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SUMMARY

Buckling restrained braces (BRBs) are very effective in dissipating energy through stable tension—compression
hysteretic cycles and have been successfully experimented in the seismic protection of buildings. Their behavior
has been studied extensively in the last decades and today the level of performance guaranteed by these devices
and the technological constrains that have to be fulfilled to optimize their behavior are well known. Furthermore,
several companies in the world have developed their own BRBs and are now producing them. In spite of this,
many seismic codes (for instance, the EuroCode 8) do not stipulate provisions for the design and construction
of earthquake-resistant structures equipped with BRBs. This discourages the structural engineering community
from using these devices and seriously limits their use in structural applications. In this paper a procedure for the
seismic design of steel frames equipped with BRBs is proposed. Furthermore, the paper presents a numerical
investigation aimed at validating this design procedure and proposing the value of the behavior factor ¢ that
should be used for this structural type. To this end, a set of frames with BRBs is first designed by means of
several values of g. Then, the obtained frames are subjected to a set of accelerograms compatible with the elastic
response spectrum considered in design. The seismic response of the frames is determined by nonlinear
dynamic analysis and represented in terms of the ductility demand of BRBs and the internal force demand of
nondissipative members (beams and columns). Finally, the largest value of ¢ that leads to acceptable seismic
performance of the analyzed frames is assumed as adequate. The value of g is given in the paper as a continuous
function of the assumed ductility capacity of the BRBs. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The seismic design of structures is generally performed by applying equivalent static forces, which
are reduced with respect to the elastic ones to take into account the expected ductility of the structure.
To this aim, seismic codes suggest reducing the seismic force by means of the behavior factor g.
A proper value of ¢ is provided with reference to several structural types. Among others, the
EuroCode 8 (EC8) [1] stipulates rather small values of the behavior factor ¢ for braced frames
(g=2.5 for chevron braced frames) because of the low dissipation capacity of conventional steel
braces. This determines a large required strength.

To overcome the low dissipation capacity of conventional steel braces, a new dissipative brace was
developed. This device, named buckling restrained brace (BRB), dissipates energy through stable
tension—compression hysteretic cycles. Research on BRBs was first carried out in Japan; later on
various types of BRBs were developed mainly in Asia and, after the 1994 Northridge earthquake, in
the United States. An exhaustive review of the state of the art of BRBs can be found in [2-4]. BRBs
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have been successfully experimented in Japan in the seismic protection of buildings, where they are
used as hysteretic dampers combined with moment-resisting frames. In some other countries BRBs
are used as a variation of braced frames, that is, BRBs are inserted in low redundant frames in
which beams are connected to columns by means of pinned joints. Some studies have pointed out
that the low post-yield stiffness of BRBs may cause buckling restrained braced frames to exhibit
large maximum and residual drifts [5, 6]. These studies have also remarked that the adoption of dual
systems reduces appreciably the residual story drift and slightly the maximum drift.

Although many studies have pointed out the remarkable ductility of BRBs, some seismic codes, for
instance EC8, do not provide the value of the behavior factor to adopt in the design of frames equipped
with these devices. To promote the application of BRBs, the Structural Engineers Association of
Northern California proposed the ‘Recommended provisions for buckling restrained braced frames’ [7]
in which two different values of the behavior factor were suggested [8]. Specifically, a value of ¢ equal
to either 8 or 9 was proposed in the case of BRBs inserted in frames with pinned beam-to-column
connections or with moment-resistant beam-to-column connections, respectively. Later on, based on this
document, the ‘NEHRP Recommended Provisions for Seismic Regulation for New Buildings and other
Structures’ (FEMA-450) [9] and the AISC 2005 ‘Seismic Provision for Structural Steel Buildings’ [10]
stipulated values of the behavior factor slightly lower and equal to either 7 or 8 in the case of pinned
or moment-resistant beam-to-column connections, respectively. As pointed out in other studies [2], these
values of the behavior factor are comparable to that adopted in EC8 for a high-ductility moment-resisting
frame. Some studies on this topic [11-13] underline that the behavior factor for the design of buckling
restrained braced frames decreases as the height of the building increases. Specifically, according to
Asgarian and Shokrgozar [11], values of the behavior factor ranging from 4 to 13 can be adopted for
buckling restrained braced frames designed by the Iranian National Building Code for Structural Steel
Design. On the basis of this finding, which is almost independent of the type of bracing configuration,
a design value of g equal to 8.35 is suggested. The behavior factors obtained by Mahmoudi and Zaree
[12] with reference to different brace configurations (chevron V and X bracing) in a single bracing bay
vary between 7 and 16. The results reported in the study of Kim et al. [13] show that although high
values of g can be adopted in 4-story frames, the behavior factors obtained for structures taller than 4
stories are generally smaller than those proposed in FEMA-450 and AISC 2005. Sabelli et al. [14]
underlined that the response of the braced frames considered in their study is not sensitive to
response modification factors selected within the range of 6 and 8. According to the findings of
Fahnestock er al. [15, 16], buckling restrained braced frames with pinned beam-to-column connections
designed with a behavior factor equal to 8 performed well. Finally, according to preliminary results
obtained by other authors [17, 18], proper values of the behavior factor are in the range 3.5-7.

In the opinion of the authors, the effectiveness of the suggested values of ¢ has not been thoroughly
investigated with reference to BRBs inserted within concentrically braced frames with pinned beam-to-
column connections. Furthermore, the findings of literature studies are often contradictory. Finally, because
different BRBs available in the market can tolerate different ductility demands before failure, the value of
the behavior factor should be correlated to the available ductility of the adopted BRBs. Specifically,
because the ductility of BRBs presents a variation almost continuous in a wide range, the value of the
behavior factor should be given as a continuous function of the available ductility of the adopted BRBs.

In the paper, a set of steel frames equipped with BRBs in the chevron configuration is designed by
means of several values of the behavior factor. The frames have different numbers of stories and are
equipped with BRBs characterized by different values of the available ductility. The seismic
behavior of the frames is evaluated by nonlinear dynamic analysis to select the higher value of ¢,
which leads to frames able to fulfill the life safety performance level requirements.

