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Abstract

Dissipative bracing systems have been one of the approaches for improving the seismic perfor-
mance of Reinforced Concrete (RC) frames in earthquake-prone areas since the 1980s. How-
ever, design methods for dissipative bracing systems are still under research. Most existing
studies focus on evaluating the global stiffness and strength of the dissipative braces. At the
same time, a smaller number of those define the criteria and methods for their distribution both
in elevation and plan. These issues are particularly important for irregular structures, as the
precise design of each brace and dissipative device must comply with local features. In this area,
inadequate consideration is given to controlling the increase of axial loads in columns, which
affects their deformation capacity.

Since the 1980s, seismic strengthening interventions using dissipative bracing have been de-
veloped for RC frames originally designed to withstand only gravity loads. Most of the design
methods are derived based on Pushover analysis (POA), able to identify structural weaknesses
at different stages under lateral displacement. However, in the literature there is an absence of
retrofitting of structures designed with modern earthquake codes, in which strengthening is re-
quired due to an increase in the seismicity of the area or change in use, resulting in a change in
the importance class and consequently the return period of seismic action.

In this research, criteria for the distribution of stiffnesses and resistances of dissipative bracing
both in elevation and in the plan are provided, aiming at reducing structural irregularities and
minimizing the reduction of column deformation capacity due to variation of the axial load.

A reinforced concrete structure is designed in a medium seismicity area according to current
seismic codes using modal response spectrum analysis and a capacity design approach. POA is
conducted with finite element modeling to identify structural performances and address design
deficiencies. Then, due to an increment of the design seismic action, strengthening interventions
by dissipative bracing are designed, using standard procedure, or based on the aforementioned
criteria. Comparative evaluations through static and nonlinear dynamic analyses reveal signif-
icant improvements, including increment of deformation capacity, reduced inter-story drift de-
mands, better stress distribution, ensuring enhanced seismic performance.
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1 INTRODUCTION

Seismic strengthening techniques exhibit significant diversity [1], as the selection of an appro-
priate intervention must align with the structural characteristics and inherent vulnerabilities of
the system to be retrofitted [2]. Localized interventions are often sufficient for structures de-
signed according to now outdated seismic criteria. These may include the strengthening of
beams, columns [3—7], and beam-column joints [2,8,9], increases of deformation capacity in
potential plastic hinge regions [10,11], enlargement of column cross-sections via jacketing [7],
and the enhancement of seismic performance of non-structural elements such as infill panels
[12]. The integration of the capacity to absorb seismic energy by damping devices is among the
most effective solutions for both new and retrofitted structures [13-23].

If a structure exhibits inadequate lateral stiffness and isn't resistant to horizontal forces, bracing
systems are historically among the most widely employed solutions [18,24-26]. Bracings
equipped with hysteretic dissipative devices effectively reduce inter-story drifts and enhance
energy dissipation, thereby preserving the structural frame from plasticization. The design of
such bracing systems must, however, consider variation in axial loads on columns, minimizing
the reduction of column deformation capacity, and corresponding increases in foundation
strength, exploiting the features that stiffness and strength contributions of the bracing system
can be independently controlled [27-29].

Since the 1980s, dissipative bracing design methodologies have been developed, addressing as
primary design goals: 1) defining performance requirements; and i1) determining the global stift-
ness and strength of the bracing system. Less attention has been paid to optimizing and estab-
lishing procedures in distributing stiffness and strength across the elevation and plan layout of
the structure, which is particularly critical for irregular configurations, and detailing individual
bracing elements and dissipative devices in accordance with specific structural attributes.

In terms of performance objectives, dissipative braces have consistently been designed to pre-
vent plasticization of primary frame members and to mitigate damage to non-structural ele-
ments, given their inherently high stiffness and dissipation capacity [13,27,30-32]. Since the
development of early methodologies [27], the non-linear static analyses, implemented by push-
over analysis, and the definition of an equivalent Single Degree of Freedom (SDOF) able to
capture the main features of the behavior of the whole structure, have proven to be one of the
most effective techniques for determining the global stiffness and strength parameters of brac-
ing systems, This approach is widely adopted in contemporary design procedures.

Several researchers have advanced the Direct Displacement-Based Design (DDBD) methodol-
ogy [33,34] for the design of dampers. A review of retrofit design methods for RC buildings
using hysteretic dampers can be found in [35].

Regarding the distribution of stiffness and strength in elevation, two predominant approaches
exist: - proportional distribution based on the structural properties of the system to be retrofitted
[31,36] and strategic distribution aimed at correcting elevation and plan irregularities [30,37,38].
Mazza and Vulcano [34] proposed a Displacement-Based Design (DBD) framework for dissi-
pative bracing, ensuring inter-story drift control under seismic excitation. The approach in-
volves proportional stiffness allocation, where in bracing stiffness is assigned relative to the
unbraced frame, employing an iterative method to optimize stiffness ratios based on the frame’s
strength.

Bruschi et al. [ 18] proposed an alternative seismic upgrading methodology utilizing dissipative
bracing, based on the concept of an equivalent high-damped elastic SDOF system with viscous
damping and secant stiffness at the performance point. Their procedure comprises: - pushover
analysis to establish the frame’s capacity curve; - bilinear representation of the braced frame
base shear; - top story displacement aiming at the identification of a target displacement; -
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iterative determination of the equivalent viscous damping ratio and final brace stiffness/strength;
- optimization of bracing stiffness and strength distribution to match seismic demand within an
acceleration-displacement response spectrum framework.

