlinear finite element model of a two-tiered 
special concentrically braced frame capable of simulating 
the brace inelastic response and column instability modes 
was developed. This numerical model was analyzed under 
cyclic displacement demands and earthquake accelerations 
to assess the frame nonlinear lateral response and evaluate 
the column moment demands prescribed by the latest edi-
tion of the AISC Seismic Provisions. The main findings of 
this study are summarized as follows:

•	 The seismic response of both 2010 and 2016 frames 
predicted using cyclic nonlinear static analysis agrees well 
with that predicted using the nonlinear dynamic analysis.

•	 Inelastic frame deformations tend to concentrate in one 
of the braced tiers in the frame designed in accordance 
with the 2010 AISC Seismic Provisions. Such nonuniform 
lateral response led to column instability in the first-tier 
segment for the frame.

•	 Column instability in the 2010 design is influenced by the 
direction of the initial geometric imperfection assigned 
in the plane of the frame. Because the column instability 
is initiated by flexural buckling mode in the plane of the 
frame within a tier, the column with the initial geometric 
imperfection aligned with the direction of lateral 
displacement demand is more prone to instability.

•	 The seismic response of the frame designed in accordance 
with the 2016 AISC Seismic Provisions, where the 
columns were sized to resist additional in-plane and out-
of-plane bending moments, was significantly improved 
compared to the frame designed to the 2010 AISC Seismic 
Provisions.

•	 Neither yielding nor instability occurred in the columns 
designed in accordance with the 2016 AISC Seismic 
Provisions.

•	 The column designed using the 2016 AISC Seismic 
Provisions possesses sufficient stiffness to trigger yielding 
in the noncritical tier under large story drifts, which allows 
for better distribution of inelastic frame deformations over 
the height of the frame.

•	 The median value of the peak tier drifts for the 2016 
design as obtained from the nonlinear response history 
analyses is within the limit prescribed by the 2016 AISC 
Seismic Provisions.

•	 The results of nonlinear response history analyses 
performed on the 2016 design confirmed that the column 
axial force demand is appropriately predicted, the in-plane 
bending moment demand of the column is overestimated, 
and the out-of-plane bending moment demand of the 
column is underestimated. However, the underestimation 
of the out-of-plane moment demand did not have a 
detrimental effect on the frame seismic response.

Future numerical simulations should investigate a large 
number of multi-tiered steel concentrically braced frames 
with different geometries to further validate the 2016 AISC 
Seismic Provisions and improve further if necessary. In 
particular, the results of such studies can be used to evalu-
ate torsional and out-of-plane demands of the column. Fur-
thermore, the results obtained from the present numerical 
simulations should be validated using full-scale experimen-
tal tests on two-tiered concentrically braced frames once 
available.
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