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Seismic fragility of steel frames subjected to narrow-band motions from soft-soils of Mexico City (Mex-
ico) is evaluated by means of a set of vector-valued ground motion intensity measures (IMs) comprised of
two parameters. All the vectors considered have, as the first component, spectral acceleration at the first
mode of the structure. As the second component, compared IMs are chosen among peak and integral
parameters, the former represent the spectral shape in a range of periods, while the latter refer to cumu-
lative damage potential of earthquakes. The maximum inter-story drift and an energy-based damage
index for steel frames are employed as engineering demand parameters for structural performance
assessment. As a result of the comparison, it is observed that spectral-shape-based vector-valued IMs
have the best explicative power with respect to seismic fragility estimation. Analyses, even if limited
to the peculiar ground motions considered, suggest that a recently proposed parameter (Np) is especially
promising as a candidate for the next generation of IMs when combined with spectral acceleration. This
appears independent of the type of seismic response measure considered.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Earthquake ground motion potential with respect to structural
performance is usually characterized by a parameter named inten-
sity measure (IM). In the context of performance-based earthquake
engineering [1,2], the desirable features of an IM are: efficiency,
which is the ability of the IM to predict the response of a structure
subjected to earthquakes with comparatively small heterogeneity;
sufficiency, which implies that given an IM value, the structural re-
sponse is insensitive to other parameters, for example, magnitude
and distance of the source; and scaling robustness, that is, unbiased
estimation of structural demand when the records are linearly
scaled to perform structural assessment at different earthquake
intensity levels (e.g. [3]).

IMs, which represent the variables interfacing ground motion
and structural response, have been the subject of a great deal of re-
search since the origin of earthquake engineering [4–12]. In the
past, parameters as peak ground acceleration (PGA), peak ground
velocity (PGV), Arias Intensity (IA) [5], among others, were com-
monly used as IMs. More recently, the elastic spectral acceleration
at first mode of vibration of the structure, Sa(T1), has been thor-
oughly studied, especially because its efficiency in several cases
ll rights reserved.
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of linear and non-linear structural response, and because most of
the worldwide seismic hazard maps quantify the seismic threat
in terms of probability of exceedance of this parameter. Moreover,
studies have found the sufficiency of this IM, with respect to mag-
nitude and distance, and robustness [7,13]. Nevertheless, some
limitations of Sa(T1) have been observed recently, and for this rea-
son different researchers promote the use of vector-valued IMs
[9,14].

Vector-valued IMs are based on the use of two or more param-
eters with the aim of predicting the response of a structure with
larger efficiency with respect to scalar measures (in principle, be-
cause more information about ground motion is included in the
definition of its intensity), and/or to achieve sufficiency in those
cases when scalar IMs do not warrant it (e.g., [15]). Currently, the
most relevant scalar and vector-valued IMs for structural seismic
risk assessment appear to be those which try to capture the elastic
response spectrum shape in a range of oscillation periods (e.g.,
[12,16]). In fact, the critical success factor in the definition of vec-
tor-valued intensity measures comprised of two parameters is to
obtain the pair with the best explicative power with respect to
structural response. Assessment of the latter feature is often car-
ried out, in most of the studies dealing with vector-valued IMs,
assessing the reduction of record-to-record variability of structural
response via the least squares methods. An alternate attracting op-
tion, more directly linked to seismic reliability assessment of struc-
tures, is to evaluate the IMs with respect to estimation of failure
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probability, that is, seismic fragility. This can give direct insights on
the comparative efficiency of the considered intensity with respect
to the chosen response measures.

The need to assess which ground motion intensity measure is
more capable of predicting the probability of failure of a structure
with accuracy in the case of narrow-band motions, motivated the
study presented in this paper. Seismic fragility analyses, computed
by means of several vector-valued IMs, for steel framed structures
subjected to the records from the soft-soil of Mexico City, were
compared referring to both peak and cyclic structural response
measures. This, as discussed in the following, may provide insights
on the efficiency of the IMs, in particular that of the secondary
parameter of the vector, and on how much it is helpful to include
it in the assessment along the primary IM.

In fact, all the vector-valued IMs here considered are based on
Sa(T1) as the first parameter. As the second component of the vec-
tor, PGA, PGV, ground motion duration (tD) established according
to Trifunac and Brady [17] as the time interval delimited by the in-
stants of time at which the 5% and 95% of the Arias Intensity occurs,
the ID factor proposed by Cosenza and Manfredi [18], the parameter
RT1,T2 [8], and the parameter Np [12], were alternatively used.