Di Cesare and Ponzo [16] introduced a methodology for designing dissipative bracing in rein-
forced concrete frames, using top-story displacement as the control parameter. This approach
iteratively adjusts story-level stiffness and strength to regulate inter-story drift, effectively im-
proving structural performance while avoiding excessive loading on structural elements.
Maulana et al. [39] used a genetic algorithm to optimize the location of braced restrained braces
(BRB) for reinforced concrete frames with curtailed shear walls, and they found that the opti-
mum locations of BRBs were different for each ground motion they used. Thus, a simple prob-
abilistic method was employed to select the final locations of BRBs.

Laguardia and Franchin [40] updated a procedure [41] based on the use of the mean annual
frequencies of exceedance of multiple limit states as the ingredients of an optimization function,
and to carry out efficient gradient-based (constrained) optimization by using an equivalent lin-
ear model of the structure. The method was refined by presenting a member-wise reduction
factor to obtain the secant stiffness of the equivalent linear model, by introducing alongside the
secant stiffness of members (braces, the object of the design, and RC members, whose proper-
ties are input to the retrofit problem) also the energy dissipated used to evaluate a weighted
global damping ratio of the system, and reduce accordingly the response spectrum used in the
equivalent linear analysis.

Regarding the distribution of stiffness and strength in the plan, Mazza [15] proposed a displace-
ment-based design procedure to attain a designated performance level for the in-plan least seis-
mic capacity direction (lowest base shear among the values for all seismic input direction), with
two different in plan distribution of the braces: a proportional stiffness criterion, which assumes
the same position of the center of stiffness for the unbraced and braced frames at each story,
and a criterion aiming at obtain the coincidence of center of mass and center of stiffness at each
story, to avoid torsional response in the elastic phase, with strength distribution proportional to
stiffness distribution. The results obtained by pushover analysis showed that the latter criterion
provides a more uniform distribution of the vulnerability index for any direction of the seismic
excitations.

Ferraioli and Lavino [17,35] refined the methodology developed by Mazza et al. [42] by incor-
porating capacity spectrum principles into the Displacement-Based Design (DBD) framework.
Their approach addressed critical issues omitted in previous methods, such as frame-brace in-
teraction effects leading to increased axial forces in columns and reduced ductility, torsional
effects in asymmetric buildings, soft-story effects, mode shape alterations due to the transition
from a Moment-Resisting Frame (MRF) to a Concentric Braced Frame (CBF). Higher mode
contributions in high-rise buildings were also investigated, according to the adaptation of the
Displacement-based Adaptive Pushover (DAP) method proposed by Antoniou and Pinho [43]
by the capacity spectrum principles. Their procedure, validated through nonlinear time-history
analysis and adaptive pushover assessments, demonstrated improved performance by optimiz-
ing damper stiffness and strength distribution along the building height, thereby achieving uni-
form inter-story drift. In [35] they distributed in-plan the overall story stiffness of the damped
braces given to increase the torsional stiffness of the building and minimize the impact on the
architectural functionality.

In [44] Ferraioli et al. developed a “two-step” pushover procedure for seismic retrofit of plan-
asymmetric buildings using buckling restrained braces equipped with steel hysteretic dampers,
based on the observation that conventional pushover analysis with lateral force applied at the
building's center of mass may underestimate seismic torsional response. The first step involves
the insertion of non-dissipative steel braces that are designed to balance the lateral stiffness
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eccentricity of the structure to be retrofitted. Once the torsional effects have been mitigated, the
procedure proposed by Mazza [42] can be applied.

In this research, on the basis of the findings in [17,35,44] criteria and methods for the distribu-
tion of stiffnesses and resistances of dissipative bracing both in elevation and in plan are revised,
aiming at reducing structural irregularities, and minimizing the reduction of column defor-
mation capacity due to variation of the axial load. They address the critical issues mentioned in
[17], such as frame-brace interaction effects leading to variation of axial forces in columns and
reduced ductility, torsional effects in asymmetric buildings, soft-story effects, and mode shape
alterations. A reinforced concrete structure is designed in a medium seismicity area according
to current seismic codes using modal response spectrum analysis and a capacity design ap-
proach. POA is conducted with finite element modeling to identify structural performances and
address design deficiencies. Then, due to an increment of the design seismic action, strength-
ening interventions by dissipative bracing are designed, using standard procedure, or based on
the aforementioned criteria. Comparative evaluations through static and nonlinear dynamic
analyses reveal significant improvements, including increment of deformation capacity, re-
duced inter-story drift demands, better stress distribution, and minimized plastic hinge for-
mation, ensuring enhanced seismic performance.

