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Abstract

A procedure for the structural assessment of the preliminary design of earthquake-resisting structures has been proposed. The reliability-
based procedure takes into account explicitly the maximum and cumulative plastic deformation demands in the earthquake-resistant structure.
Particularly, the procedure verifies that the structure has the capability to control and accommodate the maximum demands of global ductility,
interstory drift and dissipated hysteretic energy (hysteretic energy dissipated through plastic deformation), through the use of: (A) Constant
maximum ductility strength spectra and constant normalized dissipated hysteretic energy strength spectra with uniform annual failure rates; and
(B) Transformation factors that take into account the differences between the response of multi-degree-of-freedom and single-degree-of-freedom
systems. The use of the procedure, which is applicable to regular ductile steel frames that are designed according to the concepts of capacity
design, is illustrated through its application to the structural revision of the preliminary design of an 8-story steel frame.
c© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

As several structures designed according to modern seismic
codes have not exhibited adequate dynamic behavior during
major recent seismic events (e.g., Mexico 1985, Northridge
1994 and Kobe 1995), the international community of structural
engineers is currently attempting to improve seismic design
through the formulation of design methodologies that aim
at damage control through displacement control [1–3]. This
can be illustrated from the recommendations and conclusions
derived from the International Symposium on Seismic Design
Methodologies for the Next Generation of Codes [4],
particularly the following one: “The most suitable approach for
seismic design to achieve the objectives of performance-based
engineering appears to be deformation controlled design.” A
large percentage of current seismic design codes are based on
the use of pseudo-acceleration spectra to estimate the design
lateral strength and lateral stiffness that the earthquake-resistant
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structure requires to control, within acceptable thresholds, its
maximum lateral displacement demand.

In some cases, other parameters may be relevant to seismic
performance. Particularly, experimental and field evidence
suggests that severe cumulative plastic deformation demands
can play an instrumental role in the structural safety of
earthquake-resistant structures [5–8]. The superposition of
the conclusions derived from the analytical and experimental
research with the field evidence gathered after the 1985
Mexican Earthquakes consistently shows that structures
subjected to the narrow-banded motions generated in the
Lake Zone of Mexico City are likely to undergo severe
plastic demands that if not accounted for during design can
lead to unreliable performance [9–13]. Teran and Jirsa [14]
observe that dissipated hysteretic energy demanded by narrow-
banded motions can be three to four times larger than those
corresponding to firm soil. As a consequence, they offer the
following conclusion: “displacement-control seismic design
methodologies seem to provide adequate level of safety for
the design of structures with stable hysteretic behavior and
subjected to “typical” firm soil motions. Nevertheless, the use
of low cycle fatigue models should be considered for the design
of structures exhibiting rapid and excessive deterioration of
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their hysteresis loop, and for any type of structure subjected to
long-duration narrow-banded ground motion.” Several similar
studies carried out worldwide may help to understand why
the following conclusion was reached during the International
Symposium on Seismic Design Methodologies for the Next
Generation of Codes [4]: “Cumulative damage (dissipated
energy) should be particularly considered in design for:
Structures with rapidly deteriorating elements; long-duration
ground motion.” Within this context, it is important to
understand that several soft soil sites worldwide, such as the
Bay Mud of the San Francisco Bay Area, have the potential
to generate narrow-banded motions with very high energy
contents [15].

Although there is no agreement on how energy demands
should be accounted for during seismic design, the experimen-
tal and analytical evidence gathered so far indicates that struc-
tures can be protected from the effect of cumulative plastic de-
mands by limiting their maximum deformation demand during
an earthquake ground motion within a threshold that is signif-
icantly smaller than their ultimate deformation capacity under
unidirectional loading [14,16–18]. In cases like these, seismic
design should be updated to explicitly account for the effect
of the cumulative plastic deformation demands, and thus, in-
directly, for the effect of strong motion duration on structural
performance [12,14,16,17,19,20]. This can be achieved through
the use of damage indexes that explicitly consider the effect
of the cumulative plastic deformation demands [5,10,14,21,22]
or, alternatively, through the use of dissipated hysteretic energy
spectra, as proposed herein.

One way to assess explicitly the effect of cumulative
deformation demands on the level of structural damage is
through energy concepts. The use of energy for this purpose
was initially discussed by Housner [23]. Usually, energy-
based methodologies are aimed to provide the structure
with an energy dissipating capacity that is larger or equal
than the expected energy demand [24,25]. Although some
seismic design approaches have been based exclusively on the
demand–supply balance of dissipated hysteretic energy [26,
27], in some cases the explicit consideration of dissipated
hysteretic energy during seismic design may lead to inadequate
results because this approach does not consider the manner in
which that the energy is dissipated. Thus, a better alternative
for seismic design is to complement the use of dissipated
hysteretic energy with other control requirements, such as those
formulated by current seismic design formats (e.g., maximum
ductility and interstory drift).

Other limitation of current seismic design is that it
does not take explicitly into consideration the reliability
of the earthquake-resistant structure. Besides that, most
seismic regulations worldwide are based on studies carried
out on single-degree-of-freedom (SDOF) systems having
elasto-plastic behavior. In many cases of practical interest,
these regulations do not guarantee a consistent exceedance
level between the SDOF systems used to establish the
design requirements, and the multi-degree-of-freedom (MDOF)
structures designed according to them [28,29]. It should also
be mentioned that design spectra contemplated by current
codes are usually not associated to specific reliability levels
or annual failure rates [30,31], and that degradation of the
mechanical characteristics usually exhibited by structures that
are not considered explicitly.

