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A parametric study was devoted to evaluate, using static nonlinear analyses (pushover), global seismic
design parameters for low to medium rise regular reinforced concrete moment-resisting braced frames
(RC-MRBFs) with hysteretic energy dissipation devices mounted on chevron steel bracing. Frame models
with range from five to twenty five stories were designed using different elastic stiffness ratios between
the moment frame system and the whole structure (frame-bracing-hysteretic device system). Also, dif-
ferent elastic stiffness balances between the hysteretic device and the supporting braces were consid-
ered. Different post to pre yielding stiffness ratios for the hysteretic devices were considered. Two
angles of inclination of the chevron braces with respect to the horizontal axis were considered, taking
into account typical story heights and bay widths used in Mexican practice. From the results obtained
in this study, stiffness balances are defined to achieve a suitable mechanism where the hysteretic devices
yield first and develop their maximum local displacement ductility, whereas in the moment frame incipi-
ent yielding is only formed at the beam ends. Finally, additional comments are made with respect to: (a)
relations between global ductility capacity and local displacement ductility capacity for the hysteretic
devices for a given combination of the studied stiffness parameters and angles of inclination, (b) story
drifts at yielding and their relation with the selected elastic stiffness ratio between the moment frame
system and the whole structure and, (c) overstrength factors for design purposes.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Mexican practicing engineers and researchers have been more
interested in hysteretic passive energy dissipation devices
(HEDD) since 1985, as this technology was considered as one of
the viable options for the seismic retrofit of some damaged build-
ings during the September 19, 1985 Michoacán Earthquake. It was
also considered as an attractive structural system for new
buildings.

Several research studies have been conducted in Mexico ever
since which are summarized elsewhere [1]. However, even today
there are few studies available in the literature (Mexican and
worldwide) focused on defining global design parameters that
could be easily included in a traditional seismic building code for-
mat such as those found in Mexican Codes such as Mexicós Federal
District Code [2], the Manual of Civil Works [3,4] or US recommen-
dations such as ASCE-7 [5]. Most of the research studies devoted to
assess global seismic design parameters were conducted in highly
idealized single degree of freedom systems (SDOFs) [6–10] or in
SDOFs calibrated in idealized multi-degree of freedom systems
(MDOFs) [11–20]. Many of these studies have been interested in
validating equivalent design procedures for structures with
HEDD using a supplemental viscous damping approach
[6,7,10,14,16,17,21–23] and/or the FEMA-273 [24] and FEMA-274
[25] displacement-based design procedures [16,17,23]. It is beyond
the scope of this paper to discuss previous design methods already
reported in the literature (strong points and advantages, weak-
nesses and limitations), as the interested reader could find already
excellent documents on this topic [14,16,17,23].

For the objectives and goals of the research which is being pre-
sented, the work conducted by Vargas and Bruneau [18–20] is
worth mentioning, as they related the design base shear to the
elastic stiffness ratio between the bracing-hysteretic device system
and the moment frame system (a) and the maximum local dis-
placement ductility (ld) for the hysteretic energy dissipation
device that insures an elastic behavior for the frame. In addition,
they assessed the overstrength factor for the system (X) related
to the yielding of the energy dissipation devices before the frame
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undergoes inelastic deformations. Based upon their parametric
study, Vargas and Bruneau [19] proposed a design procedure for
MDOFs. This procedure was calibrated with the design of a
three-story, one-bay frame with buckling-restrained braces
(BRBs) as energy dissipation devices, which it was later built and
tested in a shaking table. The obtained experimental results mostly
validated the proposed design procedure.

Certainly, the research study presented by Vargas and Bruneau
[18–20] is very valuable and constitutes a big step forward to adapt
rational design procedures to the most widely accepted design phi-
losophy of most seismic building codes worldwide for MRFs with
HEDD, by defining global seismic reduction parameters for the
design spectra, such as ductility and overstrength force reduction
factors. However, as the parametric study was conducted on idea-
lized SDOFs, there are still uncertainties on how general the
applicability of the recommended design parameters could be for
more complex MDOFs, for example, multi-story, multi-bay frames
where many bays would not have energy dissipation devices, that
it is a common structural system of interest for the design practice.

Therefore, in this paper the authors summarize the results of a
parametric study devoted to evaluate, using static nonlinear analy-
ses (pushover), the seismic behavior of low to medium rise regular
reinforced concrete moment-resisting frames (RC-MRFs) with hys-
teretic energy dissipation devices (HEDD) mounted on chevron
steel bracing. The main purpose of the if described study was to
assess global seismic design parameters that could be easily
inserted in the seismic design philosophy of Mexican codes.
Different elastic stiffness ratios between the moment frame system
and the whole structure (a) and between the hysteretic device and
the supporting braces (b) were considered, among other relevant
structural parameters, as described in following sections.
Fig. 1. 24-Story, reinforced concrete intermediate moment-resisting frame (RC-
IMRF) building currently under construction in Mexico City.
2. RC-MRFS with HEDD under study

Perhaps the structural system most widely used in urban build-
ings in Mexico is RC-MRFs. Although Mexican RC codes do have
provisions for ductile systems (special moment-resisting frames,
SMRFs) since 1987, Mexican practicing engineers still prefer to
design and build intermediate moment-resisting frames (IMRFs)
according to the code (Fig. 1), but voluntarily applying some of
the detailing requirements for SMRFs available in the code, par-
ticularly those related to the minimum confinement for beams
and columns in the plastic hinge area (minimum spacing for
required stirrups of 10 cm) and those related to bar splices, sep-
aration, etc. [26]. In addition, there is a large inventory of existing
buildings in Mexico and many other nations which structural sys-
tem is composed of non-ductile RC-MRFs. These facts pose a higher
risk on RC-MRFs in regions worldwide where the seismic hazard is
high. Therefore, because of all these reasons, the authors decided to
study first the use of HEDD as structural fuses in RC-IMRFs
buildings.

Hysteretic energy dissipation devices were mounted into RC-
IMRFs using chevron bracing. The following design hypothesis
were done: (a) RC-IMRFs were designed to carry gravitational loads
plus their share of seismic lateral loads and respond essentially in
the elastic range, (b) the supporting chevron system should remain
essentially elastic under seismic loading also and, (c) HEDD are
designed under seismic loading to behave inelastically up their
maximum local displacement ductility capacity l. Therefore, the
structural system under lateral loading is composed by the RC-
IMRFs and the chevron-bracing-HEDD system (Fig. 2). RC-IMRFs
should be able to carry the gravitational loads after a strong earth-
quake (remaining essentially elastic), whereas HEDD should
respond in the inelastic range of response as structural fuses and
the supporting chevron bracing should remain essentially elastic.
For the parametric study, it was considered a series of buildings
from 5 to 25 stories which typical plan layout is depicted in Fig. 3a.
Perimeter frames are those where HEDD are mounted on chevron
bracing as schematically depicted in Fig. 3b. Concurrent bracing at
the building corners were studied because: (a) this configuration is
often used in buildings in Mexico City and worldwide (Fig. 4),
because for architectural reasons, central bays of perimeter frames
are commonly used for the access of buildings and, (b) since it is
not possible to study all relevant bracing configurations, from a
seismic design viewpoint this configuration constitutes the
worst-case design scenario for such systems, since this disposition
exasperate the unfavorable concentration of axial loads in the
columns. Therefore, if the proposed design procedure would be
capable of reducing the axialization problem of corner columns
to reasonable bounds, then it should be even more effective in
more favorable bracing configurations.