2. CYCLIC BEHAVIOR AND MODELING OF BUCKLING RESTRAINED BRACES

The BRBs (Figure 1) are composed of a ductile steel core, which is encased over its length in a steel tube
(usually a hollow structure shape) filled with concrete. The casing precludes the buckling of the steel core,
which will yield in both tension and compression. A slip interface (unbonding layer) between the steel
core and the surrounding concrete is provided to avoid the transfer of the axial force from the steel core
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Figure 1. Components of buckling restrained brace.

to the casing and to ensure that compressive and tensile axial forces are carried by the steel core only. The
projection of the yielding core is the restrained nonyielding segment. It is surrounded by the casing but it
behaves elastically during cyclic loading because its cross-sectional area A, is larger than the area A, of the
yielding segment. Finally, the brace is connected to the surrounding frame by means of the unrestrained
nonyielding segment, which is the projection of the restrained nonyielding segment over the casing [3].
The area A; of the cross-section of this segment is larger than A,.

The cyclic behavior of BRBs has been investigated extensively in experimental studies [19-28].
Unfortunately, the results of these studies cannot be directly compared because BRBs are often arranged
in different configurations and subjected to different loading protocols. Nevertheless, these tests typically
show hysteretic loops having nearly ideal bilinear hysteretic shapes with kinematic and isotropic
hardening. Furthermore, the axial strength of BRBs is slightly greater in compression than in tension
because of friction between the core and the jacket. Different response parameters are measured during
the tests: (i) the brace axial elongation and shortening 9d; (ii) the tension strength adjustment factor ®
(ratio of the maximum tension force to the axial yielding force N,); and (iii) the compression strength
adjustment factor  (ratio of the maximum compression to maximum tension force). Furthermore, two
types of ductility capacity are defined and calculated: the maximum ductility capacity and the cumulative
ductility capacity. The maximum ductility capacity is defined as the ratio of the BRB maximum
elongation/shortening 8,4« to the yielding value 8,. The cumulative ductility demand p. is defined as

2 O (1)

He = 5
y

where J,, is the BRB plastic deformation. More details on the cumulative ductility can be found in [29, 30].

As demonstrated by the experimental tests described by Merritt et al. [25] and by Newell et al. [26],
maximum ductility in the range 10 to 22 can be achieved. Note that these values are lower bounds on
the available ductility of BRBs because failure occurred only for a few of the tested specimens.

In this study a bilinear relation between the axial force and the brace elongation (backbone curve)
is adopted to represent the BRB behavior. On the basis of the results of the above mentioned
experimental tests, the post-yield stiffness ratio kj, is calibrated so that a tension strength adjustment
factor equal to 1.75 corresponds to an available ductility equal to 15. The obtained value of the
kinematic hardening also includes the effects of isotropic hardening. Because the BRB hardening
tends to saturate at large deformations, a pure kinematic hardening can over-predict brace strength for
ductility demand much larger than 15.

3. PROPOSED DESIGN PROCEDURE

Buckling-restrained braced frames are a special class of concentrically braced frames. Only a few of
the recent seismic codes (e.g., AISC 2005) give some provisions for the design of such systems.
These provisions are intended to ensure that braces are used only within their range of deformation
capacity, and that yield and failure modes of other members are precluded. Other seismic codes, for
example, EC8, do not specify any value of the behavior factor or any provision regarding the
application of capacity design principles to beam and column members belonging to buckling
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restrained braced frames. In this section a design procedure for buckling restrained braced frames
arranged in the chevron configuration is proposed. The procedure is developed for EuroCode 8, but
it can be easily adjusted for other codes. The braces are designed on the basis of axial forces
evaluated by a modal response spectrum analysis of the frame assuming a design spectrum reduced
by an assigned value of the behavior factor g. According to the capacity design principles, the
design internal forces of beams and columns are obtained by the equilibrium of the frame assuming
that all the braces are fully yielded and characterized by an axial deformation equal to that
corresponding to the attainment of the maximum ductility capacity (fully hardened braces).

For the sake of simplicity, the modal response spectrum analysis is performed on a structural scheme
in which all connections are pinned. Furthermore, the BRBs are modeled by a truss element
characterized by a cross-section with an equivalent area A, equal to

Aeq = (2)

L A,
LA T

[

Ac
LiAc
Ly A, +

~

-

where L, L, L; and L, are the length of the yielding core, the restrained nonyielding segment, the
unrestrained nonyielding segment, and the whole brace, respectively (Figure 1).

3.1. Design of the braces

The cross-sectional area of the core of the BRB is evaluated by equating the design story shear Vggq; to
the lateral strength Vrq; provided by a pair of chevron BRBs, that is, to the story shear that produces
the yielding of the braces

VEa,i

Aci =
" 2fycosa

3

where f, is the yielding stress of the BRB’s core and o is the angle of inclination of the brace with
respect to the longitudinal beam axis.

The available ductility that BRBs should possess is evaluated on the basis of a design story drift
Au®, that is, the maximum accepted story drift demand for earthquakes with the assigned probability
of occurrence. The design story drift is a designer choice, although a value compatible with BRB
technology must be selected. Indeed, according to the qualifying cyclic tests stipulated in AISC
2005 [10], the buckling-restraining systems have to be able to sustain deformations corresponding to
two times the design story drift: the higher the values of the design story drift, the greater the
available ductility that BRBs have to achieve when subjected to qualifying tests.