The aim of this paper is to introduce a reliability-based
evaluation procedure for the assessment, from a structural
point of view, of the preliminary design of steel frames. The
evaluation is carried out within a scope in which the building
has been preliminary designed according to a code format,
and its seismic performance needs to be assessed before the
design can be considered final. The acceptance conditions for
the revision are based on those originally discussed by Collins
et al. [32], which were extended by Rivera and Ruiz [33] to
the design of structures having energy dissipating devices. The
present study adds within this context, the effect of cumulative
deformation demands through the use of constant normalized
dissipated hysteretic energy strength spectra with uniform
annual failure rates.

2. Basic definitions

2.1. Normalized dissipated hysteretic energy

The dissipated hysteretic energy can be defined from the
equation of motion of a SDOF system:

m ẍ(t) + c ẋ(t) + fs(x, ẋ) = −mẍg(t) (1)

where m is the mass of the system; c, the viscous damping
coefficient; fs(x, ẋ), the nonlinear force; ẍ , the ground
acceleration; and x , the displacement with respect to the base
of the system. A dot above x indicates a derivative with respect
to time. In the case of an elastic linear system, fs(x, ẋ) = k x ,
where k is the stiffness of the system.

Integrating each member of Eq. (1) with respect to x , yields:∫
m ẍ(t) dx +

∫
c ẋ(t) dx +

∫
fs(x, ẋ) dx

= −

∫
m ẍg(t) dx (2)

Eq. (2) can be written as an energy balance equation [25]:

EK + ED + ES + EH = E I (3)

where EK , ED , ES and EH represent the kinetic (k), viscous
damping (D), deformation (S) and dissipated hysteretic (H )
energies, respectively; and E I is the relative input energy.
The term directly related to the cumulative plastic deformation
demands is EH .

The dissipated hysteretic energy EH can be interpreted
physically by considering that it is equal to the total area under
all the hysteresis loops a structure undergoes during the ground
motion. Although EH provides a rough idea of the cumulative
plastic deformations demands, this response parameter by itself
does not provide enough information to assess the structural
performance, in such a way that it is convenient to normalize it
as follows:

EN =
EH

Fyδy
(4)
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(a) LA, broad-banded motions. (b) Mexico soft, narrow-banded motions.

Fig. 1. Correlation between maximum ductility and normalized dissipated hysteretic energy.
where Fy and δy are the strength and displacement at first yield,
respectively. For an elasto-perfectly-plastic system subjected
to multiple plastic excursions, EN is the sum of all plastic
displacements reached in the different cycles normalized by δy ,
in such a way that EN is a direct measure of the cumulative
plastic deformation demands. For a system with degrading
hysteretic behavior, EN could be defined to include all plastic
excursions for which the capacity does not degrade to a value
less than a specified fraction of Fy (say 0.75). Such a definition
allows for the rational evaluation of structural damage in
degrading systems.

While several researchers have used EN to develop recom-
mendations for the design and detailing of ductile reinforced
concrete elements [34–36], some design methodologies explic-
itly consider the effect of plastic cycling through energy con-
cepts. Today there are still significantly different approaches to-
wards the formulation of a design representation for the energy
demands. Some researchers suggest that energy spectra can be
formulated and used for design purposes [20,37–39]. Other op-
tions include accounting for cumulative loading in the structure
through indirect measures of the plastic energy [16], and de-
riving the plastic energy demands from other relevant seismic
demands [40].

An issue that needs to be considered carefully when
formulating a design methodology that accounts for the effect
of cumulative plastic deformations is the large correlation
that exists between the dissipated hysteretic energy demand
in structures, and other parameters that are currently used
for their seismic design. For instance, the high levels of
correlation observed by Teran and Jirsa [19] between the
dissipated hysteretic energy demand on a structure and the
strength reduction factor used during its seismic design lead
them to conclude: “if the strength reduction factor is defined in
a transparent and reasonable manner within the code format,
the energy content of the design ground motion is available for
design purposes.”

Other relation that exhibits large values of correlation is
that between the dissipated hysteretic energy and the maximum
ductility demand. On the one hand, some researchers have
considered that the large values observed for this correlation
indicate that displacement-based procedures should be enough
for seismic design (e.g., if the energy demands are closely
correlated to maximum displacement demands, why should
bother considering them explicitly). On the other hand, several
researchers have taken advantage of this high correlation to
formulate design methodologies that are based on the concept
of target ductility [16,17,19,41]. To illustrate some of the
issues that arise from the large correlation that exists between
the energy demands and other relevant design parameters,
Fig. 1 plots normalized dissipated hysteretic energy versus
the square of the maximum ductility demand on the single-
degree-of-freedom systems exhibiting elasto-perfectly-plastic
behavior and 5% critical damping. The energy demands under
consideration in the plot correspond to the mean EN demands
estimated in systems having a period ranging from 0.2 to 5 sec.
Two sets of motions are considered, one of them corresponding
to the Los Angeles (L A) urban area and one corresponding
to Mexico City. The ground motions for L A, established for
the FEMA/SAC Steel Project [42], were grouped in a set of
twenty motions representative of the design earthquake for firm
soil (broad-banded motions) with 10% exceedance in 50 years.
The set of Mexican motions (Mexico Soft) was formed of seven
narrow-banded long-duration ground motions recorded in the
Lake Zone of Mexico City [19]. The Mexico Soft motions were
scaled up in such a way that their peak ground velocity was
equal to that corresponding to the EW component of the motion
recorded at the Secretaria de Comunicaciones y Transportes
during the 1985 Mexican Earthquake.