2 CAD METHOD

A simplified procedure (CAD method) proposed in [45] for design of dissipative bracing was
developed based on simplified relationships, making it particularly accessible to designers. The
procedure aims at providing a uniform inter-story drift along the height of the structure, ensur-
ing a homogeneous distribution of damage in case of high seismic events and reducing the
material used for bracing. The method involves a series of sequential steps, organized as shown
in the flowchart in Figure (1). It begins with the characterization of the bare frame BF, then the
total drift A7 is calculated, followed by the target eigenvector of the structure DBF structure

Q1= ;—’ The evaluation of the target displacement is d,,qy ppr =47 Hr, the mass of the corre-

T

sponding SDOF is m* = }i*; m; z;/Hr, and the first-mode transformation factor is 7=
m*/[YX,m; (z;/Hr)?] . A "first mode" pattern of the seismic force is used to analyze a push-
over curve in order to assess the behavior of the bare frame. Then, using the equal displacement
rule (with the appropriate modification factor for a stiff system having a period smaller than T,
proposed by the seismic codes [36,46], the stiffness of the SDOF dissipative bracing system
DB is designed. The equivalent vibration period of the braced frame is evaluated as Tpgg,where
the parameter a is defined as a function of period and is different for two different cases if
Tpgr = T¢ or Tpgr < T¢. Then, the yield strength of the braced frame and the design parame-
ters of the MDOF braced frame are calculated as shown in step 4.

The procedure aims to fulfill the observation in [17,35,44], regarding the procedure to determine

the stiffness klj pp and strength V;,Jl p Of each j™ brace at the i™ story distributing the total story

stiffness = k; pp = Z;li ) kl.], pg and the total story strength V,,; ,p = Z;li ) Vy]i,DB, nj being the
number of braces at the story i), taking into account the effects frame-brace interaction on the
seismic force distribution along the height. Thus, the story stiffness of the bare frame is evalu-
ated by a non-linear static analysis in which the story displacement is set equal to the target
story displacement of the braced structure (i.e. obtained assuming constant inter-story drift and
with zero torsional rotation); therefore, the pattern of the seismic force is the result of the anal-
ysis. Moreover, the stiffness of each brace is evaluated in order to ensure that at each story the
center of stiffness of the DBF, i.e. by summing the stiffness of the frame (evaluated as described
previously with those of the braces) is coincident with the center of the seismic story shear.
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Step 1: Evaluation of the Equivalent SDOF System of
the Unbraced Frame

F * *
K", Fypr, Hpp

K F= equivalent stiffness
F} gp=yield strength

Hpr= ductility factor

]

Step 2: Defining the Parameters of the Braced Frame

zi
Az, by, T Amaxppr=Ar Hr

Ar= drift target, @;,; = mode of
vibration, z;=i'" story height

=maximum displacement
dmax,DB‘F P

]

Step 3: Parameters Required for Damped Brace Frame
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Tppr= equivalent vibration period of

the braced frame
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Frame ki ppp= stiffness of damped braced
yroomizifhe Tym*S, (T ar)
ki,DBF — j=i =y 1 e\ DEF frame
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k; pp = stiffness of damped brace

V,

ki,DB = ki,DBF - ki,BF.dy[-DB
¥

i pp= strength of the actual MDOF

n ™
v _ dj=iMy rLm*S.(Tpgr) DB system at each story i
yi,DB = T -
g=1 mS ZS q

i(dyi,db).BF|

Figure 1: CAD method for design of braces [45]
V;/ji,DB’
is performed, starting from a solution that aims at obtaining the coincidence of the center of the
sum of the shear of the columns of the frame for the target configuration (i.e. evaluated with
the non-linear static analysis before mentioned) and of the horizontal component of the reac-
tions of the braces, coincident with the center of the seismic story shear, and the maximum
torsional stiffness of the frame, i.e. with the stiffness of brace centrifugated as possible. Then,
the effect of the axial load variation induced by the braces on the ductility of the columns is
investigated, the former depending on the value of the behavior factor chosen in the design
phase (steps 3 and 4 in the flowchart in Figure (1)), and position, number and strength of the
braces are modified in order to obtain the smaller reduction or the largest increment of the
deformation capacity of the column of the frame.

In order to determine the strength of each (device of the) bracing an iterative procedure

3 CASE STUDY

The above procedure is applied to the seismic upgrading of a five-story reinforced concrete
frame sown in Figure (2), designed according to Italian seismic code [36] in a site with a Peak
Ground Acceleration PGA=0.177 g, soil S=1.2 and dynamic amplification Fo=2.38 factors, and
upper limit of the period of the constant spectral acceleration region Te= 0.409 sec for a return
period of 475 years (life safety limit state SLV). Each story has a height of 3.20 meters, and the
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floor area of the first two levels is approximately 240 m? each, while the upper three floors are
143 m?. The slabs are oriented in a vertical direction, and the structural G; and nonstructural G2
dead loads are G1=4.17 kN/m?, and G>=3.3 kN/m?, and live load Q=2 kN/m?, corresponding
to seismic story weight of Wi= W>=3226 kN, W3= W4=2016 kN, and Ws=1382 kN. Concrete
(C25/30) with compressive characteristic strength for = 24.9 N/mm? and B450C steel having
characteristic yielding strength fx =450 N/mm? were used.