To evaluate the required ductility of the BRBs, the story drifts Au; produced by the design seismic forces
are first calculated by means of a computer program. Because, in this study, the cross-sectional area assigned
to BRBs is exactly equal to that required by the story shear, the story drifts Au; are also equal to the yielding
story drifts Au; . If the flexural stiffness of the columns is neglected, the story drifts Au; provided by the
design forces are the sum of the contributions Au® and Auf due to the axial deformations of braces and
of columns, respectively (Figure 2). The two deformative contributions can be calculated as

(a) )

Figure 2. Deformative contributions in buckling restrained braced frames: (a) braces and (b) columns.
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A i Lw

Ay = 2 h (4a)
EAqq icosa

AWl = Au; — Aud = Al — Au? (4b)

As the design story drift Au® is larger than Au;, the braces undergo plastic deformations. When the
yielding story drift Au] is exceeded, the contribution provided by the axial deformations of the
columns becomes negligible. The increase of the drifts, mainly because of the plastic deformations
in braces, is

(0 — D-Au? = Au — (Aud + Auf) (5)

where ; is the required ductility of the braces. Finally, the ductility ., ; that the braces should
possess is calculated so that the buckling-restraining system sustains deformations corresponding to
2.0 times those required by the design story drift

Au§1 — Auf
Aub

1

=2u;,=2 (6)

M max,i

3.2. Design of beams and columns of the braced frames

With reference to chevron braced frames, seismic codes require that braces yield and dissipate
energy during strong ground motions, while beams and columns have to remain elastic. According
to this principle, the design internal forces of beams (Nléd, MEd) and columns (Ng;) are obtained
by the equilibrium of the frame at collapse and assuming that all the braces are fully yielded and
hardened. The ultimate axial forces in braces in tension and in compression are equal to ®N, and
BoN,, respectively.

First, from the horizontal equilibrium of the beam at the i-th story, the horizontal forces F; acting at
both ends of the beam (Figure 3) are evaluated as

Fi = (oNy + BoNy), cosa — (oNy + PoNy),  cosa @)

Second, by supposing that F; are equally shared between the two ends of the beam of the i-th story
(Figure 3(b)), the axial force acting on each part of the beam is calculated by the following relations:

¢ an

BG)NQA lPi+1
ONy,i+1 BONy,i+1 [

a X \ ‘B(L)Ny,i+1 .
—>+—/g—+—> 05Fi N %

Punb, il2

NEdT

(b) ()

Figure 3. Evaluation of design forces in beams and columns.
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Npy; = 05F;+ (oNy),,, coso (compression) (8a)

NYyi = O05F 4+ (BoNy),,, cos o (tension) (8b)

Furthermore, a vertical force P, because of the BRB’s axial strength greater in compression than
in tension produces shear force and bending moment on the beams

Pupi = (BoNy, — oNy), sino 9)

Finally, the axial force of the column at the i-th story is evaluated by the vertical equilibrium of the
columns above the story under examination (Figure 3(c))

Punbﬁk

+ Py (10)

N

c _
Npq; = E
k = i+

where P, is the gravity load acting on the column of the k-th story in the seismic design situation and N
is the number of stories.

{(BwNy)ksinoc —
1

3.3. P-A effects

P-A effects are considered in the design procedure. In particular, the sensitivity parameter 0 is
calculated at each story by the following equation:

q Au,- N
0; = Voo ;P] (1)
where Vgq; is the design story shear, Au; is the story drift provided by the design seismic forces and P;
is the gravity load in the seismic design situation of the j-th story. Then, as stipulated by ECS8, P-A
effects are neglected if the maximum value of 0; is lower than 0.1, while these effects are considered
by amplifying the design axial forces in braces by the coefficient 1/(1 — 6,) if the maximum value of
0; is higher than 0.1 and lower than 0.2. No value of 6; higher than 0.3 is accepted.

4. ANALYZED BUILDINGS

The design procedure is applied to 4-story, 8-story, and 12-story buildings standing on soft soil. The
BRBs in the chevron configuration are located in the central span of the frames on the perimeter of
the building (Figure 4). All beam-to-column connections are assumed to be pinned, and the whole
seismic force is sustained by the chevron braces. The columns belonging to the braced frames
(CB) are oriented with their strong axis orthogonal to the plane of the braced frame. The columns
devoted to sustain gravity loads (hereinafter named gravity columns), instead, are indicated by
the symbols CL and CC and are oriented with their strong axis orthogonal to the Y-direction and
X-direction, respectively.

The total seismic force is evaluated by the elastic spectrum proposed by ECS8 for soil type C,
characterized by a peak ground acceleration a, equal to 0.35g, and reduced by the behavior factor g.
Each frame is designed by means of several values of ¢ ranging from 2.5 (which is the value
stipulated by EC8 for conventional chevron braced frames) to 6.5 in steps of 1.0.

Story mass is estimated according to EC8 by taking into account the dead and live load of 5.0 kN/m?
present in the building on the occurrence of the earthquake and evaluated as shown in Figure 4.
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Figure 4. Layout of the analyzed frames.

Frames are designed by means of three values of the design story drift Au® to consider different
levels of available ductility of BRBs. Specifically, the story drift angle Ad, that is, the ratio of the
design story drift to the interstory height, is fixed equal either to 1.0%, 1.5% or 2.0%.

Steel grade S 235 (f, =235 MPa) is used for all the braces. In accordance with common application
of BRBs, the length of the yielding core is supposed to be equal to 0.5 L,,. The restrained and
unrestrained nonyielding segments are characterized by AJ/A=0.5 and AJ/A;=0.3 [31]. The
lengths of each part of the unrestrained nonyielding segment and of the restrained yielding
segment are L; / 2=0.65m and L,/ 2=0.5 (Ly, — L. — L;).

The internal forces of beams and columns are determined according to the procedure described in
Section 3.2. The compression strength adjustment factor B is assumed to be unitary while the
tension strength adjustment factor ® is calculated at each story as a function of the available
ductility pax and of the post-yield stiffness ratio k;, by the following equation:

o =1+ ky (R — 1) (12)

Beam and column cross-sections are selected among the European wide flange shapes (HEA for the
beams, HEB or HEM for the columns) so that the design axial force is lower than the buckling resistance
determined according to EuroCode 3 (EC3) [32]. The partial safety coefficient vyy; is assumed equal to 1.
Rarely, some column sections of the lower stories are obtained from two IPE shapes welded to the web
of a HEB or HEM shape to obtain similar moments of inertia with respect to the principal axes of the
cross-section. Steel grade S 235 is used for all the beams; steel grade S 235, S 275 (f, =275 MPa) or
S 355 (f;=355MPa) is used for the columns. According to conventional design practice, the same
column cross-section is adopted for two consecutive stories.