Although as pointed out in Fig. 1, a large correlation
between the dissipated hysteretic energy demand and the
square of the maximum ductility demand is observed, there
is a significant difference in the dissipated hysteretic energy
demands corresponding to the two sets of motions. In spite of
the large correlation, energy demands cannot be characterized
in a unique manner from the maximum displacement demand,
in such a manner that seismic design cannot be formulated
in similar terms for broad and narrow-banded motions. While
Fajfar [16] has discussed the possibility of using the high
correlation shown in Fig. 1 to estimate a reduced maximum
displacement threshold that accounts for cumulative plastic
deformation demands, several researchers have found that the
conservatism usually associated to displacement-based formats
is large enough to promote adequate seismic performance
of ductile structures subjected to broad-banded motions.
Nevertheless, Teran and Jirsa [14] suggest that the reduction
in displacement thresholds due to the large energy demands
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Fig. 2. Estimation of normalized hysteretic energy.

illustrated in Fig. 1(b) is large enough as to offset the
conservatism associated to displacement-based approaches.
Owing to this, several researchers have formulated energy-
based methods that take into consideration reduced maximum
displacement thresholds [16,17,19,41].

2.2. Normalized dissipated hysteretic energy spectrum with
UAFR

A normalized dissipated hysteretic energy spectrum asso-
ciated to particular values of EN and of uniform annual fail-
ure rate (UAFR) is defined so that the lateral strength of a
SDOF system with vibration period T is such that the system is
able to control its normalized dissipated hysteretic energy de-
mand (ENr1), within the threshold value of EN , according to
the annual failure rate associated to the spectra. As illustrated
in Fig. 2, the ordinates of a normalized dissipated hysteretic
energy spectrum correspond to strength (pseudo-acceleration,
Sa). The algorithm to obtain a UAFR normalized dissipated
hysteretic energy spectrum is similar to that used in obtaining a
UAFR constant maximum ductility strength spectra, except that
instead of controlling the maximum ductility demand, the for-
mer type of spectra focuses in controlling the cumulative duc-
tility demand. Rivera and Ruiz [33] discuss in detail the formu-
lation of UAFR constant maximum ductility strength spectra.

2.3. Normalized dissipated hysteretic energy capacity of the
structure

In this study the normalized dissipated hysteretic energy
capacity of a structure is defined as:

ENCG =
EHG

C y G DyG W
(5)

where EHG is the dissipated hysteretic energy capacity
of the structure at the global level; DyG and CyG , the
global displacement and global seismic coefficient at yield,
respectively (see Fig. 3); and W , the total weight of the
structure. The seismic coefficient is defined as the base shear
of the structure normalized by W .

In order to evaluate the dissipated hysteretic energy
structural capacity of a regular steel frame designed
according to the principles of capacity design, the following
simplifications can be considered [43]: (A) Plastic behavior
tends to concentrate in its beams (the structure has been
Fig. 3. Estimation of the actual seismic coefficient at yield.

Fig. 4. Energy participation factor through height.

designed according to a strong column-weak beam approach;
and (B) The level of energy dissipated in all the beams located
at 1 story is similar. The dissipated hysteretic energy capacity of
a frame can be approximated through the sum of the dissipated
hysteretic energy capacity of all its beams. Nevertheless, not
all the beams in a frame develop their full hysteretic energy
dissipating capacity during the ground motion, in such a manner
that it is necessary to consider the contribution of each beam.
If, as stated before, the level of dissipated hysteretic energy in
the beams of a story is similar, it is sufficient to consider the
participation of each story to the global dissipated hysteretic
energy mechanism. Herein, a story energy participation factor
is used (FEH). While Fig. 4 illustrates the concept, Appendix A
discusses it in detail. Note that the maximum value for the
participation factor is 1 for the stories that contribute with
all their dissipated hysteretic energy capacity to the global
capacity of the structure. According to the above, the dissipated
hysteretic energy capacity of a frame can be established as:

ENCG =

N P∑
i=1

(E H i FEHi )

CyG DyG W
(6)

where NP is the number of stories in the building; E H i , the
dissipated hysteretic energy capacity of the i th story; and FEHi ,
its corresponding energy participation factor.

Evaluating the dissipated hysteretic energy capacity of
structural elements in a rigorous way is a difficult task. In
this study, the dissipated hysteretic energy capacity of steel
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elements having a W section will be established as [26]:

EHe = 2 Mp θpa = 2 Z f Fyθpa (7)

where Z f is the section modulus of the flanges, Fy is the yield
stress, and θpa is the cumulative plastic rotation capacity of the
structural element.

Substituting Eq. (7) into Eq. (6):

ENCG =

N P∑
i=1

(2 NC Z f Fyθpa FEHi )

CyG DyG W
(8)

where NC is the number of bays in the frame.

3. Performance-based numerical seismic design

A numerical performance-based methodology requires that
the response of the structural and nonstructural members be
checked against threshold levels established as a function of
the required seismic performance. Recently proposed design
methodologies contemplate this check at three different steps:

(a) Global Pre-design. Quick and reasonable estimates of
global seismic demands should be established and checked
against global threshold levels. Within this context, the
judicious use of response spectra provides information that
allows the determination of a set of global mechanical
characteristics (base shear, period of vibration, damping
coefficient, and ultimate deformation capacity) that can
adequately control and accommodate, within technical and
cost constraints, the global response of the structure.

(b) Preliminary Local Design. Once the global mechanical
characteristics have been determined, it is necessary to
establish the structural properties and detailing at the local
level. This step contemplates the analyses of complex
analytical models of the structure, to obtain design
information for the sizing, strength design and detailing of
the structural elements.

