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Abstract: A comparative study has been done to analyze the behavior of regular steel building structures of 4, 6, 8 and 10
stories, located in seismic zone 5 and soil type S1. The structures were upgraded with different brace configurations ac-
cording to current Venezuelan codes. A total number of 24 numerical models were analyzed considering non-linear static
and incremental dynamic analysis (IDA). The buildings were initially designed as moment resisting frames, and upgraded
with six different bracing configurations: concentric braces in “X” and inverted “V”; eccentric braces inverted "V" with
horizontal links, inverted “Y” and “X” with vertical links. Short length links were used to ensure a shear failure.

The used methodology is based on obtaining the capacity, IDA curves, and bilinear approximations of these curves that
allow the determination of yield and ultimate capacity points, in order to estimate important parameters of seismic re-
sponse: overstrength and ductility; and considering these areas under the curves to estimate elastic deformation energy,
energy dissipated by hysteretic damping and equivalent damping.

According to the results, the cases with no brace enhancement showed the lowest lateral strength and lateral stiffness and
high deformation capacity. On the other hand, the concentric bracing cases, resulted with the highest stiffness and strength
and the lowest deformation capacity, therefore they have low ductility and energy dissipation capacity under seismic load-
ing. Structures with links showed intermediate stiffness and strengths, resulting in the best performance in terms of ductil-
ity and energy dissipation capacity. The present study provides a better understanding of the benefits of eccentrically

braced systems.

Keywords: Concentric braces, dissipated energy, eccentric braces, incremental dynamic analysis, non-linear analysis,

upgraded.

1. INTRODUCTION

In developing countries, it is necessary to design eco-
nomical steel building to obtain additional energy dissipation
capacity under seismic actions, avoiding expensive solutions
such as base isolation or energy dissipating devices. There-
fore, it is desirable to propose practical solutions for new
structures and existing conventional moments resisting
frames (MRF) structures located in zones of high seismic
hazard with inadequate security under earthquake [1]. The
eccentrically braced frames (EBF) could be a suitable solu-
tion to obtain the required strength, stiffness and energy dis-
sipation capacity on steel buildings [2, 3].

The behavior of structures under seismic actions depends
on many factors such as the system used to resist lateral
forces, construction materials and structural configurations.
These factors usually have important implications in the final
deformation, energy dissipation and resistant capacity. For a
satisfactory seismic performance, the system must have
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suitable structural rigidity and strength, high ductility, stabil-
ity and redundancy [4]. Some lateral force resisting systems
have only few of these properties; in these cases, different
systems or structural components can be combined to im-
prove the overall seismic response. Dual systems could
combine frames and brace components being more effective
than those components used separately.

Many variants exist for frames with braces, which are an
efficient way to resist seismic forces. A suitable distribution
of stiffening elements can maintain the advantages of mo-
ments resisting frames (MRF), improving the global behav-
ior with higher rigidity and resistance to lateral loads [5, 6].
However, some aspects must be taken into account to avoid
inadequate seismic behavior [7, 8]. Research has shown that
the eccentric bracing frames (EBF) have the ability to com-
bine a high stiffness in the elastic range, and also excellent
ductility and energy dissipation in the inelastic range. In the
elastic range, the lateral rigidity is comparable with the con-
centrically diagonal frame (CBF) particularly when the link
is short. In the inelastic range, EBF exhibits a stable ductile
behavior under severe load cycles, comparable to the MRF
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The Venezuelan seismic code COVENIN 1756-2001
[10] classifies the structures according to their use, design
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Fig. (1). Research methodology.

class, typology and structural regularity. Four types of seis-
mic resistant systems are identified, depending on the struc-
tural elements that are required to resist seismic action and
gravity loads. CBF and EBF belong to type III classification;
The MREF to type I; and type II corresponds to the combina-
tion of types III and I.

In CBF, columns, beams and braces (zones of energy dis-
sipation) intersect at a point and they are expected to yield
under moderate to high earthquakes; while EBF is composed
by columns, beams and braces in which at least one end of
the bracing is connected to the beam at a distance from the
connecting beam-column. The distance between the beam
and bracing connection or distance between connections and
the braces is called "link", zone of energy dissipation.