The gravity columns are designed considering the load per square meter for nonseismic design
situation, which is equal to 9.16kN/m” (Figure 4). Because all beam-to-column connections are
pinned, no bending moment is induced in the column by vertical loads; the axial force of the column
is evaluated according to the tributary area concept. The required cross-section is determined by
equating the buckling axial strength in the weak axis plane of the cross-section determined by EC3
[32] to the demanded axial force.

In the design of each considered structure, P-A effects have been neglected at first. As an exemplary
case, the maximum values of the stability coefficient factor for 8-story frames designed assuming
different values of the behavior factor and a design story drift angle equal to 1.5% are listed in
Table 1. Note that for the 8-story frames with A?=1.5%, systems designed with ¢ equal to 4.5, 5.5,
and 6.5 are characterized by values of 0,,,, larger than 0.1. For this reason, the design of these three
frames (and of all the other frames with 0,,,,x > 0.1) has been repeated taking into account the P-A
effects according to the provision of the ECS.
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Table I. Maximum coefficient of sensitivity to P-A effect for 8-story frames, A'=1.5%.

qg=2.5 qg=3.5 qg=4.5 qg=5.5 q=6.5 q=4.5% q=5.5% qg=6.5%

0.031 0.066 0.130 0.194 0.194 0.103 0.162 0.176

*designed taking into account the P- A effects

4.1. Influence of the behavior factor on the designed structures

The reduction of the design seismic forces because of high values of g leads to small values of the area
of the cross-section adopted for BRBs. Consequently, the higher the value of the behavior factor,
the greater the period of the designed frames. This aspect is underlined in Figure 5(a) with reference
to 4-story systems designed without P-A effects. This figure shows the elastic and the design
response spectra obtained with reference to three different values of the behavior factor (2.5, 4.5,
and 6.5) and the periods T of the first mode of vibration of the 4-story frames designed by these
values of g. However, very high values of the design behavior factor are sometimes fictitious,
because they do not cause a reduction of the seismic design forces because of the design spectrum
shape. Indeed, the design pseudo-acceleration obtained by an assigned value of the behavior factor
cannot be lower than S, min=0.2 a, [1]; the symbol 779 js adopted in Figure 5(a) to represent the
smallest period of vibration for which the design value of pseudo-acceleration is equal to S, .
Note that the value of 7@ decreases with ¢. The reduction of the seismic design forces of the first
mode of vibration because of an increase in the adopted value of ¢ is null with reference to systems
for which 7"? is lower than T,. Hence, the core of BRBs of 4-story systems designed by two
contiguous values of ¢ change significantly because these systems have fundamental periods of
vibration lower than 7"? unless a very high value of the design behavior factor is adopted. Instead,
the core of BRBs of 12-story systems (which have high values of 7;) designed by two contiguous
values of g is almost the same even when rather low values of g are adopted. This aspect is
remarked in Figure 5(b). This figure shows that the pseudo-accelerations corresponding to the
fundamental periods of the 12-story structures designed by ¢ equal to 4.5 and 6.5 are exactly the
same. The small difference in the period of vibration of these structures is due to the reduction of
the seismic forces of higher modes of vibration when a value of ¢ equal to 6.5 is adopted.

These considerations are confirmed by Figure 6 in which the periods of the first mode of vibration of
all the designed structures are plotted as a function of the behavior factor. Frames with 4, 8, or 12
stories are represented by different symbols. A different color, grey or white, is used to differentiate
between systems designed taking into account P-A effects or not, respectively. When P-A effects
are taken into account (grey symbols in the figure) the area of the cross-sections required by the
design seismic forces is increased as a function of the story stability coefficient factor 6;. As the
values of 0; and of the amplification factor 1/(1 — 6;) increase with the behavior factor, the reduction
of the adopted area because of the increase of g is less remarkable in structures designed taking into
account P-A effects rather than in structures designed neglecting P-A effects.

On the basis of the previous considerations, first the mean value along the height of the cross-section
area of the BRB’s yielding core A, is calculated for each structure obtained for g in the range 2.5-6.5 in

Salg Salg
elastic spectrum
0.80 | 0.80 -
0.40 | 0.40 ;
0.00 AA—h : 0.00 : —
0.00 Ty 100 769 7745 @9 T(g) 0.00 1.00 Ty 2.00 T1 T(s)
(@) (b)

Figure 5. Design spectra and periods of (a) 4-story frames and (b) 12-story frames.
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Figure 6. Periods of the first mode of vibration of the designed frames.

steps of 1 (see, as an example, Table II with reference to 8-story frames designed assuming A“ equal to
1.5% and neglecting P-A effects). Second, the percentage reduction of A, because of the adoption of a
higher value of the behavior factor is estimated as

Aclg) ~Adg — 1)
Ac(q - 1)

AA(%) = 13)

Finally, the value of the behavior factor ¢"?, which corresponds to a prefixed percentage reduction of
A, is calculated by linear interpolation. In particular, a percentage reduction equal to 15% is fixed (as an
example see the obtained values of ¢" in Tables IIT and IV), because by doing so frames designed by
means of ¢ higher than ¢"? are almost coincident to those obtained when a behavior factor equal to ¢"?
is considered. As an example, when A? is equal to 1.5% the value of ¢ is equal to 4.45 and 5.92
(see Table III) for 12-story and 8-story frames designed neglecting P-A effects, respectively. The
periods of the frames designed by these values of g are 2.23 and 1.60s (see Figure 6) and they are
virtually the same for larger values of g.

Table II. Cross-sectional area of the yielding core of BRB for 8-story frames, A”=1.5% and P-A effects

neglected.