(c) Revision of the Preliminary Design. Some recommenda-
tions have been formulated for the revision of the prelimi-
nary design through a series of dynamic structural analyses
that address the global and local performance of the struc-
ture.

Within the context of performance-based design, the structural
properties should be provided in such a way that, within
technical and cost constraints, the structure is capable
of controlling and accommodating adequately its dynamic
response. Several authors have identified the importance of the
Global Pre-design and Preliminary Local Design, and several
methodologies have been offered to address these two steps [3,
41]. Krawinkler and Nassar [20] and Teran and Simon [39]
have offered design methodologies that address these two steps
and take into consideration the control of the maximum and
cumulative displacement demands.

The evaluation procedure introduced herein focuses on the
Revision of the Preliminary Design step. In this sense, the
procedure is more an assessment tool than a design tool.
As suggested before, the Revision of the Preliminary Design
should consider the dynamic response of the structure, and
check that this response does not exceed response thresholds
established as a function of what is considered acceptable
performance. To accomplish this, full-blown nonlinear time
history analysis of the structure are required. Nevertheless,
simple procedures have been established for structural
assessment. For instance, the requirements included in FEMA
273 [44] evaluate the expected performance of the structure
through combining a pushover analysis (nonlinear static
analysis) and an estimate of the roof displacement of the
structure derived from displacement spectra and a SDOF to
MDOF transformation factor.

The procedure introduced herein follows a similar approach
than the one contemplated by FEMA 273, in the sense that
the evaluation approach is based on complementing a pushover
analysis with estimates of the dynamic response of the structure
derived from response spectra. Nevertheless, the proposed
procedure does not only contemplate the maximum lateral
displacement of the structure, but its maximum and cumulative
plastic deformation demands and the reliability of the structure.
To make this possible, the procedure contemplates two hazard
curves; two different types of UAFR spectra (maximum
ductility spectra and normalized dissipated hysteretic energy
spectra); and three SDOF to MDOF transformation factors (one
to check maximum ductility, one for maximum displacement,
and one for dissipated hysteretic energy capacity). Given the
limitations involved in obtaining in a reliable manner hazard
curves and SDOF to MDOF transformation factors for irregular
structures, it is suggested to limit the use of the proposed
procedure to regular structures. An irregular structure will
usually require full-blown nonlinear time-history analysis to
evaluate its seismic performance.

4. Evaluation procedure

The evaluation procedure is based on the understanding that
spectra can be used to capture the global dynamic response
of MDOF structures. That is, it is assumed that through the
use of spectra and appropriate SDOF to MDOF transformation
factors, the dynamic response of a regular steel building can
be estimated for structural assessment purposes. Particularly,
spectra are used to revise whether: (A) The lateral strength of
the structure is able to control the maximum global ductility
demand within a threshold associated to an annual failure rate
νFO1; (B) The lateral stiffness and strength can adequately
control the maximum interstory drift demand within a threshold
associated to an annual failure rate νFO2; and (C) The structure
is able to control the normalized dissipated hysteretic energy
demands within a threshold associated to an annual failure
rate νFO3. For the sake of simplicity, it will be assumed that
νFO1 = νFO2 = νFO3 = νFO.

As with any other evaluation procedure, the procedure
introduced herein may result in several iterations before it
arrives to the final design of the structure. How much iteration
depends on how the Global Pre-design and Preliminary Local
Design steps have been carried out. While a well-conceived pre-
design methodology should result in no iteration; a pre-design
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Fig. 5. Flowchart propose procedure.
that does not take into account explicitly the control of the
maximum and cumulative deformation demands in the structure
may result in one or more iterations.
The revision of the structural performance of the preliminary
design for the life safety limit state implies the following
(Fig. 5):
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Fig. 5. (continued)
(a) Desired annual failure rate. The reliability associated to
the structure is established in terms of annual failure rate.
The first step is to establish the available global ductility
capacity of the structure (µG), as a function of the detailing
used for the structural elements and their connections. Then,
the value of the annual failure rate associated to µG(νFO1 =
νFO) is established, as shown in Fig. 5, through a structure
demand hazard curve. If the value of νFO is not acceptable,
the value of µG could be modified through changes in
the detailing used for structural elements and connections.
Once the value of νFO is established, a second structure
demand hazard curve is used as shown in Fig. 5 (νFO2 =
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Fig. 6. Elastic response spectra for the ground motions under consideration.

νFO), to establish the value of the maximum tolerable
interstory drift (γtol). Note that γtol could be critical for
evaluation purposes, in which case the value of νFO should
be established as a function of it.

(b) Lateral strength requirements for maximum ductility
control. The global lateral strength requirements are
evaluated from the design seismic coefficient (Cyr )
established from a constant maximum ductility UAFR
strength (pseudo-acceleration) spectrum. As shown in
Fig. 5, the spectrum used for evaluation purposes
(corresponding to a ductility µ1 and a UAFR νFO) is
evaluated at the actual period of the structure (T o). To
estimate the value of µ1, a SDOF to MDOF transformation
factor (Tµ = µG/µ1) is used. Appendix B discusses the
obtention of Tµ and offers an expression (see Fig. B.2)
to estimate its value for regular steel frames similar to
that used to illustrate the application of the procedure. All
spectra used in the illustrative example were derived from
31 ground motions recorded in the Lake Zone (subzone
IIIb) of Mexico City. Detailed information of these motions
is provided in Appendix A. Fig. 6 shows the elastic response
spectra for the motions and 3% of critical damping. The
motions under consideration were scaled according to
Shome and Cornell [45]. Although several studies suggest
that this scaling criterion is appropriate for broad-band
motions [46,47], special care should be exercised when
applying it to other soil conditions [48,49].