It is also worth noting that, for simplicity, in this parametric
study the location of elevators/stairs were not considered
(Fig. 3a), because elevatoŕs cores are solved in many different ways
depending on building configurations, heights and structural sys-
tems. For example, the following solutions are used in elevatoŕs
cores: (a) frames with non-structural walls, (b) frames with infill
walls, (c) structural shear walls (mostly RC walls) and, (d) braced
frames. For medium-rise RC moment frame buildings (15 stories
or higher), RC shear walls or braced frames are often used in eleva-
toŕs cores, which add lateral strength and stiffness but reduce the
deformation capacity of such buildings. However, it is worth noting
that the safe seismic design of medium-rise RC moment frames for
Mexico Citýs soft soils do not depend on the presence of shear
walls, as it has been demonstrated before for similar RC moment



Fig. 2. Idealized system under lateral loading.

X Bracing-HEDD
(a) Plan layout (dimensions in cm) 

(b) Typical elevation layout for perimeter 
frames (dimensions in cm) 

Fig. 3. Typical configuration for the buildings under study.

Retrofitted building with ADAS devices 
(courtesy of Enrique Martínez-Romero, RIP)

New braced steel building under construction 

Fig. 4. Concentric braced framed buildings in Mexico City with concurrent chevron bracing at building corners.

Fig. 5. Schematic display of the changes of cross sections for columns, beams and braces for the frames of the buildings under study.
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Table 1
Typification of cross sections of main structural elements.

Number of
stories for the
models

Typification of cross
sections on the
identified story
range

Number of
stories for the
models

Typification of cross
sections on the
identified story
range

Columns
and
beams

Braces
and
HEDDs

Columns
and
beams

Braces
and
HEDDs

5 1–3 1–2 20 1–5 1–4
4–5 3–5 6–10 5–8

10 1–4 1–3 11–15 9–12
5–7 4–6 16–20 13–16
8–10 7–10 17–20

15 1–5 1–3 25 1–5 1–4
6–10 4–6 6–10 5–8
11–15 7–9 11–15 9–12

10–12 16–20 13–17
13–15 21–25 18–21

22–25

KELD

KEFD

Deformation

Fig. 6. Typical bilinear curve for an hysteretic energy dissipation device.
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framed buildings up to 15 stories in height [26] or RC chevron
braced framed buildings up to 24 stories in height [27].

The floor system was designed as a one-way ribbed RC slab
(Fig. 3a). A geometric variable that was studied was the inclination
of the chevron bracing with respect to a horizontal plane (h), as a
previous parametric study [28] suggested that the efficiency of
HEDD on chevron devices depend on this parameter. Two angles
were considered, h = 40� (story height h = 336 cm) and h = 45�
(h = 400 cm), taking into account typical story heights for regular
buildings in Mexico.

Therefore, building models had 5, 10, 15, 20 and 25 stories.
Cross sections of beams, columns and braces were varied along
the height (that is, different sections were used for beams, col-
umns, braces and HEDDs through the height of the studied frames)
as schematically depicted with different colors in Fig. 5 as identi-
fied in Table 1. It is worth noting that colors used in Fig. 5 are
independent for each frame height, this is, they are not related
from one frame height to another. For example, in the 5-story
frames it is illustrated that brace sections are the same in stories
1 and 2 (magenta1) and from stories 3 to 5 (cyan), whereas columns
of beams have the same cross sections from stories 1 to 3 (blue) and
stories 4 to 5 (red). Then, this does not mean that ‘‘blue columns’’ of
the 5-story models have the same cross sections that ‘‘blue columns’’
of the 10-story models, for example.

As a consequence of this design strategy, higher sections were
used at the lower levels and relatively smaller sections were used
at the top levels due to variation of story shears. It can be noticed
also in Fig. 5 that, in order to minimize the potential formation of
intermediate soft stories (stiffness and/or strength), columns and
beams change sections in different stories than the chevron brac-
ing. The designed cross sections are reported in detail in
Nangullasmú [29].

3. Stiffness parameters under study

Three structural stiffness parameters were studied in order to
evaluate their range of application under the general design
assumptions already mentioned.

The first parameter is a, defined as the ratio between the elastic
lateral stiffness for the frame (Kframe) with respect to the lateral
stiffness of the whole frame-bracing-HEDD system (Ktotal):
1 For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.
a ¼ Kframe

Ktotal
ð1Þ

Three values of a were selected: a = 0.25, where the RC-IMRFs are
more flexible than the bracing-HEDD system, a = 0.50, where the
RC-IMRFs and the bracing-HEDD system have the same elastic lat-
eral stiffness and a = 0.75, where the RC-IMRFs are stiffer than the
bracing-HEDD system.

The second parameter is b, the ratio between the elastic stiff-
ness for the HEDD (KELD, Fig. 6) with respect to the elastic lateral
stiffness of the supporting chevron braces (Kdiag):

b ¼ KELD

Kdiag
ð2Þ

Four values of b were chosen: b = 1.0, b = 0.75, b = 0.50 and b = 0.25.
When b = 1.0 the stiffness of the bracing and the HEDD is the same
(typical of BRBs). When b < 1.0, the HEDD is more flexible than the
bracing supporting system, a desirable condition for most HEDD
mounted in chevron bracing such as ADAS or TADAS devices. It is
worth mentioning that some old RC buildings with IMRFs retro-
fitted in Mexico City with ADAS devices mounted on chevron brac-
ing used the following range 0.25 6 b 6 0.50 [30].

Finally, post to pre yielding stiffness ratios for the HEDD (K2/
K1 = K2/KELD, Fig. 5) of 0.0 (elastic–perfectly plastic), 0.03 and 0.05
were considered. Many researchers and practicing engineers often
idealize HEDD as bilinear, elastic–perfectly-plastic. Nevertheless, it
can be observed from experimental studies available in the litera-
ture that most HEDD develop a secondary stiffness different from
zero [12,31,32]. Important differences in peak structural responses
may be obtained considering a secondary stiffness different from
zero with respect to an elastic–perfectly-plastic idealization for
the HEDD for large ductility demands, as suggested in a previous
parametric study [28].

A schematic tree diagram is depicted in Fig. 7 to summarize the
described parametric study which it is reported in detail in
Nangullasmú [29]. It can be deducted from Fig. 7 that for each
height and h angle there are 36 different models or combinations
of parameters a, b, and K2/KELD; therefore, there are 180 different
models for each h angle. Then, 360 different models were rigor-
ously designed according to code guidelines and analyzed to
perform this parametric study.