Story g=2.5 g=3.5 qg=4.5 qg=5.5 qg=6.5
Cross-sectional area (cm?) of the yielding core

8 18.45 11.49 8.07 6.29 5.75
7 30.24 18.29 12.47 9.62 9.04
6 38.99 22.97 15.20 11.61 11.23
5 46.06 26.73 17.30 13.09 12.95
4 52.17 30.19 19.47 14.68 14.60
3 57.41 33.50 21.79 16.47 16.25
2 61.55 36.32 23.95 18.21 17.73
1 63.92 38.04 25.35 19.36 18.67
Mean value of A, (cm?) of the yielding core

A, 46.10 27.19 17.95 13.67 13.28

Table III. Reduction of the mean value of A, because of the adoption of higher value of ¢, AY=1.5% and
P-A effects neglected.

4-Story 8-Story 12-Story
q A (cm?) AA(%) A, (cm?) AAL(%) A (em?) AA(%)
2.5 39.96 46.10 40.69
35 28.59 28% 27.19 41% 23.17 43%
4.5 20.40 29% 17.95 34% 19.80 15%
55 14.61 28% 13.67 24% 18.94 4%
6.5 11.01 25% 13.28 3% 18.41 3%
q™® — 592 4.45
Copyright © 2012 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2013; 42:1243-1263

DOI: 10.1002/eqe



1252 M. BOSCO AND E. M. MARINO

Table IV. Reduction of the mean value of A, because of the adoption of higher value of ¢, AY=1.5% and
P-A effects taken into account.

4-Story 8-Story 12-Story
q A; (em?) AA(%) A. (em?) AA (%) A; (cm?) AA(%)
2.5 39.96 46.10 40.69
3.5 28.59 28% 27.19 41% 29.68 27%
4.5 20.40 29% 21.61 21% 23.37 21%
5.5 14.61 28% 16.95 22% 22.29 5%
6.5 13.25 9% 15.82 7% 21.71 3%
q'"? 6.20 5.94 4.87

4.2. Influence of the design story drift

The design story drift mainly affects the maximum ductility [, that BRBs have to be able to sustain.
In Table V, the distribution along the height of the required ductility in 8-story frames designed by
means of a behavior factor equal to 4.5 and by different values of the design story drift angle is
compared. The required ductility is generally greater at the lower stories but it is almost constant in
elevation. Its mean value is equal to 10.9, 17.3, and 23.8 for systems characterized by a design story
drift angle equal to 1.0%, 1.5%, and 2.0%, respectively. It is worth noting that the required ductility
does not significantly change if referred to systems designed with the other considered values of the
behavior factor.

According to Equation (12), the tension strength adjustment factor ® of the BRBs at each story can
be calculated as a function of the required ductility. Because beams and columns are designed
according to the capacity design principles assuming that braces are fully yielded and hardened, the
design seismic actions on these members are greater when higher values of the design story drift are
considered. For this reason, the area of the cross-section required for beams and columns are
generally greater for systems designed by A equal to 2.0%. Despite this, the cross-sections adopted
are not very different because of the limited number of wide flange commercial profiles adopted for
these members. Note that, because of the considerations above, frames designed with higher values
of the design story drift angle are generally stiffer than those designed with A? equal to 1.0%. The
reduction of the fundamental period of vibration also leads to generally higher design seismic forces
and consequently to a slight increase in the cross-sectional area required for braces.

4.3. Verification of the damage limitation requirement

All the considered frames are designed with reference to the life safety performance level, the
fulfillment of the damage limitation requirement is checked a posteriori. In particular, the
serviceability limit state of the frames is checked according to the provisions stipulated in EC8 [1].
The story drift angle A, demanded by the moderate earthquake with a 10% probability of
exceedance in 10 years is evaluated as

Table V. Required ductility for BRB of 8-story frames designed with g equal to 4.5, P-A effects neglected.

Story A'=1.0% A'=1.5% A'=2.0%
8 10.48 16.85 23.41
7 10.35 16.72 23.30
6 10.37 16.75 23.39
5 10.56 17.02 23.64
4 10.82 17.26 23.84
3 11.27 17.68 24.13
2 11.57 17.95 24.38
1 11.94 18.29 24.61
Mean 10.92 17.31 23.84
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v Au,

A
h

(14)

where v is the reduction factor to take into account the lower magnitude of the moderate earthquake
(set at 0.5 for ordinary buildings) and Au, is the elastic story drift provided by the unreduced
seismic force. The story drift angle A, should be smaller than an assigned limit, which is fixed on
the basis of the type of nonstructural elements present in the building. Specifically, it is equal to
0.50% or 0.75% if brittle or ductile nonstructural elements are used in the building, it is equal to
1.00% if nonstructural elements do not interfere with structural deformations.

In Figure 7 the maximum story drift angle is plotted as a function of the behavior factor adopted.
All the designed structures fulfill the damage limitation requirements if nonstructural elements do
not interfere with structural deformations (1%) while only 4-story frames satisfy the limit on the
maximum story drift angle of 0.50%.

5. NONLINEAR DYNAMIC ANALYSES

The seismic response of all the designed frames is evaluated by nonlinear dynamic analysis carried out
by means of the OpenSees computer program [33]. A Rayleigh viscous damping is used and set at 3%
for the first and the second modes of vibration. The P-A effects are included in the analysis. The suite
of 20 ground motions [34] adopted in the FEMA/SAC project, representing seismic events having a
10% probability of exceedance in 50 years in the US Los Angeles area, is used in this study. All the
accelerograms are scaled by a factor 0.88 so that the mean 5% damped spectrum of the 20 ground
motions matches the EC8 spectrum used in design as shown in Figure 8. The results of nonlinear
dynamic analysis are used to evaluate the seismic demand expressed in terms of ductility of BRBs
and internal forces of nondissipative members (beam and columns of the braced frame, gravity
columns). Then, the seismic demand is compared with the capacity of the designed structures to
select the highest value of ¢, which leads to the achievement of the life safety limit state.