It is important to underline that the choice of selecting vectors
where the first component is always Sa follows two main reasons.
(1) As mentioned above, current hazard maps in many countries
are mostly based on this parameter. Because any structural risk
assessment requires hazard available, it is especially worth to con-
sider intensity measures based on Sa. In fact, it has been proven
that if hazard is available for Sa, then the hazard for the other
parameter may be easily obtained conditionally (e.g., [19]). In
other words, the study attempts to investigate, comparatively, ad-
vanced intensity measures for which hazard may be derived by
that for Sa. (2) Beside the hazard availability, several studies dis-
cuss the advantages and disadvantages of using Sa (e.g., [20]). On
the other hand, some of the limitations of Sa (e.g., inability to cap-
ture energy demand) are believed to be possibly solved by vector-
valued IMs, but few, if any, comparative studies are available in lit-
erature (e.g., [12]). In this sense, the study by the authors is part of
current efforts trying to capture the best parameter directly related
with structural response looking at the seismic fragility, which is
the final result of structural assessment to be integrated with haz-
ard to obtain seismic risk.

The vector-valued IMs were selected to account for maximum
and cumulative damage potential of ground motion. Seismic fragil-
ity is evaluated considering two different structural response
parameters: (i) the maximum inter-story drift which is the most
common peak-response parameter in the seismic design codes to
control the structural behavior, and (ii) a recently proposed en-
ergy-based damage index for steel frames related to cyclic-re-
sponse [21,22].

The presentation is organized so that vector-valued IMs, the
structural models, the selected earthquake ground motion records,
and the performance parameters are described first. Then, the pro-
cedure to perform seismic fragility analysis of the steel frames un-
der narrow-band motions, and the results are shown. Next, a
discussion of which IM is found (and why) with the best explicative
power to estimate the probability of failure of steel frames under
narrow-band earthquake ground motions, is given. Finally, an
empirical correlation study for the IMs and the structural response
measures considered, is addressed.

2. Methodology

2.1. Vector-valued IMs

Of the six different vector-valued ground motion IMs consid-
ered, the first two, hSa(T1), PGAi and hSa(T1), PGVi, are expected to
be especially linked to peak structural response by means of both
components of the vectors. The second pair of IMs, hSa(T1), tDi
and hSa(T1), IDi, was selected to represent a combination of peak
and cumulative damage potential of ground motion (hence
accounting, in the latter case, for the influence of ground motion
duration). ID is defined as in Eq. (1), where a(t) is the acceleration
time-history and tE is the total duration of the record.

ID ¼
R tE

0 aðtÞ2dt
PGA � PGV

ð1Þ

The last two IMs considered are hSa(T1), RT1,T2i and hSa(T1), Npi.
These carry information about the spectral shape, which has been
recently elected as the principal ground motion feature expressing
the earthquake potential, especially for structures following mod-
ern seismic design principles. RT1,T2 is the ratio of the spectral
acceleration at period T2 divided by spectral acceleration at period
T1, where T2 is a period larger than T1; Np is defined in Eq. (2),
where Saavg(T1, . . . ,TN) represents the geometrical mean between
the periods T1 and TN [12].

Np ¼
SaavgðT1; . . . ; TNÞ

SaðT1Þ
ð2Þ

Np was developed to take into account the informative potential of
the elastic response spectrum at periods beyond the fundamental
one. In fact, if one or a set of n records feature a mean Np value close
to one, it may be expected the average spectrum to be about flat be-
tween T1 and TN. For a value of Np lower than one, it is expected an
average spectrum with negative slope beyond T1. In the case of Np

values larger than one, the spectra tend to increase beyond T1.
In this study, T2 equal to twice the first mode period was cho-

sen, consistent with other studies [8,23,24]. Also Bojórquez and
Iervolino [12] observed that the value of TN around 2 or 2.5 times
T1 is adequate in most of the cases.

It is recalled that the normalization of the geometrical mean
with respect to the spectral acceleration at the fundamental period,
lets Np be independent with respect to the scaling level. Moreover,
seismic hazard analysis for this IM alone, can be performed with al-
ready available tools.