— — 3D View
-15=16. I Column Type 1
Il Column Type 2
5.4m B ¥
11 12) 13 14
=T SR
4.8m '(___:>ﬁ
|| |
6 7 8 9 10 :~
B T' — N HESA—
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11 i_———#‘ |
6
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| B S - ! 2 3 ¢
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Figure 2: Geometrical details of structure (a) plan; (b) 3-D view; (c) elevation (y-z) axis; (d) elevation (x-z) axis

For a medium ductility design [23], beams were provided with a base width of 300 mm and a
height of 600 mm for the first and second floors, and a height of 500 mm for the remaining
floors. The plan view in Figure 2(a) illustrates two types of columns, with their dimensions
detailed in Table 1(a).

No. of Dimension (cm) Mode | Period | UX | UY RZ
Story | Column Type 1 | Column Type 2 1 0.836 |0.030 | 0.495 | 0.224
Story 1 35x 70 30x 50 2 0.823 ]0.631]0.028 | 0.012
Story 2 30x 60 30x45 3 0.651 ]0.001 | 0.186 | 0.350
Story 3 30x 50 30x 40 4 0.357 10.160 | 0.022 | 0.111
Story 4 30x40 30x 35 5 0.343 10.024 | 0.165 | 0.022
Story 5 30 x 30 30x 30 6 0.326 | 0.035]0.002 | 0.178

Table 1: (a) Details of column dimensions; (b) modal mass participant ratios for bare frame
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In Table 1(b) the modal mass participation ratios show that, due to the irregularity in elevation,
in the first mode in y-direction translational motion is strongly coupled to the rotational motion.

3.1 Bare frame seismic response

Pushover analysis is conducted considering the seismic action along the +X and +Y, and the
opposite directions, and the results are shown in Figure (3), where the collapse displacement
for each analysis is also reported. The structure has high deformation capacity, reaching struc-
tural significant damage limit state in X-direction at displacements of 268 mm (drift=1.67%)
and -275mm (drift=1.12%), and 202 mm (drift=1.26%) and -258 mm (drift=1.61%) in the Y-
direction, revealing also a smaller base shear strength Vipxmax=1416 kN in the Y- direction than
the base shear strength in the y direction Viy max=1122kN.

The structure is able to ensure the performance levels required by the design seismic accelera-
tion, for which the displacement demands in the X and Y directions are 73 mm and 93 mm
respectively. Moreover, the drift demand is reported in Table (2) for both the frames that exhibit
the maximum and the minimum drift, in order to highlight the influence of torsional behavior.

Push Over Curves (Bare Frame) 1600
0.275 0.268
7 A 1400
/ S o
= N\
3 1200
_-A
0258 - > 1000
A -7 \ z
L~ \! c)
' | 800 &
" =
wn
“ 600 o
] 3
! 400 8
! —Positive X direction
" —Positive Y Direction 200
— -Negative X Direction
= -Negative Y Direction
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
Dispalcement (mm)

Figure 3: Pushover results of bare frame for both directions

Demand for return period of 475 years|Structural Significant damage limit state
X (Ux,em=73 mm) | Y (Uy,cm=93 mm) | X (Ux,ecm=256 mm)|Y (Uy,cm=285 mm)
Storey | Dumax | Dmin | Diff. | Dmax | Dmin | Diff. | Dmax | Dmin | Diff. | Dmax | Dmin | DifT.
(%) | (%) | (%) | (%) | (%) | (%) | (%) | () | (Yo) | (%) | (%) | (%)
0.3810.30]23.7/0.39/038| 0.8 | 1.85|1.71| 82 | 1.53 | 1.50| 2.3
0.7010.59]17.410.77 |0.72| 6.5 | 2.23 |2.13| 4.7 | 2.20 |2.12| 3.8
0.6810.58]17.9 093 |1.11]19.9]2.13 |12.03| 5.1 |2.46|2.07| 18.7
0.41]0.32]28.7/0.740.45]| 64.6 | 1.68 | 1.56| 7.2 | 1.57 | 1.18 | 33.2
0.19]10.16 ] 19.6 | 0.35 0.22]59.2 | 1.20 | 1.06 | 13.2 | 0.92 | 0.63 | 45.8

Table 2: Bare frame: effect of torsional motion on drift demands for different limit states

— (N |W ||
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The percentage difference between the maximum and minimum drift for each story is also re-
ported. The damage expected can be related to the drift limit values, which according to [46] is
0.5% for brittle infills at the damage limit state, and for ASCE 41-17 [47] are 0.7% for inter-
mediate moment frames for minor damage at immediate occupancy (IO), 1.5% for significant
damage life safety limit state (LS), and 2.5% for severe damage at the collapse prevention limit
state. The results show that large torsional motion is expected for the design level of PGA,
where the difference between the drift in the two external frames due to torsional motion
reaches in the Y-direction the 64.6% and 59.2% at the 2™ and 1°' story respectively, while in
the X-direction are of 28.7% and 19.6% respectively. In accordance with what is well known
in the literature, the influence of torsional motion expected for the larger intensity of the seismic
excitation according to results derived by pushover analysis, namely at the reaching of the struc-
tural significant damage limit state is reduced, with a difference of 45.8% and 33.2% in Y-
direction, and 7.2% and 13.2% in X-direction, at the 2" and 1° story respectively.

Then, increments of the design peak ground acceleration to 0.247 g, or to 0.336 g are considered,
due either to an increase in the seismicity of the area or a change in use, resulting in a change
in the class of importance and consequently the return period of seismic action. For this level
of excitation, roughly an increment of inter-story drifts of more than 40% and 95% are expected,
such as not allowing the required performance levels to be guaranteed, especially for the dam-
age limit state. Thus, two retrofitting intervention limiting the inter-story drift to 0.5% are de-
signed in the next section.