Designed without P-A effects Designed with P-A effects
- 4 stories -r 8stories IF 12 stories - 4 stories O 8 stories IF 12 stories

A — A7 =1.0% ! A — A7 =1.0% !
1.0% I 1.0%:
o] e osn] T
0.0% 1+ 0.0% 1+

2 3 4 5 6 q 2 3 4 5 6 q
A — A% =15% ! A — AT =15% !
1.0% 1 1.0% 1
sl T osu] T
0.0% I t t t t t t t } t 0.0% I t } t } t } t } t

2 3 4 5 6 q 2 3 4 5 6 q
A AT =2.0% ! A A" =2.0% h
1.0% il 1.0% 1
0.5% W 0.5% | Z/QW
0.0% 0.0%+—+——+—+—+—+—+—+—+—

2 3 4 5 6 q 2 3 4 5 6 q
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Figure 7. Maximum story drift angle for the damage limitation limit state: systems designed (a) neglecting or
(b) taking into account P-A effects.
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Figure 8. Response spectra: (a) individual adopted ground motions and (b) comparison between the EC8
spectrum and the average spectrum.

5.1. Numerical model

Because of the symmetry of the spatial structure, the numerical analyses are carried out on a two-dimensional
model that represents half the structure of the building. Thus, the structural model analyzed in this
section include the frame with BRBs and six columns, which are pinned at the base (Figure 9): two
gravity columns oriented to provide the maximum lateral stiffness (CC-type columns), two gravity
columns oriented to provide the minimum lateral stiffness (CL-type columns) and two columns
belonging to the braced frame in the orthogonal direction (CB-type columns). Prior researches have
demonstrated that the presence of continuous columns can reduce maximum and residual drift
demands [5, 6] and promote a more uniform distribution of drift demand along the height of the
building [35, 36]. This beneficial impact is counterbalanced by an increase in bending moments on
the columns [36]. In the paper, the effect of gravity columns is taken into account considering two
different configurations: indeed, the columns are supposed to be continuous either for the whole
height of the building or for two consecutive stories (see Figure 9). The first configuration is more
penalizing for columns while the second is more penalizing for BRBs. These two configurations
will be hereinafter referred to as continuous columns or noncontinuous columns. The tributary
gravity load is applied to each column of the numerical model.

Buckling restrained braces are modeled by means of three elements. The outermost elements are
elastic and schematize the restrained and unrestrained nonyielding segments connected in series.
Each of them is characterized by a length and a cross-sectional area equal to

Columns continuous for two storeys

cL____ . CL_CB___ CC cC cc
8.0m 8.0m 8.0m
K # A A
BN g — N <
— T‘A < |! SN S
L L L] :
g i : —» © T H H TI H H T
3 ' |
E : = Columns continuous for the whole height of the building
cC 1 |
W NEERNG QU Ny N cL__ CL_ CB___CC___CC____CC
N . N R PZN S O S A I
e S
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Figure 9. Numerical model of the frames.
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Li+L
[oppotth (15)
2
Aci(Lj + L
at =gy el D) (16)
JA—i_Lt_C

The central element simulates the yielding core. It is modeled by a ‘nonlinear BeamColumnElement’
with the cross-section defined by the ‘SectionAggregator object’ [33]. This command aggregates
groups of uniaxial material objects into a single section model. In particular, an elastic behavior is
considered with reference to flexure, while a uniaxial Giuffré—Menegotto—Pinto material object,
which provides a good approximation of the actual smooth elastic—plastic transition, is defined to
represent the section force—deformation response for the axial degree-of-freedom. This material
object is characterized by a resistance equal to A. fy, a stiffness equal to EA. and a strain-hardening
ratio kj, (ratio between post-yield stiffness and initial elastic stiffness). The value of the strain-hardening
ratio of the core kj, is calibrated so that the post-yield stiffness ratio of the whole BRB is equal to
(as defined in Section 2)

k
kS = " (17)

L+ (1—k) [RA+2%]

c c

In particular, with reference to the values fixed for the ratios L/L., Li/L., AJ/A,, AJA;, the
strain-hardening ratio of the yielding core is 3.88%.
Beams and columns of the braced frames are modeled by elastic beam—column elements.

5.2. Acceptance criteria

Several response parameters are calculated and used to compare the seismic response of the designed
structures. For each nonlinear dynamic analysis, the maximum required ductility of braces is determined
as the ratio of the maximum required axial elongation/shortening to the axial elongation at yielding

Hreq = (18)

The required axial elongation (8%) and shortening (8 ) are due to the elastic and plastic deformation
of the core and to the elastic deformation of the restrained and unrestrained nonyielding segments; the
axial elongation of the brace at yielding is calculated as

_h

SYE

Ae Ae )
L—+Li—+1L (19)
(_]Aj tAt C

The required ductility is compared with a reference value of ductility. Since the EC8 does not provide
specific provisions for BRBs, the reference value of ductility is assumed in analogy to what is stipulated by
ECS - part 3 [37] for the plastic rotation capacity of members in flexure. For these members the EC8
stipulates that the plastic rotation required by seismic events with a 10% probability of exceedance in
50years (Life Safety limit state) has to be not larger than 3/4 of the ultimate plastic rotation. Therefore,
in the paper the reference value of ductility is assumed equal to 3/4 of the ductility capacity py.x (as
evaluated in Section 3.1). Values of the maximum normalized ductility demand R = i /(3/4 Kypay)
less or greater than 1 indicate whether the brace ductility required by the earthquake is less or greater
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than that available, respectively. The BRB cumulative ductility demand, instead, is not considered in this
investigation because typically it does not exceed the capacity [20].

Beams and columns of the braced frames and gravity columns are nondissipative members. Thus,
inelastic deformations or buckling phenomena are not allowed. Hence seismic performance of the
analyzed braced frames is also examined in terms of two maximum normalized resistance demands:
the normalized axial force resistance demand N and bending moment resistance demand M. These
response parameters are calculated as

where My rq(?) is the design plastic moment resistance reduced because of the axial force Ngy(?) at the time
t and Ny, ry(?) is the buckling resistance reduced because of the bending moment Mgy(7). Both flexural
and buckling resistances are determined according to EC3 [32]. It is worth noting that the buckling
resistance of the beam is calculated assuming that the out-of-plane buckling is restrained by the deck.