2. METHODOLOGY

The methodology is based on the design of a set of 4, 6, 8
and 10 stories steel buildings, using conventional moment
resistant frames. Subsequently, these buildings were up-
graded by incorporating different configurations of concen-
tric and eccentric braces (Fig. 4). Then modal elastic analy-
sis, non-linear static analysis and incremental dynamic
analysis are performed in order to obtain the capacity curves
and IDA curves. Bilinear approximations of these curves
allow the determination of yield and last capacity points,
therefore the ductility, overstrength, and energy dissipation.
Fig. (1) shows the research methodology described above.
Non-linear analyses were made by the software ZEUS NL,
considered as a system for inelastic analysis of structures; a
way to solve non-linear dynamic time-history, conventional
and adaptive pushover and eigenvalue analysis.

2.1. Non-Linear Analysis

The non-linear responses have been carried out using in-
cremental static analysis (pushover analysis) and incremental
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dynamic analysis (IDA) using synthetic accelerograms [11-
13], created under design spectrum of COVENIN 1756 -
2001 to type 1 soil.

2.1.1. Incremental Static Analysis or Pushover Analysis

Non-linear static procedure has found its widespread use
in the performance-based seismic design, since they offer a
relatively simple approach for estimating inelastic structural
responses [14]. Currently, the force-based design dominates
the state of the practice; however, the performance-based
design engineering has received attention in the past decade,
increasing the number of non-linear methods. Pushover
analysis is a widely and popular approach used to establish
the non-linear behavior, in which a mathematical model of
the structure is subjected to constant gravity load and to a
monotonical increase of lateral force or displacement [15,
16]. Generally, the lateral load pattern is triangular; however,
this arrangement can lead to incorrect or inadequate esti-
mates representations of the effects of dynamic variation for
the inelastic response when the structure has significant in-
fluence of higher modes. In this study, a modal combination
method (MMC) that implicitly represents effects of higher
modes is based on invariant force distribution resulting from
the independent modes contributions that have been used
[17].

2.1.2. Incremental Dynamic Analyses (IDA)

Incremental dynamic analysis (IDA) is a method that can
be used to estimate structural capacity under earthquake
loading. It provides a continuous history of the system re-
sponse, from elasticity to yielding behavior and finally to
collapse. The rationale behind the IDA is derived by analogy
with the incremental static analysis, or pushover.

The IDA method analyzes the structural model for one or
more ground - motion records, each of them scaled to multi-
ple intensity levels. For every scaling factor, the maximum
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Fig. (2). Incremental dynamic analysis (IDA) approach.
response parameters (shear-drift, moment-curvature etc.) are ( A —A )
plotted on a 2D graph, just like static pushover curves. The 5 =i i-1 3)
difference is that every single point represents a full run ine- i ( H-H )
lastic dynamic analysis, whereas in the static pushover curve ii-1

a single point represents a load step. The incremental dyna-
mic analysis has the advantage of being accurate for seismic
analysis, however, it is computationally expensive. Fig. (2)
shows the incremental dynamic analysis (IDA) approach.

2.2. Seismic Response and Energy Dissipation Parame-
ters

There are important seismic response parameters, among
them we can mention: ductility, overstrength, interstorey
drifts and damping.

Ductility is defined as the ability of a material, compo-
nent, connection or structure to undergo inelastic deforma-
tions, with acceptable stiffness and strength reduction. The
response amplitudes of earthquake induced vibrations are
dependent on the level of energy dissipation of structures,
which is a function of their ability to absorb and dissipate
energy by ductile deformations [18].

The definition of displacement ductility is given below:

A

u (1

'Lt:A_y

where Au and Ay are displacements at ultimate and yield
points respectively.

Overstrength factor, reflects the reserve strength and the
anticipated behavior of the structure under the design earth-
quake, is defined as follows:

Q= )

V
ep
where Vep is the elastic strength and Vu is ultimate lateral
strengths of the system.

To evaluate the seismic response and damage to structures
the interstorey drift is often used, which represents the angu-
lar distortion for the columns of a given level and is calcu-
lated as:

where 61 and 6i-1 are the inelastic displacements of levels i e
i-1, respectively calculated according with COVENIN 1756-
2001, by the following expression: di = 0.8Rdei, where R = 6
is the response factor and dei is the elastic lateral displace-
ment of level (i). Hi and Hi-1 are the heights at these levels,
measured with respect to the lower level of the building.