(c) Revision of lateral resistance. A “pushover” analysis is
carried out to estimate the actual lateral strength in the
structure, CyG (see Fig. 3). The actual seismic coefficient in
the structure is then compared against the required strength
Cyr :

CyG > Cyr . (9)

In case Eq. (9) is not satisfied, the strength of the structural
elements should be adjusted accordingly. In case it is
satisfied, the procedure advances to the next step.

(d) Revision of the maximum interstory drift. As summarized
in Fig. 5, the maximum interstory drift demand can be
established through simplifying assumptions. First, the
maximum drift in a SDOF model of the building can be
estimated as:

γ1 =
µ1 Dy1

H
(10)

where µ1 and Dy1 are the expected ductility and yield
displacement in the SDOF system, respectively; and H , the
total height of the building. Dy1 is estimated as:

Dy1 =
CyG T 2

o g

4π2 . (11)

Next, the maximum interstory drift in the building (γM ) can
be estimated as:

γM = Tγ γ1 (12)

where Tγ is a drift transformation factor. Appendix B
discusses the obtention of Tγ and offers an expression
(see Fig. B.3) to estimate its value for regular steel frames
similar to that used to illustrate the application of the
procedure.

Finally, the estimated maximum interstory drift is
checked, as shown in Fig. 5, against the design threshold,
γtol:

γM 6 γtol. (13)

If the value of γM does not satisfy Eq. (13), the structure
must be resized (and if needed, its lateral strength adjusted).
In case the equation is satisfied, the evaluation procedure
advances to the next step.

(e) Dissipated hysteretic energy requirements. The expected
cumulative plastic deformation demands are estimated from
UAFR constant normalized dissipated hysteretic energy
strength (pseudo-acceleration) spectra. Fig. 5 illustrates
how the period T o and the seismic coefficient CyG

are used to estimate the normalized dissipated hysteretic
energy demands in an equivalent SDOF system (ENr1).
Particularly, from a large set of constant normalized
dissipated hysteretic energy strength spectra corresponding
to different values of EN , the spectrum that includes the
coordinate pair defined by CyG and T o is selected, and
its particular value of EN assigned to the SDOF system.
To estimate the dissipated hysteretic energy requirements
in the actual structure, a normalized dissipated hysteretic
energy transformation factor (TEN) is used:

ENrG =
ENr1

TEN
. (14)

Appendix B discusses the obtention of TEN and offers an
expression (see Fig. B.4) to estimate its value for regular
steel frames similar to that used to illustrate the application
of the procedure.

(f) Revision of dissipated hysteretic energy capacity. To satisfy
the energy requirements in the structure, the following
condition should be satisfied:

ENCG > ENrG. (15)
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Fig. 7. Geometry of the structural frame.

Substituting Eq. (8) into Eq. (15), the following expression
is obtained:
N P∑
i=1

(2 NC Z f Fyθpa FEHi )

CyG DyG W
> ENrG. (16)

In case the latter equation is not met, the detailing used in
the structural elements and connections can be changed to
increase their rotational capacities, or the lateral strength of
the structure increased to reduce the normalized dissipated
hysteretic energy demand.

Before concluding the description of the proposed proce-
dure, it should be emphasized that the hazard curves should
be site-specific. The hazard curves as well as the transforma-
tion factors should be established for specific types of build-
ings. Particularly the curves and factors used for the evaluation
of a specific building should be derived for a number of stories,
structural system and structural material that are consistent with
the structural properties of that building. The hazard curves and
transformation factors should be available to the designer, who
should concentrate in applying them.

5. Illustrative example

The procedure is applied to refine the seismic design of
a structural steel frame having 8 stories and 3 bays. The
frame, shown in Fig. 7, is assumed to be located in the Lake
Zone of Mexico City (specifically in subzone IIIb). The global
pre-design of the frame is such that it complies with the
requirements included in the Mexico City Building Code for
ductile steel frames. While Table 1 summarizes the sizes of the
structural elements of the frame (for all elements the yielding
stress is 2533 kg/cm2, which corresponds to A36 steel), an
eigen-value analysis yields a fundamental period of vibration
(To) of 1.07 s. The pre-design did not contemplate the reliability
of the frame or its cumulative deformation demands.
Table 1
Sections proposed for the building

Story Beams Internal columns External columns

1 W 24 × 76 W 36 × 194 W 36 × 194
2 W 24 × 94 W 36 × 194 W 36 × 194
3 W 24 × 94 W 36 × 170 W 36 × 170
4 W 24 × 94 W 36 × 170 W 36 × 170
5 W 24 × 76 W 36 × 150 W 36 × 150
6 W 21 × 62 W 36 × 150 W 36 × 150
7 W 21 × 50 W 36 × 135 W 36 × 135
8 W 21 × 50 W 36 × 135 W 36 × 135

Fig. 8. Ductility hazard curve for a steel 8-story frame.

Fig. 9. Interstory hazard curve for a steel 8-story frame.

(a) Desired annual failure rate. As shown in Fig. 8, the example
considers an annual failure rate νFO equal to 0.003, which
is associated to a global ductility capacity µG of 3. This
level of ductility is proposed through the consideration that
a ductile steel frame should be able to reach this level
of maximum plastic deformation. As shown in Fig. 9, a
maximum tolerable interstory drift γtol of 0.023 is obtained
for a νFO of 0.003.
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Fig. 10. Constant maximum ductility strength spectrum. Bilinear behavior with
3% post-yielding stiffness.