2.2. Structural models and ground motion records

Four regular steel frames designed according to the Mexico City
Seismic Design Provisions [25] were considered. The frames, which
were assumed to be for office occupancy, have three bays of 8 m
and a number of stories from 4 to 10, with a story height of
3.5 m (see Fig. 1). The frames were designed for ductile behavior.
A36 steel and W-shape sections were used for the beams and col-
umns of the frames. An elastic–plastic model with 3% strain-hard-
ening was considered to model the cyclic behavior of the steel
members [26]. The critical damping ratio was assumed equal to 3%.

Relevant characteristics for each frame, such as the fundamen-
tal period of vibration (T1), the seismic coefficient and roof dis-
placement at yielding (Cy and Dy, respectively) are shown in
Table 1 (the latter two were evaluated from pushover analysis).

The frames have been selected because Meli and Avila [27]
found that most of the damages in Mexico City due to the 1985
Earthquake were recorded in buildings with structural periods
from 0.5 to 1.5 s, which are smaller than that of the soil (about
two seconds).

The case study structures were subjected to thirty narrow-band,
soft-soil, and long duration ground motions, which were recorded in
the Lake Zone of Mexico City during seismic events with magnitudes
near of seven or larger, on soil having a dominant period of two sec-
onds according to [25]. The records were taken from the Mexican
Strong Motion Database [28], and their main characteristics are



Fig. 1. Geometrical characteristics of the steel frames.

Table 1
Structural properties of steel frames under consideration.

Frame Number of stories T1 (s) Cy Dy (m)

F4 4 0.90 0.45 0.136
F6 6 1.07 0.42 0.174
F8 8 1.20 0.38 0.192
F10 10 1.37 0.36 0.226

1 The peculiar features of the ground motions considered in the study call into
uestion the use of scaling for IDA when significant soil nonlinearity may occur that
ill affect the properties of high-Sa ground motions significantly relative to those of
w-Sa motions. This could, in principle, impair classical scaling procedure (e.g.,
,7,13]). However, to address relevance of this issue is not straightforward and

eyond the primary scope of the work. The reader is referred to the work of Bazzurro
nd Cornell ([35] and [36]) for a discussion of the role of nonlinear site effects in the
erformance-based earthquake engineering context.
2 This visual inspection of fragility curves is often appropriate as numerical

oodness of fit measures for logistic regression are difficult to address; see Iervolino
nd Cornell [37] for a discussion on this same issue.
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summarized in Table 2. The response spectra of the records scaled
for similar values of Sa(T1) at a period of T = 0.90 s are illustrated in
Fig. 2.

2.3. Structural performance parameters

The seismic fragility of the selected structures (to follow) is ob-
tained by expressing structural response in terms of maximum in-
ter-story drift (MIDR) and an energy based damage index, IDEN, as
engineering demand parameters (EDPs). The capacity in terms of
MIDR used corresponds to 0.03, which is the maximum inter-story
drift capacity of steel frames according to [25]. (Furthermore, this
inter-story drift limit was selected because Bojórquez et al. [22]
found that 0.03 may be considered acceptable for models which
account for cumulating earthquake damage.)

A measure of damage in terms of normalized plastic hysteretic
energy can be formulated as in Eq. (3) [21], where IDEN character-
izes damage in terms of normalized plastic hysteretic energy;
and END and ENC represent the demand and capacity of the struc-
ture in such a way that IDEN equal to one implies the structural
failure.

IDEN ¼
END

ENC
ð3Þ

In Eq. (3), while END for a particular frame is estimated as the
sum of the plastic hysteretic energy dissipated by all its structural
members, ENC can be estimated following the recommendation gi-
ven by Akbas [29] and Bojórquez et al. [30] as:

ENC ¼
PNS

i¼1ð2 � NB � Zf � Fy � hpa � FEHiÞ
Cy � Dy �W

ð4Þ

where NS and NB are the number of stories and bays in the building,
respectively; FEHi, an energy participation factor that accounts for
the different contribution of each story to the energy dissipation
capacity of the frame (see also [30]); Zf, the section modulus of
the flanges of the elements; Fy, the yield stress; and hpa, the cumu-
lative plastic rotation capacity of the structural steel elements; and
W is the total weight of the structure. This equation considers that
the plastic energy is dissipated exclusively through plastic behavior
at both ends of the beams of the frames. A hpa = 0.23 was used to
characterize the normalized plastic hysteretic energy capacity at
the ends of the beams [22]. Note that this damage measure is ex-
pected to be related to cyclic structural response and therefore to
ground motion duration [30–34].
3. Analyses and results