4. General design procedure

All models were designed using a procedure based upon the ini-
tial lateral elastic stiffnesses of the resisting elements. For the para-
metric study, a design base shear V of 10% of the total weight (W)
for each structure was used (V/W = 0.10). The target (objective)
maximum local displacement ductility (l) for all hysteretic energy
dissipation was assumed to be 10 (l = 10), independently of their
location along the building height.



Fig. 7. Schematic tree diagram to identify the models studied by Nangullasmú [28].
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The design procedure is reported in detail elsewhere [29,33],
but it can be summarized as follows:

1. Define the design base shear. For this parametric study it
was defined as V/W = 0.10, but for a code-oriented design
procedure, it should be obtained using the procedures out-
lined by the code (this is, from the design spectrum).

2. Define the elastic lateral stiffness balance a that the moment
frame is going to take (in this study a = 0.25, a = 0.5 and
a = 0.75), and from there obtain the lateral stiffness that
the bracing-hysteretic device system should provide:
Kframe ¼ aKtotal ð3Þ

Kbracing-dissipator ¼ ð1� aÞKtotal ð4Þ

It is worth noting that it is convenient to try to keep constant
this a balance over the entire building height, provided that
small variations would occur when selecting final design sec-
tions and typifying cross sections.
3. Define the design base shear that the moment frame should

resist behaving essentially elastic in absence of the bracing-
hysteretic device system:
Vframe ¼ aV ð5Þ

using this base shear and the static method, equivalent lateral
seismic forces can be defined.
4. Develop an analytical model for the moment frame for the

preliminary design of beams and columns in absence of
the bracing-hysteretic device system, using the obtained lat-
eral loads and including the vertical loads. The frame must
comply with serviceability state limits under vertical loads,
but not yet for lateral loads.

5. Once the frame sections have been pre-designed, the lateral
stiffness for the moment frame (Kframe) could be assessed
using any recognized method already available in the litera-
ture. For simplicity, in this work Wilbuŕs formula was
selected. Assuming that all stories have the same height h
and all beams have the same length l, for the first story
under a fixed-based condition:
Kframe ¼
24E

h3 2Pncol

i¼1
Ici

þ 1
h
l

Pnbeam

j¼1
Ibjþ 1

12

Pncol

i¼1
Ici

 ! ð6Þ
where E is Young’s modulus for the frame elements, Ici, Ibj, ncol
and nbeam are respectively the moments of inertia of column
i, the moment of inertia of beam j, the number of columns and
the number of beams in the first story respectively. For an
intermediate story of interest k, under similar assumptions,
Wilbuŕs formula can be reduced as:

Kframe ¼
24E

h3 2Pncol

i¼1
Ici

þ 1
h
l

Pnbeam

j¼1
Ibjk�1

þ 1
h
l

Pnbeam

j¼1
Ibjk

 ! ð7Þ

6. The horizontal and vertical distribution of the proposed
braced-energy dissipation system should be as uniform as
possible. From Eq. (5) it should be determined the lateral
stiffness and strength for the bracing-hysteretic device sys-
tem for preliminary design purposes, then:
Kbracing-dissipator ¼ 1� að ÞKtotal ¼ nKeq ð8Þ

where n is the number of braces required to mount the hys-
teretic energy dissipation devices, Keq is the stiffness of an
equivalent axial element that takes into account the elastic stiff-
ness for the bracing (Kbracing) and the effective stiffness of the
hysteretic energy dissipation device at the objective maximum
local displacement ductility l, KEFD (Fig. 6). For symmetric chev-
ron bracing with an angle of inclination h with respect to a hori-
zontal plane:

1
Keq
¼ 1

Kbracing
þ 2 cos2 h

KEFD
ð9Þ

where

Kbracing ¼
EbracingAbracing

Lbracing
cos2 h ð10Þ

KEFD ¼
KELD þ K2ðl� 1Þ

l
ð11Þ

where KEFD, KELD, K2 and l are completely defined in Fig. 6 (bilin-
ear model). In this study, three different values were chosen for
K2: K2 = 0, K2 = 0.03KELD y K2 = 0.05KELD. It can be demonstrated
that from Eqs. (2), (9) and (11) that:

Keq ¼
bKbracing þ K2ðl� 1Þ
bþ 2l cos2 hþ K2ðl�1Þ

Kbracing

ð12Þ
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A decision should be made about the objective values for l and
b. As explained before, in this parametric study it was assumed
that l = 10 for all HEDD and b = 1.0, b = 0.75, b = 0.5 and b = 0.25.
Based upon these assumptions, the required elastic stiffnesses
for the bracing and the hysteretic dissipaters were assessed.
On the other hand, the bracing-hysteretic energy dissipation
system should provide the following lateral strength at the first
yielding of the energy dissipator:

Vbracing-dissipator ¼ 1� að ÞV ¼ nVuB�D ð13Þ

where VuB�D is the shear strength that each equivalent axial ele-
ment representing the bracing-hysteretic energy dissipation
device system should supply. This shear strength depends on
the maximum force Fu of the energy dissipation device at the
objective displacement ductility l (Fig. 6). Therefore, under a
chevron bracing mounting, it can be determined that for each
hysteretic passive energy dissipation device:

Fu ¼ 2VuB�D ð14Þ

From the primary bilinear curve (Fig. 6), Fu can also be assessed
as:

Fu ¼ KEFDlDy ð15Þ

Therefore, once Fu has been determined, the yield displacement
for each hysteretic energy dissipation device can be calculated
as:

Dy ¼
Fu

lKEFD
ð16Þ

With this information, one can define the dimensions of any
hysteretic energy dissipation device using expressions already
available in the literature [1,12,16–18,31,32,34]. However, it is
worth noting that, for this general parametric study, theoretical
balances were used, as it was not the purpose of this study to
evaluate a particular hysteretic passive energy dissipation
device.
It also worth noting that for the design of the braces is not only
important to assess the required stiffness (Eq. (10)), but to war-
rant that they will remain elastic when the hysteretic energy
dissipation devices would develop their maximum displace-
ment ductility l. Therefore, the maximum axial load that each
brace would carry is:

Pbracing �
Fu

2 cos h
ð17Þ

Then, since axial compression often controls the design of brac-
ing, then the bracing should be designed to have a reasonable
safety factor for buckling. In this study a minimum factor of
safety of 1.5 was used, as described in detail in Nangullasmú
[29]. Therefore, the bracing design is performed by satisfying
simultaneously Eqs. (10) and (17), and this may require an itera-
tive procedure.
7. Once the preliminary design for all members has been done,

an ad-hoc elastic analytical model for the whole building is
built, using the equivalent secant stiffness KEFD at the objec-
tive ductility l for the hysteretic energy dissipator (Eq. (11),
Fig. 6), that should be analyzed again under vertical loads
and the lateral load distribution corresponding to the design
base-shear (V/W = 0.10 in our study). All elements should be
revised for strength and deformation again in the described
sequence below.