The maximum normalized resistance demands N and M are also assumed as indexes of the seismic
performance. Beams and columns fulfill the life safety limit state requirement if the above mentioned
ratios are lower than 1.0.

5.3. Seismic response of the designed structures

Figure 10 shows the distribution along the height of the normalized ductility demand of the braces of
the 8-story frames designed by A“ equal to 1.5%. The suite ground motions adopted in this study
includes seismic events characterized by very scattered spectra (Figure 8(a)). Consequently, the
seismic response, expressed in terms of normalized ductility demand, presents a significant extent of
variation. Here, the value at each story is the median obtained for the 20 ground motions.

In particular, results refer to structures with noncontinuous columns. Each curve represents a frame
designed by means of a different value of the behavior factor. Frames with noncontinuous columns and
designed neglecting P-A effects have a normalized ductility demand lower than 1 at each story whether
values of g up to 4.5 are adopted. Instead, the normalized ductility demand is greater than 1.0 at the two
lower stories of frames designed by values of g equal to 5.5 and 6.5; thus these systems do not fulfill
the life safety requirements. The continuity of the columns for the whole height of the building
(Figure 10(b)) reduces the required normalized ductility at the lower stories and makes more
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Figure 10. Normalized required ductility in braces for 8-story frames designed with A? =1.5%: (a) noncon-
tinuous columns and (b) continuous columns.
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uniform its distribution in elevation. Indeed, when continuous columns are adopted, a design behavior
factor up to 6.5 can be adopted. When the structures are designed taking P-A effects into account
(Figures 10(a) and (b)), the values of the required normalized ductility are lower and all the 8-story
frames designed by A?=1.5% are characterized by p<I1.

The maximum normalized axial forces and bending moments for the columns belonging to the braced
frame and for the gravity columns arranged to provide the maximum lateral stiffness (CC-type columns)
are plotted in Figures 11 and 12 with reference to the previously mentioned 8-story frames designed
by neglecting P-A effects. Also in these cases the value at each story is the median obtained for the
20 ground motions. When the columns are continuous the normalized axial force N and bending
moment M become greater. Nonetheless, all the nondissipative members are generally
characterized by maximum values of the normalized axial force and bending moment lower than

‘-A—q:Z.S 0-¢=35 Ag=45 ©Og=55 Ag=65 \

N _‘ non continuous columns F N 4‘ continuous columns F
.,

1.0 15 N 15 N

I\é _‘ non continuous columns F continuous columns F
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0 I ¢ } + + } — } —

0.0 0.5 1.0 1.5 M 1.5 M

Figure 11. Normalized axial force and bending moment of columns of the braced frames for 8-story frames
designed with A® =1.5% and without P-A effects.
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Figure 12. Normalized axial force and bending moment of CC-type gravity columns for 8-story frames
designed with A? =1.5% and without P-A effects.
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1.0 at all the stories. Indeed, no yielding of nondissipative members occurs. In exceptional cases,
buckling of gravity columns of some systems designed by the highest values of ¢ may occur (not
shown in figure). The buckling of the beams occurs only in a few cases (8-story frames designed
with ¢ equal to 5.5 and A? equal to 1.0%).

6. CALIBRATION OF THE BEHAVIOR FACTOR

One of the objectives of this study is to evaluate the maximum value of the behavior factor (g,.y) that can
be adopted for the design of braced frames endowed with BRBs. The value g,y is determined for systems
characterized by each considered design story drift angle, that is, systems characterized by different
available ductility. Furthermore, g, is calibrated independently for systems designed whether taking
into account P-A effects or not and modeled considering continuous or noncontinuous columns. Here,
as an example, the procedure followed to evaluate the maximum value of g is described only for
systems with noncontinuous columns and designed by AY=1.5%.

The maximum value along the height of the normalized ductility demand is calculated and plotted
in Figure 13 as a function of the corresponding value of ¢ for systems with 4, 8, and 12 stories.
For systems designed by neglecting P-A effects (Figure 13(a)), it is possible to evaluate the value of
q corresponding to [i,.. = 1 by linear interpolation. It is worth noting that some of the systems
designed by taking P-A effects into account (Figure 13(b)), are characterized by values of [i,,,

B max 4{ 4-story frames F I max —{ 4-story frames }

H max 4{ 8-story frames F T max 4{ 8-story frames %

1 max —{ 12-story frames } T max —{ 12-story frames }

Figure 13. Evaluation of the behavior factor corresponding to jt ,,,,, = 11in braces of systems (noncontinuous
columns, AY=1.5 %) designed (a) without or (b) with P-A effects.
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lower than 1 for all the considered behavior factors. In these cases, new frames have been designed by
enlarging the range of the considered behavior factors.

The maximum values along the height (V 1nax, M max) of the normalized axial force and bending moment
strength demands are calculated for nondissipative members (Figure 14). The normalized axial force
and bending moment of beams, columns of the braced frames (columns of BRBFs) and gravity
columns (CC-type, CL-type, and CB-type columns) are represented by curves marked with different
symbols. Figure 14 shows that the ratios M . and N .. always remain smaller than unity. For
systems with continuous columns (not shown in figure) the strength demand increases and the above
mentioned ratios become larger than unity in a few cases for type CC gravity columns. In these cases,
the values of g corresponding to M zx = 1 or N qc = 1 are calculated by linear interpolation.

At the end of this stage, the maximum value of the behavior factor g,,.x that can be adopted to attain the
available ductility of the braces (i ,,,,, = 1) without buckling or yielding of nondissipative members is known.