Damping is utilized to characterize the ability of struc-
tures to dissipate energy during dynamic response. Structural
components in the energy imparted by earthquakes is primar-
ily dissipated through hysteretic damping, characterized by
the loop of action-deformation, these cycles represent the
action-strain relationship of materials, sections, members,
connections or reversible systems under load.

The energy dissipated by the hysteresis loops can be rep-
resented as equivalent viscous damping (Eeq) associated with
a maximum displacement and can be estimated by Equation
(4). This damping action occurs when a seismic structure
leads to the inelastic range, and may be as a combination of the
inherent viscous damping and hysteretic damping [19, 20].
geq §0 * ghist @
whereg, is the inherent structure viscous damping in the elas-
tic range, this can vary in practice between 2% and 5%. Fur-
thermore the response corresponding to the hysteretic damp-
ing hysteretic Ehist (equivalent viscous) may be calculated
from Equation (5):

ED
ghist B 4nE )
SO
where:
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* Ep=energy dissipated by hysteretic damping.
. ESO = Maximum strain energy absorbed by the struc-
ture.

Ep and E , can be calculated from the bilinear ap-
S0

proximation of the capacity and IDA curves, where Sd .
Ipi

and § | correspond to last capacity point in the "X" and
api
"Y" axes respectively, while § and §  correspond to
dy ay

yield point values.

3. DESCRIPTION OF CASES IN STUDY

To study the seismic response and energy dissipation of
buildings with braces, regular steel structures of 4, 6, 8 and
10 stories, with 3 spans of 6 m in X and Y directions, and 3
m the height of interstorey have been selected. The buildings
were initially designed as moment resisting frames, and sub-
sequently upgraded by incorporating six different concentri-
cally and eccentrically bracing configurations, located in the
central spans of each perimeter frames, in order to obtain a
noninvasive condition within buildings. A total number of 24
numerical models were analyzed.

The use of the building in study is office (B2 group, ac-
cording COVENIN 1756-2001). The structural profiles used
in the design correspond to European profiles HEB in col-
umns and bracings, and IPE in beams, which are common in
the Venezuela engineering practice and also they meet the
requirements specified in COVENIN1618-1998. The inter-
storey is a flat slab armed in two directions, considered in the
analysis as a rigid diaphragm. The orientation of the columns
has been arranged so as to achieve symmetry in both direc-
tions. Fig. (3) shows the typical floor plan of the buildings,
common for each case studied, where the column orientation
and location of bracing on the perimeter frames are indi-
cated.
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Fig. (3). Typical floor plan of the buildings.
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For the upgrading two (2) concentric diagonal configura-
tions have been chosen: CBF in X (configuration 2) and CBF
in inverted V (configuration 3), commonly known as X
braced system and Chevron type respectively; and three (3)
eccentric brace configurations: EBF in inverted "V" with
horizontal link (configuration 4), EBF in inverted
"Y"(configuration 5) and EBF in "X" with vertical link (con-
figuration 6). In Fig. (4), three-dimensional models of the six
(6) configurations in the study are shown for 4 stories build-
ings; the same configurations apply to 6, 8 and 10 stories
buildings.

The buildings were designed according the requirements
Venezuelan code COVENIN 1618-1998, applying gravity
loads and seismic demand according to the elastic design
spectrum fortype S1 soil and 0,3gacceleration, corresponding
to a region of high seismic hazard. The design and detailed
required by COVENIN codes, results in structures capable of
dissipate energy, and reaching a high ductility; therefore
ND3 design classis adopted, because this requires the appli-
cation of all additional requirement for design in seismic
zones established in COVENIN code which is the most de-
manding in terms of connection detailing, but that also al-
lows to consider a reduction factor (R) to obtain the inelastic
spectrum design, necessary to define the seismic actions on
the structure. Fig. (5) shows the representation of elastic and
inelastic design spectrum considered R=6 (according the
type of steel structure, design class and soil used in this
study).

The seismic action defined on designed buildings, pro-
vides combining orthogonal effects, applying 100% in one
direction and 30% in the other two directions. This combina-
tion of effects is particularly important in structures with
compression and traction braces.