8. Hysteretic energy dissipators: As in this parametric study it
was assumed that all HEDD ideally are capable of taking
their load share while developing the target ductility
l = 10 and no specific HEDDs are being designed (for exam-
ple ADAS, TADAS, BRBs, etc.) then, this was fulfilled without
any iteration. However, for a given HEDD of interest, dimen-
sions are defined in terms of their required lateral stiffness
and yield strength. For example, in ADAS elements one
should proposed the height, the plate thickness and the
required number of plates, knowing l, Fu, Dy and KEFD.

9. Steel braces: Once there is a preliminary design for the HEDD,
steel braces should be reviewed to carry the axial loads
obtained from the refined analysis while satisfying the mini-
mum factor of safety for buckling of 1.5. In case that the
braces do not satisfy this requirement, one should propose
newer brace sections that would satisfy this requirement
and return to step 7. If the requirement is satisfied, then
continue.

10. RC beams: Using the bending moments and shear forces from
the analysis considering all required load combinations, RC
beams are designed according to the reinforced concrete
code guidelines of interest (for example, NTCC-2004 [35]
or ACI-318 [36] codes) for IMRFs. In case that beams do
not fulfill all requirements, one should proposed newer
beam sections and then return to step 7. Otherwise, the
design procedure should continue.

11. RC columns: They should be designed for combined bending,
axial loads and shear forces from the analysis considering all
required load combinations according to the reinforced con-
crete code guidelines of interest for IMRFs. It is worth noting
that in order to define the critical axial load for design, the fol-
lowing criteria was used: (a) axial loads from analyses and, (b)
the axial load that the column should carry for gravitational
loads only plus the maximum axial load transmitted by the
braces above if all of them would be able to develop their
nominal buckling load. In order to review the strong column
weak-beam, it should be checked that at the joint,
RMc P gRMg, where RMc and RMg are respectively the sum
of the unfactored nominal design moments for columns and
beams at the joint, where g = 1.5 for NTCC-2004 [35] (ACI-
318 [36] specifies g = 1.2). In the event that some columns
do not fulfill all requirements, one should proposed newer
column sections that would satisfy all requirement and then
return to step 7. If requirements are satisfied, then continue.

12. Connections: Beam-column-brace joints should fulfill code
requirements for IMRFs and IMRBFs. If they do not satisfy
a requirement, newer sections (columns and/or beams
usually) should be proposed and then return to step 7.
Otherwise, the design procedure should continue.

13. As strength and detailing requirements are already satisfied,
it should be reviewed that the final stiffness balances (a and
b) would be close to initial assumptions over the building
height, particularly if many cross sections were modified in
the design process (steps 8–12). These could be done in sev-
eral ways using the final analytical model, or using Wilbuŕs
formula.

14. The whole structure should also be revised to satisfy with
lateral deformations limit states according to code guide-
lines or other performance objectives. In this parametric
study no limits were defined, as one of the purposes of this
research is to assess how these limits should be in order to
obtain a suitable mechanism according to the fuse design
concept. However, for a fully code-designed structure, if
the final designed building does not satisfy limit states for
lateral deformations, it would mean that the building is
more flexible than what the code is allowing. Therefore, a
stiffer structure needs to be designed. A practical solution
is to increase the stiffness of the bracing-HEDD system; this
is, to propose a smaller a parameter. There are some
possibilities to achieve this goal: (a) reduce the target ductil-
ity demand for the HEDD (in this case, propose l < 10), (b)



Fig. 8. Schematic color intensity scale for the inelastic responses of the assessed
moment-normalized curvature curves for beams and columns.
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increase the elastic stiffness for the HEDD (increase b) or, (c)
increase the cross sections for the braces (increase Kbracing).
After taking a decision on this regard, one should return
again to step 7. If step 14 is fulfilled, the design procedure
is over.

5. Nonlinear static analyses

Nonlinear static analyses (pushover) were conducted for each
model under study. All elements (columns, beams, braces and
HEDDs) were modeled to monitor the possibility of developing a
nonlinear behavior, as described in detail elsewhere [29]. The non-
linear bilinear behavior of the HEDDs was modeled by equivalent
beam-column elements connected to the chevron braces and
beams, according to a previously validated procedure which is out-
lined in detail elsewhere [34]. P–D effects were considered in the
analyses. For simplicity, lateral load distribution profiles based
upon the first mode of vibration were used in the pushover analy-
sis. This was done to have a general framework of comparison,
taken into account that: (a) building height ranges from 5 to 25
stories, (b) the modal mass associated to the fundamental mode
is higher than 60% for most buildings and, (c) for similar buildings,
it was demonstrated [37,38] that modal pushover analysis is not a
suitable method to determine average global design parameters for
the structural system of interest. In addition, for this system and
for the purpose of assessing global design parameters only, higher
mode effects were found to have a reduced impact in assessing
peak lateral drifts even for the upper stories, where larger differ-
ences are expected when comparing the results obtained with
pushover analyses based upon the fundamental mode with those
obtained with modal pushover analyses as presented in the litera-
ture [39,40]. Of course, higher mode effects are very important in
the nonlinear dynamic response of multi-story and very tall build-
ings, something which it is out of the scope of the present study.

The main results obtained from nonlinear static analyses were:
(a) normalized story and global lateral shear vs drift curves (V/W vs
D) and, (b) yielding mapping corresponding to the load step where
the collapse mechanism was formed. From the story and global
shear vs drift curves the following information was obtained: (a)
Overstrength factors (X), (b) ductility reduction factors (Q), (c)
apparent peak story and global ductility capacities, (d) equivalent
story drift at yielding (Dy), (e) peak story drifts (Dmax). The
obtained results for the 360 models are reported and discussed
in greater detail in Nangullasmú [29].

6. Mappings of the intensity of inelastic responses

A hot color scale was defined to highlight the inelastic demands
of all structural elements (i.e., Table 2 and Fig. 8). No color identi-
fies an elastic response. A yellow color identifies nonlinear
response after yielding and up to a reparable damage state for con-
ventional structural elements (///u 6 0.25), and for HEDDs
1 < l < 6. Orange is used for moderate nonlinear responses for
Table 2
Color intensity scale used for the HEDD.

Color Ductility demand

10 < l 6 12

8 < l 6 10

6 < l 6 8

2 < l 6 6

Elastic
conventional structural elements (0.25 < ///u 6 0.5) and for
HEDD 6 < l < 8. Red is used for important nonlinear responses for
conventional structural elements (up to peak response,
0.5 < ///u 6 0.75) and for HEDD 8 < l < 10. Brown is used for non-
linear response on the descending branch of moment–curvature
curves for conventional structural elements (0.75 < ///u 6 1.0)
and for HEDD 10 < l < 12. Although the inelastic behavior of braces
was considered in all studied models, all braces for all studied
models remained elastic during the performed pushover analyses,
so there was no need to identify a color scale for inelastic axial
extensions or bucking shortenings.