3.2 Design of dissipative bracing

The design of strengthening intervention was developed based on the results of the POA, in-
volving the insertion of dissipative bracing to increase frame stiffness in order to limit the dam-
age to the non-structural elements. In the design, two levels of seismic intensity were considered:
Significant Damage (SD) with a design PGA of 0.247g, and Near Collapse (NC) with a design
PGA of 0.336g, determining a transition from medium to high seismicity. Thus, two different
braced frames were designed, which in the following were denoted with the name of the limit
state of the design PGA. To determine the bracing characteristics, with the aim of fully exploit-
ing the stiffness and dissipative capacity characteristics provided by the dissipative bracing, the
total drift at the design value of the PGA was set equal to 0.5%. Initially, the CAD method was
applied in the simplified form [45], aiming at obtaining a uniform drift of 0.5% at each story.
Initially, the total area of bracing and the strength required to ensure elastic behavior is evalu-
ated for the two limit states SD and NC; then the strength of the bracing was set equal to 50%
of the previously mentioned elastic strength; the results of the procedure are shown in Table

3).

Area of bracing (mm?) Brace shear strength (50% of elastic
Story |——— _ strength) (kN)
No Significant Damage Near Collapse Significant Damage Near Collapse
' (SD) (NC) (SD) (NC)

X Y X Y X Y X Y
1 6220 8513 19612 | 19883 1256 1716 3959 4009
2 8722 9399 17518 | 17742 1720 1895 3537 3577
3 7307 7448 13580 | 13635 1475 1502 2742 2749
4 5361 5169 9499 9471 1058 1042 1918 1909
5 2116 1982 3905 3774 427 400 789 761

Table 3: Area and shear strength (50% strength required for elastic response) of bracings for SD and NC limit

states
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The application of the simplified CAD method allowed rational sizing of dissipative bracing,
determining the required stiffness and designing effective bracing to improve the building's
structural response. During the initial sizing phase, it was decided to distribute two bracings in
each direction to each floor, arranging them as centrifuged as possible on two parallel faces and
orienting them in opposite directions as shown in Figure (4).

(a) (b)

(c) (d) (e)
Figure 4: Bracings in elevation X-direction (a) & (b), in Y-direction (c), (d), (e)

The overall stiffness at each floor was distributed on the two faces so that the center of stiffness
of the braced structure coincided with the center of application of the seismic floor shear, to
eliminate undesirable torsional effects due to geometric irregularity in plan. The profile of the
tubular section used to design the braces, having diameter (d) and thickness (s) was chosen to
avoid buckling phenomena even if the dissipative device is tuned to ensure elastic behavior up
to the design level of PGA acceleration.

The most suitable commercial cross-section was chosen to optimize seismic performance re-
ported below in Table (4) and Table (5) for bracing A and B in the two limit states considered.
For the X-direction, Type A bracing was provided in the first frame (1-5) and Type B in the last
frame (11-14), while for the Y-direction Type A bracing was provided in the first frame (1-15)
and Type B in frame (3-13, 4-14), with the same configuration repeated in height up to the fifth
floor. The resistant axial action for each dissipative device was determined by dividing the story
shear acting on the brace, proportionally to its area of cross-section, and dividing it by the cosine
of its inclination angle of the bay in which the brace is inserted.
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Bracing A Bracing B
Story X Y X Y
No. d S A d S A d S A d S A
mm | mm | cm? mm mm cm? mm mm cm? mm mm cm?
1 219 | 45| 30.3 | 273 56 | 47.0 | 244 5 37.6 | 219 6 40.1
2 219 5 336 | 273 9 74.6 | 273 6.3 | 52.7 | 219 4.5 | 30.3
3 219 | 45| 303 | 273 5 42.0 | 177 45 | 245 | 219 5 33.6
4 177 | 4.5 24 219 45 | 303 | 219 56 | 37.5 | 193 5 29.6
5 139 | 3.2 | 13.7 | 168 4 20.6 | 159 3.6 17.5 | 139 36 | 153
Table 4: Bracing A and B for SD limit state
Bracing A Bracing B
Story X Y X Y

No. d S A d S A d s A d s A

mm | mm cm? mm mm cm? mm mm cm? mm mm cm?