(b) Lateral strength requirements for maximum ductility
control. The required seismic coefficient for the frame
is determined from a UAFR maximum ductility strength
spectrum corresponding to νFO of 0.003. As shown in
Fig. 10, a seismic coefficient Cyr = 0.375 is obtained for
T o = 1.07 s. According to Fig. B.2, Tµ equals 0.9, in such
a manner that µ1 = µG/Tµ = 3/0.9 = 3.3.

(c) Revision of lateral resistance. The plot included in
Fig. 11, derived from a “pushover” analysis of the frame,
indicates that the seismic coefficient at yield is equal
to 0.41. While the horizontal axis corresponds to roof
displacement, the vertical axis plots the seismic coefficient.
The preliminary design of the building satisfies the first
acceptance condition: CyG > Cyr (0.41 > 0.375), in
such a way that the evaluation procedure proceeds to the
next step.

(d) Revision of the maximum interstory drift. The revision of
interstory drift demand in the building is established using
Eqs. (10)–(12). According to Fig. B.3, Tγ equals 1.75, in
such a manner that:

Dy1 =
CyG T 2

o g

4 π2 = 0.116 m

γ1 =
µ1 Dy1

H
= 0.013

γM = Tγ γ1 = 0.023.

The maximum expected demand of interstory drift is less
or equal than the threshold established for γtol (=0.023) in
such a way that the evaluation procedure proceeds to the
next step.

(e) Dissipated hysteretic energy requirements.The dissipated
hysteretic energy requirements are derived through nor-
malized dissipated hysteretic energy strength spectra cor-
responding to νFO = 0.003. Fig. 12 shows that T o = 1.07 s
and CyG = 0.41 yield ENr1 = 9. The normalized dissipated
hysteretic energy required in the actual building is estimated
by considering that Fig. B.4 yields TEN equal to 3.5:

ENrG =
ENr1

TEN
= 2.6.
Fig. 11. Roof displacement vs seismic coefficient.

Fig. 12. Normalized hysteretic energy spectra associated to yFO of 0.003.

(f) Revision of dissipated hysteretic energy capacity. To satisfy
the dissipated hysteretic energy requirements, the structure
should satisfy:

N P∑
i=1

(2 NC Z f Fyθpa FEHi )

CyG DyG W
> 2.6 (17)

where FEH can be estimated as (see Appendix A):

FEH = mı́n(FEH∗, 1) (18)

where

FEH∗ =
1

(−0.0675µ + 2.82) h/H

× exp
[
−

1
2

(ln(h/H) − ln(0.031µ + 0.3461))

0.06µ + 0.39

]
and h/H is the ratio of the height relative to the base
at which the slab of a particular story is located and
the total height of the building, and µ is the expected
ductility demand in the structural frame. Considering for
the example that θpa = 0.05 and taking into consideration
the properties summarized in Table 2, Eq. (17) yields:

76419
0.41(0.15)(663600)

= 1.9 < 2.6. (19)
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Table 2
Summary of computations performed to establish the value corresponding to the left-hand side of Eq. (17)

Store 2 NC Fy (kg/cm2) Z f (cm3) θpa FpH E Σ (kg m)

1

6 2533

2328

0.05

0.20 3538
2 3046 0.94 21761
3 3046 0.98 22687
4 3046 0.69 15974
5 2328 0.42 7431
6 1692 0.24 3086
7 1161 0.14 1236
8 1161 0.08 706

Total 76419
As the above equation is not met, the details used in the
structural elements and connections should be changed to
increase their rotational capacities, or the lateral strength of
the structure increased to reduce the normalized dissipated
hysteretic energy demands. Considering an increment of θpa
from 0.05 to 0.10, Eq. (17) yields:

2(76419)

0.41(0.15)(663600)
= 3.8 > 2.6 (20)

in such a manner that the design satisfies its evaluation
objectives.

Before concluding the paper, the authors want to point out
that the cumulative deformation demands are important for the
seismic design of structures exhibiting low cumulative plastic
deformation capacity, such as the one initially considered in the
illustrative example (θpa = 0.05); and for structures subjected
to long-duration narrow-banded ground motions and exhibiting
a fundamental period of vibration close to the dominant period
of motion. For structures that do not fall in any of the two
cases discussed above, conventional maximum displacement
procedures should be used during their seismic evaluation.

6. Conclusions

A reliability-based seismic evaluation procedure for the pre-
liminary seismic design of steel structures that accounts ex-
plicitly for energy demands was proposed. The procedure takes
into account the reliability and the cumulative deformation de-
mands in the structure through the use of normalized dissipated
hysteretic energy spectra associated to a specific annual failure
rate. The evaluation approach was applied to revise the prelim-
inary design of an 8-story steel frame. It was observed that the
demands of cumulative plastic deformation are important for
structural frames with low cumulative rotational capacity. For
structures with high plastic deformation capacity, it is usually
sufficient to use a conventional evaluation criterion provided
they are not subjected to long-duration narrow-banded ground
motions and exhibit a fundamental period of vibration close to
the dominant period of motion. Finally, it is concluded that the
reliability-based seismic evaluation procedure proposed herein
complement adequately current seismic design methodologies
to achieve adequate performance of regular ductile steel frames
in which energy demands are relevant to their seismic perfor-
mance.