4. DISCUSSION OF RESULTS

Results of the cases studied are presented in this section.
First of all it is shown the corresponding interstorey drifts
computed from modal elastic analysis 3D, then the curves
from non-linear static and incremental dynamic analysis of
2D mathematical models are shown. Finally seismic re-
sponse and dissipation energy parameters are also shown.

4.1. Modal Elastic Analysis

According to COVENIN 1756-2001, 1,8% is the maxi-
mum interstorey drift allowed corresponding to B2 structures
group (considered in this study) and susceptible to experi-
ment damages of non-structural elements. Notable differ-
ences are observed between interstorey drifts obtained from
the six configurations in study. Modal analysis showed
(Fig. 6) a similar behavior of each configuration to vary the
height of the buildings.

The maximum interstorey drifts values correspond to
configuration 1(MRF, without braces buildings) and the mi-
nor values it refer to configuration 2 and 3 (CBF in "X" and
inverted "V"), the most rigid conditions. The other configu-
rations make medium condition, but reducing the displace-
ment by the braces, in degradation of effectiveness these are
EBF in inverted "V" with horizontal link (Configuration 4),
EBF in inverted "Y" (Configuration 5) and EBF in "X" with



Comparative Analysis of the Energy Dissipation of Steel Buildings

The Open Civil Engineering Journal, 2015, Volume 9 299

4 Stories - MRF (Configuration 1)

WA\ as sia YAV
Al =Pl

4 Stories - CBF in inverted V Braces (Configuration 3)

| WAL T \BA] |
| 21 |
».

4 Stories - EBF in inverted Y braces (Configuration 5)

4 Stories - CBF in X Braces (Configuration 2)

4 Stories - EBF in inverted V braces with horizontal link
(Configuration 4)

4 Stories - EBF in X braces with vertical link
(Configuration 6)

Fig. (4). 3D model of the six configurations studied (4 stories buildings).
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Fig. (5). Design Spectrum 1756-2001 COVENIN, S1 soil type.

vertical link (Configuration 6). These results will be cali-
brated by non-linear analysis.

4.2. Non-Linear Incremental Static Analysis

The capacity curves (pushover) with the bilinear ap-
proximation obtained from non-linear static analysis, in the
24 cases studied are presented in Figs. (7-10). The ultimate
point considered in the bilinear approximation curve corre-
sponds with the highest base shear of pushover curve. Ac-
cording to results for different levels of the studied build-
ings: (4, 6, 8 and 10 stories), the behaviors are similar for
each configuration. The capacity curves of frames without
braces (configuration 1) has the lowest strength and lateral
stiffness and the highest displacement in the roof corre-
sponding to maximum base shear; therefore, the highest de-
formation capacity. Concentrically braces in "X" (configura-
tion 2) and inverted "V" (configuration 3) are the others ex-
treme conditions with the highest initial strength and stiff-
ness but the more lowest capacity of displacement in the roof
and deformation capacity according to these maximum base
shear. When eccentrically braces are present, the pushover
curves given an intermediate response, The curves corre-
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Fig. (6). Interstorey drifts from the cases studied, 4 (a), 6 (b), 8 (¢) and 10 (d) stories buildings.

sponding to EBF in inverted "Y" and "X" with vertical link
(configurations 5 and 6) have a behavior similar. Between
EBF configurations, inverted "V" with horizontal links on
the beam (configuration 4) obtained the highest base shear. It
is possible to improve the EBF condition by the buckling
restrained brace (BRB), which are a better technology, this
solution has been shown in other papers [21].

4.3. Incremental Dynamic Analysis

The results of incremental dynamic analysis (IDA
curves) shown the average curves from the used of three
synthetic accelerograms (minimum number of suggested
accelerograms in several researches) obtained according to
design spectrum COVENIN1756-2001. Additionally it is
shown the bilinear approximation in each curve (Figs. 11-

14). Is important to note that ultimate point (considering be-
fore the collapse of the buildings) is reached when the stiff-
ness of the IDA curve is less than or equal to 20% of the
initial stiffness (elastic slope) [21].