In Figure 15(a) gmax is plotted as a function of the design story drift angle for systems with
noncontinuous columns designed by neglecting P-A effects. Again different symbols are adopted to
pinpoint systems with a different number of stories. When the design assumptions lead to systems
characterized by ﬂmaX,M maxs Nmax < 1 independently of the assumed behavior factor, the values
¢"" determined in Section 4.1 are reported in the figure instead of ¢p.. Furthermore,
the corresponding symbols are coupled with an up arrow to underline that values of ¢ higher
than ¢"? can also be adopted because they lead to frames virtually identical to that obtained by ¢"".
The condition [y, M max, Nmax < 1 generally occurs when medium or high rise structures
characterized by a remarkable available ductility (A%=2.0%) are considered. The same considerations

‘ —/A-Beam —O-Column of BRBFs  —A-Column CC -O-Column CL. A~ Column CB ‘

— —{ 4-story frames } — —{ 4-story frames }
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Figure 14. Evaluation of the behavior factor corresponding to the yielding or buckling of nonductile
members (noncontinuous columns, A?=1.5%, P-A effects neglected).
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Figure 15. Calibration of the behavior factor for systems with: (a) noncontinuous columns and (b)
continuous columns.

apply to systems with continuous columns designed by taking into account P-A effects (Figure 15). Note
that the obtained values of the behavior factor generally decrease as the height of the building increases.
This finding is consistent with the results of other studies concerning the evaluation of the response
modification factor of frames endowed with BRBs [11-13] or other braced frames [36, 38-40].
However the values of g here obtained are significantly lower than those reported in [11-13] especially
in regard to 4-story frames.

Analytical equations are here calibrated to select a proper value of the behavior factor as a function
of the design story drift. In particular, the linear equations reported in Table VI are proposed. The
values ¢m.x obtained by the equations are superimposed to those evaluated by the numerical
analyses. Note that all the points representative of the behavior factors obtained by numerical
analysis are close to the suggested values. Indeed, the values provided by the proposed equations
generally fit the values of the behavior factor determined by numerical analysis well although
sometimes they can lead to conservative values for low rise structures.

7. VALIDATION OF THE PROPOSED BEHAVIOR FACTOR

To validate the proposed behavior factor with reference to systems that are different from those adopted
for its calibration, 4-story, 8-story, and 12-story frames with BRBs designed with A“ either equal to
1.25% or 1.75% are analyzed. These systems are designed either by neglecting or taking into account
P-A effects and assuming that columns are continuous for the whole height of the building or for two
consecutive stories. According to the proposed formulae, the values of the behavior factor listed in
Table VII are assumed.

Table VI. Proposed behavior factors for A? < 2.0%.

Type of column Designed without P-A effects Designed with P-A effects
Continuous columns Gmax =335 A (%) - 0.2 Gmax =360 A? (%) +0.7
Noncontinuous columns Gimax =400 A? (%) — 1.0 Gimax =400 A? (%) — 0.1
Copyright © 2012 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2013; 42:1243-1263
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Table VII. Behaviour factors adopted.

Designed without P-A effects Designed with P-A effects
Type of column A'=125 % A=175% A'=125 % A'=1.75 %
Continuous columns Gmax =4.0 Gmax=5.7 Gmax =5.2 Gmax=7.0
Noncontinuous columns Gmax=4.0 Gmax =6.0 Gmax =49 Gmax=0.9
Designed without P-A effects Designed with P-A effects
N A'=125% O A'=175% A A=125% O A=175%
N 4{ non continuous columns N 4{ continuous columns
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Figure 16. Normalized ductility demand of braces in systems designed according to the proposed values of
the behavior factor.

The seismic response of the designed frames is evaluated by nonlinear dynamic analysis and
represented in Figure 16 in terms of normalized ductility demand [ of braces. All the designed
frames are characterized by maximum values of p lower than 1.0. With reference to systems
with noncontinuous columns, the maximum values of the normalized ductility are always close
to 1.0 especially for medium or high rise structures. On the basis of these results the adopted
values of gm.x seem to be effective and do not lead to oversized structures.

The maximum values of the normalized ductility are lower than 1.0 with a wider margin
for systems with continuous columns. In this case too, however, the structures are not
over-dimensioned because, as underlined in Section 4.1, the adoption of higher values of ¢
would not provide a remarkable reduction of the seismic force and thus of the cross-section of
structural members.

The seismic response of the designed structures are also appreciable in terms of the maximum
normalized axial force and bending moment of nondissipative members (not shown in any figure).
Indeed, it has been found that the maximum values of the normalized axial force and bending moment
demands are always lower than 1.0.
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8. CONCLUSIONS

The paper presents a procedure for the seismic design of steel frames with pinned beam-to-column
connections equipped with BRBs and proposes a proper value of the behavior factor g to be
adopted. The proposed method is developed for EuroCode 8 primarily, but the design procedure can
be adjusted and incorporated into other codes. According to this procedure, braces are designed to
sustain seismic design force based on the elastic response spectrum reduced by the behavior factor
q. Furthermore, the available ductility of braces is determined so that they can accommodate a
prefixed design story drift. In compliance with the capacity design principle, beams and columns are
designed to resist internal forces obtained by the equilibrium of the frame when all the braces are
fully yielded and have attained the maximum ductility capacity.

On the basis of the seismic response of a large set of concentrically braced frames equipped with
BRBs in the chevron configuration, it was found that the choice of the behavior factor g to adopt
depends on the design story drift. The presence of continuous columns has beneficial effects on the
seismic response of the frames and generally allows an increase in the value of g. Furthermore, the
value of ¢ that can be adopted if P-A effects are included in the design procedure is larger than that
obtained if P-A effects are neglected.

The results of the numerical investigation are used to define linear equations that provide the proper
value of the behavior factor as a function of the design story drift. Specifically, four equations are
calibrated to evaluate the behavior factor. Each equation, which is valid for design story drift not
larger than 2%, refers to systems designed either by considering P-A effects or not doing so in the
case of columns which are continuous for the whole height of the building or for two stories only.

Finally, the effectiveness of the proposed equations has been verified by a set of frames different
from those adopted in the calibration phase. The seismic response of these frames subjected to a set
of ground motions representing seismic events having a 10% probability of exceedance in 50 years
has been evaluated by nonlinear dynamic analysis. The results have demonstrated that the seismic
demand, in term of ductility for BRBs and strength for nondissipative members, never exceeded
the capacity.
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