It is suggested to limit the use of the proposed procedure
to regular steel frames designed according to the principles of
capacity design. Owing to the use of a strong column-weak
beam approach and of detailing that delays the occurrence
of undesirable modes of behavior (such as local and lateral
buckling), it is expected that in this type of buildings, plastic
behavior is accommodated in a stable and even manner
throughout their beams. An irregular structure will usually
require full-blown nonlinear time-history analyses to assess its
structural performance.
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Appendix A. Dissipated hysteretic energy height distribu-
tion factor

The dissipated hysteretic energy demand is not usually
constant through height. To take this into account, some
researchers have proposed a linear distribution through
height [26]. Nevertheless, recent studies suggest that if the
energy dissipation is concentrated in the beams of a regular
frame, a lognormal distribution represents best the manner
in which the energy is dissipated through height [43]. A
dissipated hysteretic energy participation factor (FEH) is
determined to estimate the contribution of each story to the
energy dissipation capacity of a building. Particularly, FEH
evaluates the percentage of ultimate energy capacity that a
story dissipates during the ground motion (the critical stories
contribute their full energy dissipating capacity, fact that is
indicated by FEH = 1 for each one of those stories).

To establish FEH for the frame considered in the illustrative
example, eight regular structural steel frames were designed
according to the Mexico City Building Code and subjected to
31 accelerograms recorded in subzone IIIb of the Lake Zone
of Mexico City [50]. The buildings, which were assumed to
be used for office space, exhibit three bays and a number of
levels that range from 4 to 10 stories. The bay and interstory
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Table A.1
Members sizes for the eight regular steel frames

Frame I II III IV V VI VII VIII
Number of Stories 4 4 6 6 8 8 10 10

Internal columns

Story 1 W 21 × 147 W 21 × 122 W 30 × 191 W 30 × 173 W 36 × 230 W 36 × 210 W 36 × 280 W 36 × 280
Story 2 W 21 × 147 W 21 × 122 W 30 × 191 W 30 × 173 W 36 × 230 W 36 × 210 W 36 × 280 W 36 × 280
Story 3 W 21 × 132 W 21 × 111 W 30 × 148 W 30 × 148 W 36 × 210 W 36 × 194 W 36 × 245 W 36 × 245
Story 4 W 21 × 132 W 21 × 111 W 30 × 148 W 30 × 148 W 36 × 210 W 36 × 194 W 36 × 245 W 36 × 245
Story 5 W 30 × 124 W 30 × 124 W 36 × 182 W 36 × 170 W 36 × 210 W 36 × 210
Story 6 W 30 × 124 W 30 × 124 W 36 × 182 W 36 × 170 W 36 × 210 W 36 × 210
Story 7 W 36 × 160 W 36 × 160 W 36 × 182 W 36 × 182
Story 8 W 36 × 160 W 36 × 160 W 36 × 182 W 36 × 182
Story 9 W 36 × 150 W 36 × 150
Story 10 W 36 × 150 W 36 × 150

External columns

Story 1 W 21 × 111 W 18 × 97 W 27 × 178 W 27 × 146 W 36 × 210 W 36 × 194 W 36 × 280 W 36 × 280
Story 2 W 21 × 111 W 18 × 97 W 27 × 178 W 27 × 146 W 36 × 210 W 36 × 194 W 36 × 280 W 36 × 280
Story 3 W 21 × 93 W 18 × 86 W 27 × 146 W 27 × 129 W 36 × 182 W 36 × 182 W 36 × 245 W 36 × 245
Story 4 W 21 × 93 W 18 × 86 W 27 × 146 W 27 × 129 W 36 × 182 W 36 × 182 W 36 × 245 W 36 × 245
Story 5 W 27 × 114 W 27 × 114 W 36 × 160 W 36 × 160 W 36 × 210 W 36 × 210
Story 6 W 27 × 114 W 27 × 114 W 36 × 160 W 36 × 160 W 36 × 210 W 36 × 210
Story 7 W 36 × 135 W 36 × 135 W 36 × 182 W 36 × 182
Story 8 W 36 × 135 W 36 × 135 W 36 × 182 W 36 × 182
Story 9 W 36 × 150 W 36 × 150
Story 10 W 36 × 150 W 36 × 150

Beams

Story 1 W 16 × 67 W 16 × 67 W 18 × 76 W 18 × 71 W 21 × 93 W 21 × 83 W 21 × 73 W 21 × 68
Story 2 W 16 × 57 W 16 × 57 W 18 × 76 W 18 × 76 W 21 × 101 W 21 × 93 W 21 × 101 W 21 × 93
Story 3 W 16 × 45 W 16 × 45 W 18 × 76 W 18 × 76 W 21 × 101 W 21 × 93 W 21 × 111 W 21 × 101
Story 4 W 16 × 40 W 16 × 40 W 16 × 67 W 16 × 67 W 21 × 93 W 21 × 83 W 21 × 111 W 21 × 101
Story 5 W 16 × 57 W 16 × 50 W 18 × 86 W 18 × 71 W 21 × 111 W 21 × 101
Story 6 W 16 × 50 W 16 × 45 W 18 × 76 W 18 × 65 W 21 × 101 W 21 × 93
Story 7 W 18 × 65 W 18 × 55 W 21 × 83 W 21 × 73
Story 8 W 18 × 50 W 18 × 46 W 21 × 73 W 21 × 68
Story 9 W 21 × 62 W 21 × 57
Story 10 W 21 × 57 W 21 × 50
Fig. A.1. Mean values of the hysteretic energy participation factor (associated
to a specific µ level) along the height obtained from the analysis of eight
structural steel frames.

dimensions for the frames are those indicated in Fig. 7. Two
versions of each frame were considered, one designed for
standard detailing and the other for ductile detailing. A36
steel was used for the structural elements of the frames,
whose dimensions are summarized in Table A.1. Some relevant
characteristic for the ground motions are summarized in
Table A.2. In the table, PGA and PGV denote the original peak
ground acceleration and velocity, respectively, of the motions.