To help illustrate the impact of the postyielding stiffness K2, the
final yielding mappings for the 10-story models where h = 45�,
a = 0.25 and b = 0.25 are depicted in Fig. 9. It can be observed that
as K2 increases, the inelastic action also increases, in terms of the
hot colors scale. In fact, the plastic rotations in the left perimeter
columns increases, as a consequence that higher axial forces are
transmitted by the braces. Although the yielding sequence sug-
gests that the desired collapse mechanism can be formed, the
major problem is that if high displacement ductility demands (l)
are allowed for the HEDD, important plastic rotations could be
developed in the perimeter columns if the bilinear behavior
observed in the HEDD in experiments is taken into account, then
leading to an undesirable condition.

To help illustrate the impact on b, the ratio between the elastic
stiffness for the HEDD with respect to the elastic lateral stiffness of
the supporting chevron braces (Kdiag), the final yielding mappings
for the 5-story models where h = 45�, a = 0.25 and K2 = 0.05KELD

are depicted in Fig. 10. A general tendency observed in most of
the studied models is illustrated in this figure, where the inelastic
response of the HEDD (in terms of l) increases as b decreases, this
is, HEDDs tend to become more efficient a b decreases. However,
for large l values, the members of the frame (beams and columns)
also experience important inelastic rotations, particularly in mod-
els with ten or more stories.

The impact of a, the ratio between the elastic lateral stiffness for
the frame (Kframe) with respect to the lateral stiffness of the whole
frame-bracing-HEDD system (Ktotal) is that as a increases, the
inelastic response of the moment frame increases and therefore,
damage is concentrated more in beams and columns (not shown).

In following sections it will be shown and discussed only the
models which inelastic action is closer to the initial design
assumptions for each height under study, this is, those frame mod-
els where the HEDD mostly concentrate the inelastic deformations
by developing high ductility demands whereas the yielding of
beams and columns is much smaller, particularly in columns.



(a) (b)K2=0 K2=0.03KELD (c) K2=0.05KELD
Fig. 9. Inelastic demands mapping for 10-story models where h = 45�, a = 0.25 and b = 0.25.

(a) β=1.0 (b) β=0.75

(c) β=0.50 (d) β=0.25

Fig. 10. Inelastic demands mapping for 5-story models where h = 45�, a = 0.25 and K2 = 0.05KELD.

(a) α=0.25 (b) α=0.50 (c) α=0.75 

Fig. 11. Inelastic demands mapping for 5-story models where h = 40�, b = 0.25 and K2 = 0.05KDDE.
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6.1. Lowrise models (5-story models)

The final yielding mappings for the 5-story models where
b = 0.25 and K2 = 0.05KELD for different values of a are depicted in
Figs. 11 and 12 when h = 40� and h = 45� respectively. It can be
observed (taking into account the described color scales) that most
of the inelastic action is concentrated in the HEDD, where impor-
tant ductility demands are developed. For the frame elements,
incipient yielding is mostly observed at beams ends. Yielding of
the first story columns at their base are developed as a conse-
quence of the fixed-base assumption. From the viewpoint that a
suitable mechanism in a structure with HEDD is achieved when
the hysteretic devices yield first and develop their maximum local
displacement ductility l, whereas in the moment frame incipient
yielding (if any) is only formed at the beam ends, the closest result
is obtained when a = 0.25, b = 0.25, h = 40� and K2 = 0.05KELD
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(Fig. 11a). No important differences are observed in the yielding
mechanisms for this story height with respect to the angle of incli-
nation h of the chevron braces (Figs. 11 and 12).

To complete the picture, the displacement ductility demands
(l) for the HEDDs of the models depicted in Figs. 11 and 12 are pre-
sented in Figs. 13 and 14 for the different K2/KELD ratios under
study. In these figures, the vertical dotted lines highlight the duc-
tility range where the performance of the HEDDs could be consid-
ered efficient (8 6 l 6 12). It is observed from the results depicted
in Figs. 13 and 14 that the post-yielding stiffness K2 of the HEDDs is
an important parameter for the global performance of the structure
and the HEDDs themselves. In general, as K2 increases, the ductility
developed by the HEDDs also tends to increase. In fact, it is
observed that for an elastic perfectly-plastic assumption (K2 = 0),
the HEDDs do not achieve the target ductilities for an efficient per-
formance. As a matter of fact, as b decreases, the differences
between elastic perfectly-plastic (K2 = 0) and others (K2 – 0) bilin-
ear behaviors for the HEDDs increases (not shown, Nangullasmú
[29]). However, a similar behavior is observed for the bilinear
(a) α=0.25 (b) α=0.

Fig. 12. Inelastic demands mapping for 5-story mo

(a) α=0.25 (b) α=

Fig. 13. Ductility demands (l) for the HEDD for

(a) α=0.25 (b) α=

Fig. 14. Ductility demands (l) for the HEDD for
models under study (K2 = 0.03KELD and K2 = 0.05KELD), this is, no
important differences are observed.

Why the ductility demands increases for the HEDD as K2

increases? The reason is that since K2 is being directly taken in
the design procedure (Eq. (11), Fig. 6), although elastic–perfectly
plastic (K2 = 0) and the other bilinear isolators (K2 – 0) are
designed to provide the same ultimate maximum force Fu (Eq.
(15), Fig. 6), it can be observed from Fig 6 that the yielding force
Fy for the other bilinear isolators (K2 – 0) is smaller than for the
elastic–perfectly plastic isolators (K2 = 0), so bilinear isolators with
K2–0 ended working first in the inelastic range than elastic–per-
fectly-plastic isolators.

It is not uncommon to find out in the literature recommenda-
tions based upon the assessment (maximization, minimization)
for a single design parameter without looking at the same time
to other parameters or the overall performance for the structure.
It is worth noting that this practice does not warrant taking good
design decisions. For example, from an ‘‘efficient’’ design view-
point, it is tempting to design for the largest ductility demands
50 (c) α=0.75

dels where h = 45�, b = 0.25 and K2 = 0.05KDDE.

0.50 (c) α=0.75

5-story models where h = 40� and b = 0.25.