According to the results, each specific configuration fol-
lows a similar pattern of behavior for the different heights of
buildings considered, just as the non-linear static analysis
result. The MRF (configuration 1) has the lowest resistance,
while the CBF cases have the highest rigidity and resistance.
EBF is located in an intermediate position between CBF and
MRF. The maximum roof level displacement corresponding
to maximum base shear obtained shows that the greatest dis-
placement are obtained from MRF (configuration 1), fol-
lowed by configurations 6, 5 and 4 of EBF.
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Fig. (10). Capacity curves and bilinear approximations for 10 stories buildings.
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Fig. (14). IDA curves and bilinear approximations for the 10 stories buildings.

4.4. Parameters of Seismic Response and Dissipation
Energy

4.4.1. Parameters of Seismic Response: Overstrength (Qd)
and Ductility (u)

According to the results, the concentrically braced frame
in "X" (configurations 2) has the greatest overstrength factor;
however the eccentric configurations achieved a significant
increase of these values compared to building without braces
(configuration 1). On the other hand the greatest ductility
values correspond to the cases of eccentrically located braces
(configurations 4, 5 and 6). Fig. (15), shown the over-
strength hand ductility factors obtained by non-linear static
analyses and incremental dynamic analysis specifically for 4
and 6 stories buildings.

4.4.2. Dissipation Energy Parameters: Elastic Deformation
Energy (ESO), Energy Dissipated by Hysteretic Damping
(ED) and Equivalent Damping (Eeq)

The result of energy of elastic deformation (ESO) and
energy dissipated by hysteretic damping (ED) that corre-
sponds to non-linear static analysis shown a significant in-
crease in the cases of EBF in inverted "V" with horizontal
link (configuration 4), EBF in inverted “Y” (configuration
5), and EBF “X” with vertical link (configuration 6). As for
the values of equivalent damping (&eq), eccentric configura-
tions represent the cases with the highest values, while the
lowest damping is obtained in cases of MRF and CBF in X.
(configuration 1 and 2). Fig. (16).

Graph bars in Figs. (16 and 17) representing each of the
six configurations studied.
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Fig. (16). Elastic deformation energy, (ESO,), KN-m ; Energy dissipated by hysteretic damping (ED), KN-m, Equivalent damping (&eq %),

for 4 (a) and 6 (b) stories buildings, Non-linear static analyses.

The elastic deformation energy (ESO) and dissipated en-
ergy by hysteretic damping (ED) corresponding to IDA
analysis (Fig. 17) showed, just like non-linear static analysis,
a increase in the cases of EBF (configuration 4, 5, and 6). As
for the values of equivalent damping (§eq %), eccentric con-
figurations represent the cases with the highest values, while
the lowest damping are obtained of MRF and CBF in X.
(configuration 1 and 2).

CONCLUSION

In this paper, a comparative study of the behavior of steel
structures of 4, 6, 8 and 10 stories, designed according Ven-
ezuelan code and upgraded with configurations of concentric
braces (CBF on "X" and inverted "V") and eccentric braces
(EBF in inverted "V "with link horizontal, inverted" Y "and"
X "with vertical link) has been presented. The structures were
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Fig. (17). Elastic deformation energy, (ESO,), KN-m; Energy dissipated by hysteretic damping (ED), KN-m, equivalent damping (eq %), for

4 (a) and 6 (b) stories buildings. Incremental dynamic analyses,

analyzed using non-linear static analysis (pushover analysis)
and incremental dynamic analysis (IDA).

According to the results obtained in this research, the use
of eccentric braces is an efficient way to resist seismic
forces; it is possible to achieve significant reductions of the
interstorey drifts when compared with MRF cases, which
translates into low structural damage during the occurrence
of earthquakes. EBF is the more ductile typology compared

with the cases of CBF, and therefore greater energy dissipa-
tion capacity is achieved. The right choice of EBF configura-
tions should be carefully studied, to avoid inadequate seis-
mic behavior.

It is recommended to extend the present research to the
analysis of steel structures with irregularities in plan and
elevation, explore more configurations; as well as further
laboratory testing for calibrate the results obtained. Finally, a
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detailed connections design EBF is recommended, following
the seismic provisions of AISC-10 [22], to ensure appropri-
ate behavior.

It is a moment to apply these technologies and improve
the knowledge and the practice into the design and construc-
tion of eccentrically braced buildings in developing coun-
tries.
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