The records were scaled according to the criteria described
in the paper. Fig. A.1 illustrates mean values of FEH for the
frames. h/H is the ratio between the height at which the slab
of a particular story is located relative to the base (h), and the
total height of the building (H ). The distribution of FEH along
the height of the buildings is similar to a lognormal distribution
function, in such a manner that the following expression is
proposed:

FEH = mı́n(FEH∗, 1)

FEH∗ =
1

(−0.0675µ + 2.82) h/H

× exp
[
−

1
2

(ln(h/H) − ln(0.031µ + 0.3461))

0.06µ + 0.39

]
.

(A.1)
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Table A.2
Relevant characteristics of motions recorded in the lake zone of mexico city

Record Date Magnitude Station PGA (cm/s2) PGV (cm/s)

1 19/09/1985 8.1 SCT 178.0 59.5
2 21/09/1985 7.6 Tlahuac deportivo 48.7 14.6
3 25/04/1989 6.9 Alameda 45.0 15.6
4 25/04/1989 6.9 Garibaldi 68.0 21.5
5 25/04/1989 6.9 SCT 44.9 12.8
6 25/04/1989 6.9 Sector Popular 45.1 15.3
7 25/04/1989 6.9 Tlatelolco TL08 52.9 17.3
8 25/04/1989 6.9 Tlatelolco TL55 49.5 17.3
9 14/09/1995 7.3 Alameda 39.3 12.2

10 14/09/1995 7.3 Garibaldi 39.1 10.6
11 14/09/1995 7.3 Liconsa 30.1 9.62
12 14/09/1995 7.3 Plutarco Elı́as Calles 33.5 9.37
13 14/09/1995 7.3 Sector Popular 34.3 12.5
14 14/09/1995 7.3 Tlatelolco TL08 27.5 7.8
15 14/09/1995 7.3 Tlatelolco TL55 27.2 7.4
16 09/10/1995 7.5 Cibeles 14.4 4.6
17 09/10/1995 7.5 CU Juárez 15.8 5.1
18 09/10/1995 7.5 Centro urbano Presidente Juárez 15.7 4.8
19 09/10/1995 7.5 Córdoba 24.9 8.6
20 09/10/1995 7.5 Liverpool 17.6 6.3
21 09/10/1995 7.5 Plutarco Elı́as Calles 19.2 7.9
22 09/10/1995 7.5 Sector Popular 13.7 5.3
23 09/10/1995 7.5 Valle Gómez 17.9 7.18
24 11/01/1997 6.9 CU Juárez 16.2 5.9
25 11/01/1997 6.9 Centro urbano Presidente Juárez 16.3 5.5
26 11/01/1997 6.9 Garcı́a Campillo 18.7 6.9
27 11/01/1997 6.9 Plutarco Elı́as Calles 22.2 8.6
28 11/01/1997 6.9 Est. # 10 Roma A 21.0 7.76
29 11/01/1997 6.9 Est. # 11 Roma B 20.4 7.1
30 11/01/1997 6.9 Tlatelolco TL08 16.0 7.2
31 11/01/1997 6.9 Tlatelolco TL55 13.4 6.5
Fig. A.2. Comparison between FEH obtained from the analysis for µ = 6 and
with Eq. (A.1).

Fig. A.2 compares the FEH distribution estimated according to
Eq. (A.1) with the actual distributions derived for the frames
under consideration and a global ductility demand (µ) of 6.
Similar comparisons were observed for other ductility values.

Appendix B. Transformation factors

Seismic design codes are commonly based on the use of
spectra derived from SDOF systems. However, the ductility
and other relevant parameters (e.g., maximum interstory
Fig. B.1. Outline of graphical procedure to determine the transformation factor
for parameter d for the same annual rate.

drift and normalized dissipated hysteretic energy) in actual
structures differ from those estimated through SDOF systems.
As a consequence, it is desirable to consider the differences
between the seismic demands in the MDOF structure and its
SDOF model [51]. This can be achieved through the use of
SDOF to MDOF transformation factors that can be derived
according to what is illustrated in Fig. B.1.For the same level of
annual failure rate, Figs. B.2–B.4 present transformation factors
that relate ductility, maximum interstory drift, and normalized
dissipated hysteretic energy demands developed in structural
steel frames and their respective equivalent SDOF systems. The
figures were developed from the response of eight steel frames
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Fig. B.2. Ductility transformation factors.

Fig. B.3. Maximum interstory drift transformation factors.

Fig. B.4. Normalized hysteretic energy transformation factors.

designed according to the Mexico City Building Code to
different ground motions recorded in the Lake Zone of Mexico
City [51]. Details of the frames and motions are offered in
Appendix A. All transformation factors were established by
normalizing the actual seismic demand in a structural steel
frame by the respective demand estimated in an equivalent
SDOF system. Equations to evaluate the transformation factors,
which were obtained through a regression analysis that was
based on the method of least squares, are offered in Figs. B.2–
B.4. Low dispersion was observed for the three transformation
factors. Particularly, mean values for the coefficients of
variation for ductility, interstory drift and normalized dissipated
hysteretic energy transformation factors are 0.12, 0.10 and
0.17, respectively. These low values of dispersion imply little
uncertainty associated to the estimation of the factors.
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