219 | 12 | 78.0 | 267 | 142 | 112 | 273 | 142 | 155 | 273 11 | 90.5

254 | 8 | 61.8 | 273 | 8.0 | 666 | 273 | 6.5 | 544 | 229 8 55.5

244 163 1 47.1 | 299 | 88 | 80.2 | 244 | 63 | 47.1 | 254 8 61.8

219 | 5 [33.6 ] 273 | 6.5 | 544 | 267 8 65.0 | 244 | 63 | 47.1

N[ [ W~

159 | 3.6 | 175 | 177 | 45 244 ] 219 | 45 | 303 | 168 4 20.6

Table 5: Bracing A and B for NC limit state

Then, modal analysis was performed on the two braced structures, obtaining the results shown
in Table (6) for SD and NC braced frames. Comparison with the corresponding results for the
bare frame reported previously in Table 2, shows the reduction of period of vibration in all the
modes, the similar stiffness in the two principal directions of the structure, and the increment
in torsional stiffness of the structure, proving by the increment of the ratio between period cor-
responding to larger translational stiffness of the structure (mode 1) T1 and period correspond-
ing to mainly torsional mode (mode 3) T3, that in the bare frame is equal to 1.26, and in the
braced frames is 1.38 for SD frame, and 1.41 in the NC frame. Moreover, the strong reduction
of the modal mass participation ratio in the torsional motion coupled with the translational
modes, that from 22.4% in the bare frame is reduced to 7.1% in the SD braced frame, and to
6.4% in the NC braced frame, proves the effectiveness of the criteria for choosing the in-plane
location of the braces. Then, non-linear analysis was performed for both the full strength and
50% strength of the bracing to evaluate the effectiveness of the chosen configuration. The re-
sulting pushover curves are depicted in Figure (5) up to the available deformation capacity of
the structures.

MODE SD braced frame NC braced frame
Period | UX Uy RZ Period | UX Uy RZ
1 0.554 [ 0.310 | 0.402 | 0.071 0.461 | 0.077 | 0.623 | 0.064
2 0.541 |0.448 | 0.305 | 0.018 0.434 | 0.644 | 0.089 | 0.000
3 0.399 | 0.006 | 0.057 | 0.645 0.326 | 0.009 | 0.031 | 0.640
4 0.245 | 0.000 | 0.159 | 0.027 0.214 | 0.006 | 0.168 | 0.030
5 0.241 | 0.156 | 0.000 | 0.000 0.205 | 0.186 | 0.003 | 0.001
6 0.217 | 0.000 | 0.001 | 0.177 0.184 | 0.000 | 0.000 | 0.193

Table 6: Modal mass participation ratios for SD and NC braced frames
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Figure 5: Pushover curve for tentative configuration

It can be noted that the available displacement capacity is strongly reduced, due to variation of
the axial force induced by the braces in the column, and the frame is not able to reach the design
target displacement equal to 0.08 m. The axial force acting on the columns in the bay with
bracing due to Gravity Load (GL) and at the Collapse Displacement (CD) obtained during push-
over analysis for displacement in different directions are reported in Table (7) and Table (8).
The results show that in each configuration one or more columns are in tension (axial force >0),
strongly reducing the available rotation of the plastic hinge.

Story No Column 2 Column 3
"I GL | CDuyx<0 | CD uxs0 | GL | CD ux<o | CD ux>0
1 -990 | -1982 439 -679 655 -2678
2 -758 | -1360 88 -491 571 -1972
3 -540 | -807 -147 | -294 383 -1192
4 -323 | -373 -291 -173 143 -597
5 -110 -82 -125 -57 26 -179

Table 7: Pushover analysis: Axial load in negative X and positive X directions for the columns with bracing due
to Gravity Load (GL) and at the Collapse Displacement (CD) for the NC braced frame

Story No Column 11 Column 6
| GL | CD uy<0 | CD uy>0 | GL | CD uy<o | CD uy>0
1 -825 233 -2003 | -874 | -2345 729
2 -635 -74 -1252 | -681 | -1753 513
3 -447 | -208 -711 | -483 | -1057 151
4 -267 | -230 -288 | -290 | -542 -25
5 -87 -121 -42 -95 -150 -59

Table 8: Pushover analysis: Axial load in negative Y and positive Y directions for the columns with bracing due
to Gravity Load (GL) and at the Collapse Displacement (CD) for the NC braced frame
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To avoid this undesired behavior, the braces were arranged in different bays, and where this
action is not sufficient to avoid the tension action in the column, two braces in the same story
of the frame were designed with half of the stiffness and strength of the previous brace each.
Thus, the final configuration was obtained shown in Figure (6) and Figure (7).

l15 16\
in ] |
3 8 13 4 9 14 |!5 10|

Figure 6: New configuration of bracings in elevation (X-direction)

Figure 7: New configuration of bracings in elevation (Y-direction)

3.3 Evaluation of the response of braced structure by Pushover analysis

Nonlinear pushover static analysis was conducted in the X and Y directions to determine the
displacement demand for the design earthquake and the deformation capacity of the new con-
figuration of the braced frames. The pushover curves obtained are shown in Figure (8) for the
two designed braced frames, together with the displacement demand.

It proves that the design procedure was able to reduce the displacement demand below the target
values of 0.08 m, with an exception to the case of action in the negative X-direction for the NC
PGA and braced frames configuration, where a slightly larger demand, namely 0.083 m, was
found. In all cases, the displacement capacity of the structure is significantly larger than the
demand.
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Figure 8: Pushover curves for 50% of strength (a) significant damage; (b) near collapse

More specifically, for the braced frames designed to withstand the action at the SD limit state,
the displacement demand required by the earthquake was 0.083m in the X-direction and 0.078m
in the Y-direction, close to that established at the design stage. The analysis carried out for both
the collapse limit state and the significant damage limit state, confirmed that the displacement
required by the earthquake is less than the ultimate capacity of the structure, ensuring compli-
ance with the seismic verification. Specifically, the structure was found to be capable of reach-
ing a displacement of 120 mm, demonstrating a high deformation capacity. Regarding the NC
limit state, in the negative X-direction, the displacement capacity was 0.11 m, with a demand
of 0.086 m, while for the positive X-direction, the capacity was 0.090 m, with a demand of
0.081 m. In the negative Y-direction, the displacement capacity of the structure reached 0.13
m, while the demand was 0.081 m. Finally, for positive Y-direction the capacity exhibited was
slightly less than 0.12 m, with a demand of 0.08 m. The variation of capacity as a function of
earthquake direction shows a slight asymmetry of structural behavior but is still within accepta-
ble limits.