0.50 (c) α=0.75

5-story models where h = 45� and b = 0.25.
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(l) in most HEDDs in most stories, if possible. Therefore, looking
only at the information depicted in Figs. 13 and 14, one may
conclude that the best combination of structural parameters are
obtained when a = 0.75, b = 0.25 and K2 = 0.05KELD

(Figs. 13c and 14c). However, it is also observed in Figs. 11 and
12 that for such combination of parameters, the inelastic response
of beams and columns increases (Figs. 11c and 12c) with respect to
other values of a that lead to a more reduced inelastic behavior for
beams and columns (for example, a = 0.25, Figs. 11a and 12a).
Perhaps the inelastic yielding developed mostly in beams for the
models where a = 0.75 (Figs. 11c and 12c) is still acceptable for
a) α=0.25, β=0.75, θ=40° b) α=0.25, β=0.50, θ=45°( (

Fig. 15. Inelastic demands mapping for 10-stor

a) α=0.50, β=0.50, θ=40° b) α=0.50, β=0.75, θ=45°((

Fig. 16. Inelastic demands mapping for 20-stor
the 5-story models. However, for taller models, allowing such high
ductility demands for the bilinear HEDDs may lead to important
yielding in some columns, that it is not acceptable, as it is briefly
illustrated in following sections and in detail in Nangullasmú [29].

6.2. Medium-rise models (10-story and 15-story models)

In general, some differences are observed in the inelastic
demand mappings for the 10 and 15 story models when h varies
from 40� to 45�. The models with closer correlation with the origi-
nal design assumptions are depicted in Fig. 15. The inelastic
c) α=0.25, β=0.75, θ=40° d) α=0.25, β=0.50, θ=45°( (

y and 15-story models when K2 = 0.05KDDE.

c) α=0.50, β=0.50, θ=40° d) α=0.50, β=0.75, θ=45°((

y and 25-story models when K2 = 0.05KDDE.



Table 3
Best a and b stiffness balances for the models under study.

STORIES H/L h (�) a b

5 0.53 40 0.25 0.50
0.63 45 0.25 0.50

10 1.05 40 0.25 0.75
1.25 45 0.25 0.50

15 1.58 40 0.25 0.75
1.88 45 0.25 0.50

20 2.10 40 0.50 0.50
2.50 45 0.50 0.75

25 2.63 40 0.50 0.50
3.13 45 0.50 0.75
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demand mappings when h = 40�, a = 0.25 and b = 0.75 are shown in
Fig. 15a and c for the 10-story and the 15-story models respec-
tively. In such figures it can be observed that more than 60% of
the HEDDs develop reasonably large ductility demands (in agree-
ment with the original design hypothesis), but the HEDDs at the
top level do not yield. Most beams develop incipient yielding in
reasonable bounds; however, left exterior columns experience
important plastic rotations primarily at the intermediate levels,
which it is not a satisfactory performance according to the original
design assumptions. When h = 45� (taller models), the closer per-
formances with respect to the design assumptions are obtained
when a = 0.25 and b = 0.50, as shown in Fig. 15b and d for the
10-story and 15-story models respectively. For practical purposes,
the inelastic demands mappings are similar with respect to those
discussed when h = 40� (Fig. 15a and c). However, the difference
is that a smaller stiffness for the HEDDs is needed (smaller b), as
b reduced from 0.75 to 0.5.
6.3. 20-story and 25-story models

Similarly to what it was observed for the 10-story and 15-story
models, some small differences are observed in the inelastic
demand mappings for the 20 and 25 story models when h varies
from 40� to 45�. The models with closer correlation with the origi-
nal design assumptions are depicted in Fig. 16, and for h = 40� are
obtained when a = 0.50 and b = 0.50 (Fig. 16a and c) for the 20-
story and the 25-story models respectively, whereas for h = 45�
are obtained when a = 0.50 and b = 0.75 (Fig. 16b and d). From
these figures it is worth noting that the HEDDs only develop duc-
tility demands according to the design assumptions primarily at
the intermediate levels (about 60% of the HEDDs), as ductility
demands at the bottom stories are relatively low and at the upper
stories are also small or even elastic behaviors are obtained.
Inelastic deformations in beams and columns are also concentrated
primarily at the intermediate levels. The reason why the plastic
hinges shifted away from the bottom stories is that relatively
stronger frames (wider sections) at those stories were obtained
as a consequence that the design a parameter increased from
0.25 to 0.50. Most beams developed a satisfactory performance
with a reduced or incipient yielding. However, left exterior col-
umns at the intermediate levels experienced important plastic
rotations, which it is not desirable.
7. Assessment of global design parameters

Once all inelastic demand mappings and their relation with the
ductility demand curves for the HEDDs (i.e., Figs. 13 and 14) for all
the studied models were carefully analyzed, the information
obtained from pushover analyses was used to carefully assess glo-
bal design parameters, as briefly discussed in following sections.
Fig. 17. Idealized bilinear shear vs drift curves (story and global) from pushover
analyses. Global design parameters Q and X are assessed from the global base shear
vs global drift curve.
7.1. Best stiffness ratios

Based upon the observation of the inelastic demand mappings
and the ductility demand graphs for the HEDDs (i.e., Figs. 13 and
14), apparently ‘‘better’’ or ‘‘best’’ a and b stiffness ratios were
defined, as summarized in Table 3.

It can be concluded that for the geometry and the stories under
study, in order to obtain a design close to the structural fuse con-
cept, it is desirable that the elastic stiffness of the HEDDs should be
50% or a bit more the elastic stiffness of the supporting braces, that
is, 0.5 6 b 6 0.75. These limited range value for b is a direct conse-
quence of the non-ductile detailing (and behavior) for beams and
columns, as for large l values for the HEDDs, beam columns
experience important inelastic rotations. That is why smaller val-
ues for b cannot be recommended, as l increases as b decreases.

With respect to the stiffness parameter a, it can be observed
that for models up to 15 stories or models that are not very slender
(H/L < 2), the most efficient system is obtained when the elastic lat-
eral stiffness for the frame is 25% the lateral stiffness for the com-
plete system (a = 0.25), in other words, the bracing-HEDD system
is stiffer than the frame alone. However, as frames become taller
(20 and 25 stories) and/or their slenderness ratio increases (H/
L > 2), it is required that the lateral stiffness for the frames
increases with respect to the one for the bracing-HEDD system,
this is, that a increases and, hence, stiffer frames and more flexible
bracing-HEDD systems have to be designed. Again, the limited
range value for a is also related to the non-ductile detailing for
beams and columns.

7.2. Story drifts

Story drifts related to the first yielding (Dy) and to the limit
state described before (Du) for the complete system were assessed
from idealized bilinear story shear vs story drift curves from push-
over analyses (for example, Fig. 17) and they are reported in detail
in Nangullasmú [29]. It was observed that Du increases as: (a) the
HEDDs are more flexible (b decreases) and, (b) the postyielding
stiffness (K2) of the HEDDs increases.