The values of the inter-story drift obtained by pushover analysis for the two structures are
shown in Table (9), stressing that with the insertion of the bracings, the damage level of the
structure is significantly reduced compared to the initial configuration. For SD braced frame
and PGA=0.247 g the target drift is exceeded at the 1° and 2" story for X-direction of seismic
excitation, and 3" story for Y-direction due to the excessive stiffness of the upper story enforced

Significant damage limit state SD Near collapse limit state NC

X (Uxem=77 mm)| Y (Uy.cm= 72 mm)| X (Uxcm= 77 mm)| Y (Uycm= 72 mm)
Storey | Dmax | Dmin | Diff. | Dmax | Dmin | Diff. | Dmax | Dmin | Diff. | Dmax | Dmin | Diff.
(%) | () | (%) | (o) | (%) | (%) | (%) | (o) | (%) | (%) | (%) | (%)
0321029 7.4 [037]033|123/0.62]0.60| 4.19 |0.52|0.47|11.33
048 1046 | 3.4 | 0.55]0.50| 87 |0.61]0.55]12.00|0.66|0.60|10.99
0.50 1048 | 5.3 | 0.62]0.55|11.3 |0.53]0.44|20.57|0.62|0.57| 9.39
0.66 | 0.59|12.2 047 [0.44| 56 |032]0.31| 3.06 |0.44]0.43| 2.92
0.6510.58 | 12.4]0.31]0.26| 16.7 | 0.28 | 0.24 | 16.88 | 0.24 | 0.20 | 20.00

— N |[W ||

Table 9: Braced frames: effect of torsional motion on drift demands for SD and NC structures and level of seis-
mic excitation
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in the design phase due to the need to use commercial cross-section; the effectiveness of the
prediction of the required displacement, combined with the non-uniform distribution of the drift
at the different floors, causes the design drift to be exceeded at the floors where no oversizing
has been carried out. Moreover, unexpected torsional behavior is still detected for these drifts.
For NC braced frame and PGA=0.336 g the detected behavior is characterized by drift larger
than the design one at the upper 4", 5" and 6™ story, maybe due to too much-reduced strength
of the dissipative devices, while relevant torsional effects are detected at the 3™ and 1% stories
for seismic excitation in the X and Y directions, respectively.

4 NONLINEAR DYNAMIC ANALYSIS

To evaluate the effectiveness of the Push Over Analysis (POA) in predicting the displacements
required of the structure by the seismic action, a Nonlinear Time History Analysis (NLTHA)
was conducted on the bare and braced frames. Three spettro-compatible artificial accelerograms
[48] were applied, with PGA scaled to 0.247g for the SD limit state, and to 0.336g for the NC
limit state. The values of the maximum drift for each story and each accelerogram, together
with the maxima and mean values, are reported in Table (10) for the bare frame and braced SD
frame for PGA=0.247g, and in Table (11) for the bare frame and braced NC frame for
PGA=0.336g.

The results for PGA=0.247 show a reduction of the mean value of the drift between all accel-
erograms and all stories from 0.59% for the bare frame to 0.26% for the SD braced frames, with
a reduction of the maximum drift from1.14% obtained at the 4™ story for accelerogram #1 for
the bare frame to 0.47 obtained at the 2" story for accelerogram #3 for the SD braced frame. It
is noteworthy that the maximum and mean values of drift at the first story of the SD braced
frame, namely 0.42% and 0.39% respectively, are larger than the corresponding values for the
bare frame, 0.36%, and 0.30% respectively. The results for PGA=0.336g show a reduction of
the mean value of the drift between all accelerograms and all stories from 0.72% for the bare
frame to 0.41% for the NC braced frames, with a reduction of the maximum drift from 1.33%

Bare Frame Braced Frame SD
Accelerogram. # Story Story
POAR024Te T T3 T a5 |11 23] 415
1 036]060|1.01|1.14|0.68|0.38]0.44|0.23]0.40|0.33
2 0.3110.50]0.7410.70 | 0.37 [ 0.42 | 0.35 ] 0.18 | 0.34 | 0.25
3 0.221035(0.70]0.76 | 0.48 | 0.38 | 0.47 | 0.23 | 0.36 | 0.30
max 036 0.6 | 1.01 |1.14]0.68 042|047 ]0.23| 04 |0.33
mean 0.30]0.48|0.82]0.87|0.51[039]042|0.21]0.37|0.29

Table 10: Inter story drift (%) at SD of the unbraced structure and the braced structure with 50% bracing strength

Bare Frame Braced Frame NC
Accelerogram. # Story Story
POA=0336e 173 74 5 | 1 23] 4] 5
1 0451070 | 1.18 | 1.33 | 0.85]0.30 | 0.20 ] 0.23 | 0.54 | 0.45
2 044 1065|091 |0.86|048|0.25]|0.19|0.19|0.29 | 0.28
3 028 104310861091 10.54|0.26|0.22]0.24|0.5510.45
max 045 0.7 | 1.1811.33]0.85| 0.3 |0.22]0.24|0.55]0.45
mean 0.3910.59]098|1.03]0.62|027|0.20]0.22|0.46 | 0.39
Table 11: Inter story drift (%) at NC of the unbraced structure and the braced structure with 100% bracing

strength
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obtained at the 4™ story for accelerogram #1 for the bare frame to 0.45 obtained at the 1% story
for accelerogram #1 for the SD braced frame. For this configuration, the unexpected increment
of the mean and maximum values of the story drift never occurs.

Lastly, in Table (12) the values of the maximum inter-story deck rotation for each story and
each accelerogram, together with the maximum and mean values, are reported for the bare
frame and braced SD frame for PGA=0.247 g, and in Table (13) for the bare frame and braced
NC frame for PGA=0.336 g.

For the SD braced frames, a reduction of torsional effects due to the bracing of 13% at the 1%
story and of 18% at the 2" story was found, while at the 3™ and 4" story, an increase in the
inter-story drift rotation was found, due to the ineffective proportioning of the brace already
revealed by pushover analysis.

For the NC braced frame, the efficiency of the procedure is proved by the generalized large
reduction of the inter-story drift rotation at each story, which ranges from 91%, 84%, and 86%
in the 5 and first two-story, to 63% and 73% in the 3™ and 4" one.

Accelero- | Bare Frame inter-story deck rotations | SD Braced Frame inter-story deck
gram. # (x 10%) rotations (x 10%)
PGA=0.247 Story Story
g 1 2 3 4 5 1 2 3 4 5
1 0.152 10.145 | 0.026 | 0.133 | 0.313 | 0.120 | 0.100 | 0.389 | 0.166 | 0.144
2 0.144 | 0.115{0.056 | 0.057 | 0.257 | 0.132 | 0.116 | 0.197 | 0.167 | 0.164
3 0.134 | 0.146 | 0.062 | 0.130 | 0.264 | 0.121 | 0.117 | 0.392 | 0.192 | 0.155
max 0.152 10.146 [ 0.062 | 0.133 | 0.313 | 0.132 [ 0.117 | 0.392 | 0.192 | 0.164
mean 0.143 ] 0.135]0.048 | 0.107 | 0.278 | 0.124 [ 0.111 ] 0.326 | 0.175 | 0.154

Table 12: Rotation at SD of the unbraced structure and the braced structure with 50% bracing strength

Accelero- Bare Frame inter-story deck rota- NC Braced Frame inter-story deck
gram. # tions (x 10°) rotations (x 10%)
PGA=0.336 Story Story
g 1 2 3 4 5 1 2 3 4 5
1 0.190 | 0.180 | 0.034 | 0.142 | 0.239 | 0.027 | 0.034 | 0.027 | 0.049 | 0.042
2 0.182 | 0.134 | 0.069 | 0.018 | 0.197 | 0.029 | 0.017 | 0.029 | 0.021 | 0.004
3 0.163 | 0.115 | 0.108 | 0.155 | 0.145 | 0.027 | 0.007 | 0.023 | 0.015 | 0.006
max 0.190 | 0.180 | 0.108 | 0.155 | 0.239 | 0.029 | 0.034 | 0.029 | 0.049 | 0.042
mean 0.178 | 0.143 | 0.070 | 0.105 | 0.194 | 0.028 | 0.019 | 0.026 | 0.028 | 0.017

Table 13: Rotation at NC of the unbraced structure and the braced structure with 50% bracing strength

5 CONCLUSIONS

Criteria and methods for the distribution of stiffnesses and resistances of dissipative bracing
both in elevation and in the plan are revised based on the findings in [17,35,44], aiming at
reducing structural irregularities, and minimizing the reduction of column deformation capacity
due to variation of the axial load.

Thus the following modification of the procedure is suggested: the story stiffness of the bare
frame is evaluated by a nonlinear static analysis in which the story displacement is set equal to
the target story displacement of the braced structure (i.e. assuming constant inter-story drift and
with zero torsional rotation); the stiffness of each braces is evaluated in order to ensure that, at
each story, the center of stiffness of the braced frames is coincident with the center of the

2726



Muhammad Ahmed, Piero Colajanni, Michele Fabio Granata, Leonardo Arfeli

seismic story shear, and the maximum torsional stiffness of the frame; the effect of the axial
load variation induced by the braces on the ductility of the columns should investigated, and
position, number and strength of the braces are modified in order to obtain the smaller reduction
or the largest increment of the deformation capacity of the column of the frame.

The procedure was validated for a case study; the results prove the effectiveness of the above-
mentioned insights. However, they call for a more accurate choice of the distribution of stiffness
and strength of the dissipative braces in plan and in elevation able to take into account the
variation in stiffness of the bare frame generated by the variation in the normal stress induced
by the bracing, by the variations in stiffness of the bracing required by the use of commercially
available sections instead of those suggested by the calculation method, and by unwanted re-
sidual effects of the torsional modes that can be triggered during the dynamic response, alt-
hough not foreseen by the nonlinear static analysis.
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