In order to define story drift for design purposes, Dy and Du

envelopes for the ‘‘best’’ stiffness ratios identified in Table 3 were



Table 4
Recommended values of the structural parameters when h = 40�.
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assessed. The envelopes obtained for the best stiffness balances for
the 5-story, 15-story and 25-story models when h = 45� and
K2 = 0.05KELD are depicted in Fig. 18. Peak drift values were
obtained at the stories where the HEDDs developed their higher
ductilities. It can be observed from Fig. 18 that for low and medium
rise models (5–15 stories), Du varied from 0.013 to 0.022 (1.3–2.2%
drift); the highest Du value was obtained for the 5-story model
(Fig. 18a). Also, for the 5–15 story models, Dy varied from 0.002
to 0.004. For the taller and/or slender models (20 and 25 stories),
Du varied from 0.012 to 0.015 whereas Dy varied from 0.001 to
0.003. As it can be observed, it might not be wise enough to recom-
mend an average value for Du and Dy, as they also depend on the
combination of the relative stiffness parameters a and b, and there
is not a single combination that defines the best performance for
the models under study.
Table 5
Recommended values of the structural parameters when h = 45�.
7.3. Seismic response modification factor Q

In Mexican codes, Q is defined as the seismic response modifica-
tion factor used in the design that accounts for the deformation
capacity, so it can be obtained from the global base shear vs global
drift idealized bilinear curve as Q = Du/Dy (Fig. 17). Under this def-
inition, Q values were assessed for all models under study. An
important effort was done to synthesize in a compact table format
the best performances of the models under study, taking into
account the desirable mechanism of strong column-weak beam –
strong bracing-weakest HEDD (structural fuse). The results when
h = 40� and h = 45� are reported in Tables 4 and 5, and one may
have a clue of the range of application of the parameters under
study. In Tables 4 and 5 color shades are used in parameters b, l
and Q to identify the following global behavior: (1) no color shade
is used when there is no yielding in frame elements or there are
few incipient yielding in beams, (2) yellow shades identify tolera-
ble yielding in beams and incipient yielding (if any) on few col-
umns and, (3) orange shades are used when inelastic rotations
on beams are important, as well as important inelastic rotations
are formed at both ends of columns at some intermediate levels,
which may lead to local failures and/or soft story responses.

It can be observed from Tables 4 and 5 that the best perfor-
mances are obtained when 0.5 6 b 6 1.0. As stated earlier, as b
decreases, the structural damage (inelastic demand) on beams
and columns increases, as l and Q increases. This is very important,
as abusing on the ductility (l) that HEDDs could develop may lead
to undesirable structural performances. It is also worth noting that
if one uses for design the Q value identified in Tables 4 and 5,
which is associated to the largest ductility demands (l) for the
HEDD considered in this study, in several cases it will be tolerated
incipient damage in beams and in some columns of the IMRFs at
the intermediate levels, which is not 100% in agreement with the
original design philosophy.
a) 5-story, α =0.25, β=0.50 )))  15-story, α=b

Fig. 18. Story drift envelopes for mode
The assessed Q values for the best a and b stiffness balances
identified in Table 3 are shown in Fig. 19. It is observed that the lar-
gest Q values (from 5 to 6.5) are obtained for the models where
a = 0.25, whereas for the models where a = 0.50, Q ranges from 4
to 5.

According to Mexican codes, the largest Q value for the design
of ductile systems is Q = 4. It can be observed in Tables 4 and 5 that
larger values of Q are obtained, particularly for large l demands on
the HEDDs. If one limits Q 6 4, the yielding mappings depicted in
Fig. 20 are obtained for the models with the best balances. It can
be observed that by reducing Q 6 4, the system response is much
closer to what it was assumed in the design and only incipient
yielding of some beams and few columns could develop for an
IMRF. From a code-oriented design viewpoint, this is a desirable
condition, as one can obtain global ductile performances for a
)0.25, β=0.50       c) 25-story, α=0.25, β=0.50

ls where h = 45� and K2 = 0.05KDDE.



θ=45° θ=40°

α=0.25 α=0.25

α=0.50 α=0.50

α=0.75 α=0.75

Fig. 19. Seismic response modification factor Q for the best a and b stiffness balances identified in Table 3.

(a) α =0.25, β=0.50 (b) α =0.25, β=0.50 (c)α =0.25, β=0.50 d)) )α=0.50, β=0.75 e) α=0.50, β=0.75

Fig. 20. Inelastic demands mapping when Q 6 4 and h = 45� and K2 = 0.05KELD.
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non-ductile frame if HEDD are well designed by not abusing of the
maximum ductility demands that they can develop.

7.4. Overstrength

Overstrength factors were assessed as X = Vu/Vdesign (Fig. 17),
where Vu is the maximum base shear developed by the structural
system from pushover analyses and Vdesign is the design base shear
for the models (in all cases Vdesign = 0.10 W in this study). Assessed
overstrength factors for the best balances (i.e., Fig. 20) are depicted
in Fig. 21. For models in the slenderness ratio 0.5 < H/L < 2, the
overstrength factor is X�1.35, and for models where 2 < H/
L < 3.2, X � 1.5.

7.5. Comparison to reference models without HEDDs

In theory, there are two structural systems without HEDDs to
directly compare the proposed design method for RC-IMRFs with
HEDD: (a) code-designed RC-IMRFs alone and, (b) code-designed
RC intermediate moment-resisting braced frames (RC-IMRBFs).

Therefore, in order to compare the proposed structural system
with HEDDs to these two structural systems, which Mexican codes
allow to design, two additional 15-story models were designed
according to current Mexican seismic code guidelines, and assum-
ing the same design base shear VDIS = V/W = 0.10: (a) buildings with
only RC-IMRFs and, (b) buildings with RC-IMRFs with only chevron
braces (RC-IMRBFs) with a = 0.50 and h = 45�.

The obtained results are compared with the best fuse model for
that height and a balance: a = 0.50, b = 0.75, h = 45�, K2 = 0.05KELD.
Pushover analyses were conducted for the resisting frames in the X
direction (Fig. 3). To ease the comparison, results are synthesized
in Figs. 22–24. The final yielding mappings for each system are
shown in Fig. 22, where color codes were explained before. The
limits for the buckling shortening of brace sections were defined
considering equations derived from experimental research and
reported by Kemp [41], as explained in previous research
[27,37,42,43]. Resulting normalized global lateral shear vs drift
curves (V/VDIS vs D) are depicted in Fig. 23. Story drift envelopes
at ultimate are shown in Fig. 24.

From the observation of all these figures it is somewhat clear
that adding metallic fuses substantially improve the performance
of a non-ductile braced framed (RC-IMRBFs) as currently allowed
by Mexican codes, as this system has a very low ductility capacity
(assessed Q = 1.8), considerably smaller than the frame with



θ=45° θ=40°

α=0.25 α=0.25

α=0.50 α=0.50

α=0.75 α=0.75

Fig. 21. Overstrength factor assessed for best balances for the best a and b stiffness balances identified in Table 3.

(a) RC-IMRFs (b) RC-IMRBFs, α=0.50 
θ=45°

(c) α=0.50, β=0.75, θ=45°, 
K2=0.05KELD

Fig. 22. Inelastic demands mapping for the 15-story models under study.

Fig. 23. Normalized global lateral shear vs drift curves for the 15-story models
under study. Fig. 24. Story drift envelopes at ultimate for the 15-story models under study.
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structural fuses (assessed Q = 5.6), although it can develop a rela-
tively higher overstrength, as schematically depicted in Fig. 23.
Besides brace buckling, axialization of some exterior and interior
columns is also observed where sections are changed (Fig. 22b).
As it should be expected, the RC-IMRBF is a rigid system (Fig. 23)
that cannot develop large ultimate drifts (Fig. 24).

In agreement with previous studies [44], RC-IMRFs designed
according to Mexican codes could develop a decent ductility capac-
ity (assessed Q = 3.3). However, the design procedure cannot avoid
that some incipient yielding may trigger in some columns, particu-
larly at the stories where sections are changed (Fig. 22a). However,
this system developed a smaller ductility and overstrength than
the system with structural fuses (Fig. 23) and very large ultimate
drifts are required to have such performance (Fig. 24), as the frame
system alone is more flexible (Fig. 23).

Therefore, from the analysis of the results that are shown, it can
be concluded that for the 15-story models under consideration, the
overall performance for the RC-IMRBFs with HEDD is, in theory, a
better alternative than the reference systems which structural
engineers could currently design under the umbrella of Mexican
building codes. There are already proposed design code values
for global parameters Q and X for these systems in Mexican codes
[2].

8. Concluding remarks

Many observations can be done from the extensive and detailed
parametric study that was conducted and described in this paper,
taking into account that a design base shear V of 10% of the total
weight (W) was considered for all models (V/W = 0.10).

As observed in a previous parametric study using simple mod-
els, the angle of inclination of the chevron braces with respect to
the horizontal axis (h) may be an important variable in the inelastic
response of the studied models, even for a variation as small as 5�.

The postyielding stiffness (K2) of the HEDDs is also important in
the inelastic response of such systems. In general, it was observed
that the displacement ductility demand (l) that the HEDDs
mounted on chevron braces could develop increases as K2

increases, particularly when compared to an elastic–perfectly plas-
tic system (K2 = 0). However, the differences observed between
K2 = 0.03KELD and K2 = 0.05KELD were small. The reason is that since
K2 is being directly taken in the design procedure, although elastic–
perfectly plastic (K2 = 0) and other bilinear HEDD (K2 – 0) are
designed to provide the same ultimate maximum force, the result-
ing yielding force for other bilinear HEDD (K2 – 0) is smaller than
for the elastic–perfectly plastic HEDD (K2 = 0), so other bilinear
HEDD (K2 – 0) ended working first in the inelastic range than elas-
tic–perfectly-plastic HEDD.

As expected, as the initial elastic stiffness of the HEDDs gets
smaller with respect to the elastic stiffness of the chevron bracing
(this is, as b decreases), the ductility (l) that the HEDDs could
develop increases. However, it may also lead to important yielding
in beams and columns. In fact, it was observed that if one selects
very flexible HEDDs (b = 0.25), significant inelastic yielding could
be developed at exterior corner columns at the stories where the
largest values for l are obtained. Therefore, to minimize the dam-
age potential in columns, b P 0.5 according to the studied models.
Also, more complex design equations already proposed in the
literature to take into account the expected variation on axial force
due to the presence of the bracing system (associated to the yield-
ing or buckling of the braces) [43,45] should be explored in future
studies, particularly for the design of slender buildings or medium-
rise buildings.

Taking into account that the desired design mechanism is the
following: strong column-weak beam – strong bracing-weakest
HEDD (structural fuse), the best elastic stiffness ratios between
the moment frame system and the whole structure (a) were
roughly assessed from the inelastic demands mappings. It was
observed that for 5–15 story models a = 0.25, this is, the largest ini-
tial lateral stiffness must be supplied by the bracing-HEDD system.
However, as the models became taller (or slender), a should
increase, this is, frames must provide a larger initial lateral stiffness
(and strength).

It was observed from the inelastic yielding mappings that for
most of the studied models, the HEDDs located at the top stories
do not yield (elastic response). This observation is not uncommon
or new, as it has been reported before in the seismic response of
similar buildings with HEDDs where nonlinear dynamic analyses
have been performed [46,47]. Therefore, for practical and economi-
cal purposes, it is confirmed that in some cases, there is no need to
use HEDDs in the last story.

Story drifts related to the first yielding (Dy) and to the ultimate
limit state (Du) for the complete system were assessed. It was
observed that Du increases as: (a) the HEDDs are more flexible (b
decreases) and, (b) the postyielding stiffness (K2) of the HEDDs
increases. Du varied from 0.013 to 0.022 for 5 to 15 story models
and from 0.012 to 0.015 for 20 to 25 story models. Dy varied from
0.002 to 0.004 for 5 to 15 story models and from 0.001 to 0.003 for
20 to 25 story models. An average value for Du and Dy cannot be
recommended, as they also depend on the combination of relative
stiffness parameters a and b, and there is not a single combination
that defines the best performance for the models under study.

Overstrength factor X tends to increase as a increases (rela-
tively, more participation of the frame). The reason is that whereas
the design of the HEDDs is tight, in frame elements (columns and
beams), there are strength reserves to satisfy the design objective
(strong column-weak beam – strong bracing-weakest HEDD).

The seismic response modification factor Q tends to decrease as
the number of stories or slenderness ratio (H/L) increases.

From the results obtained in the reported study, one can con-
clude that an important global ductility capacity for the whole sys-
tem (Q in terms of Mexican codes) could be achieved for RC-IMRFs
with HEDDs without experiencing important inelastic response in
the frame elements (beams and columns) if: (a) 0.25 6 a 6 0.50,
(b) 0.50 6 b 6 1.0 and, (c) l 6 8, this is, one does not use for design
the maximum displacement ductility that HEDDs could develop
according to experimental studies.

Also, it can also be concluded that for mid-rise buildings (15
stories), the effect of adding HEDDs help improve the overall seis-
mic performance of RC-IMRF with respect to their two main refer-
ence systems: (a) RC-IMRFs only and, (b) RC-IMRFs with chevron
braces (RC-IMRBFs). RC-IMRFs with HEDDs develop higher global
ductilities than the other reference systems. Beside, this larger duc-
tility capacity is directly related to the yielding of the HEDDs
instead of yielding in beams, columns and braces, then satisfying
the structural fuse concept. RC-IMRFs alone require of important
yielding in beams to achieve an important ductility, whereas RC-
IMRBFs cannot achieve important ductilities.

Although the reported parametric study was extensive and
comprehensive, additional studies are needed, for example: (a)
nonlinear dynamic analyses for records typical of soft and firm
soils are needed, (b) the impact of a wider range for the design base
shear (V/W) is also important to assess, (c) other structural detail-
ing (ductile confinement for beams and columns) and its impact to
the global response, (d) the use of more complex design equations
to account for the expected variation on axial force in columns due
to the presence of the bracing system and, (e) other structural sys-
tems (i.e., steel frames, composite frames, special moment-resist-
ing frames). Some of these variables are currently being
evaluated by this research group.
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