The numerical results of the seismic fragility analyses, by means
of the different vector-valued ground motion IMs, are presented in
this section. Fragility assessment was developed via incremental
dynamic analysis (IDA) [3]. To this aim, the frames were subjected
to the narrow-band records at different intensities by means of
amplitude scaling1 of the first component, Sa(T1), of the vector-val-
ued IMs, and then applying logistic regression to fit failure (F) and
non-failure cases, for the second parameter.

When the seismic demand is larger than the capacity in terms of
a specific EDP, the value of probability of failure is equal to one,
while it is zero otherwise. In fact, the structural performance of a
structure subjected to a record is associated to the realization of
a Bernullian random variable according to which 1 represents fail-
ure, and 0 represents non-failure. In such cases, logistic regression
is an appropriate way to find dependency of failure on the dose of a
continuous variable, as the investigated IMs are. Although logistic
regression analyses were developed for a range of spectral acceler-
ations via multinomial logistic regression, yielding to fragility sur-
faces (to follow), to derive information about efficiency of the
secondary intensity measures, results for a fixed spectral accelera-
tion are shown first. In fact, in this case fragility curves are ob-
tained, which are easier to be analyzed visually.

3.1. Fragility curves

Fragility curves, given a specific Sa(T1) value (x1), are obtained
applying logistic regression to failure and non-failure cases as a
function of the second parameter of the vector. In fact, in this case,
the probability of failure, PF, is obtained as:

PF ¼ P½FjSaðT1Þ ¼ x1; IM2 ¼ x2� ¼
1

1þ eð�b1�b2 �x2Þ
ð5Þ

where IM2 is the secondary parameter of the vector, while b1 and b2

are coefficients obtained from regression of the results for the records
scaled at Sa(T1) = x1. Scaling the records at the same Sa, in fact, allows
to compare the explicative power, with respect to the structural re-
sponse measures considered, of the secondary components of the
vector-valued IMs. In this sense the resulting fragility curves are the
failure probabilities conditional on the specific Sa(T1) value, Eq. (5).

Given the primary parameter of the vector-valued IMs, the effi-
ciency of the secondary one may be measured by how flat the fra-
gility curves are. Steep curves indicate significant explanatory
power of the second component of the vector2; conversely, flat
q
w
lo
[3
b
a
p

g
a



Table 2
Earthquake ground motion basic information.

Record Date Earthquake Moment
magnitude

Epicentral
distance (km)

Station PGA (cm/s2) PGV (cm/s) tD (s) ID

1 19/09/1985 Michoacán 8.1 366 SCT 178.0 59.5 34.8 15.5
2 21/09/1985 Michoacán 7.6 323 Tlahuac deportivo 48.7 14.6 39.9 19.9
3 25/04/1989 Guerrero 6.9 293 Alameda 45.0 15.6 37.8 17.8
4 25/04/1989 Guerrero 6.9 294 Garibaldi 68.0 21.5 65.5 11.1
5 25/04/1989 Guerrero 6.9 289 SCT 44.9 12.8 65.8 17.3
6 25/04/1989 Guerrero 6.9 286 Sector Popular 45.1 15.3 79.4 28.1
7 25/04/1989 Guerrero 6.9 295 Tlatelolco TL08 52.9 17.3 56.6 11.1
8 25/04/1989 Guerrero 6.9 293 Tlatelolco TL55 49.5 17.3 50.0 14.0
9 14/09/1995 Oaxaca-Guerrero 7.3 303 Alameda 39.3 12.2 53.7 17.3

10 14/09/1995 Oaxaca-Guerrero 7.3 303 Garibaldi 39.1 10.6 86.8 34.7
11 14/09/1995 Oaxaca-Guerrero 7.3 286 Liconsa 30.1 9.62 60.0 14.5
12 14/09/1995 Oaxaca-Guerrero 7.3 298 Plutarco Elías Calles 33.5 9.37 77.8 33.8
13 14/09/1995 Oaxaca-Guerrero 7.3 295 Sector Popular 34.3 12.5 101.2 30.8
14 14/09/1995 Oaxaca-Guerrero 7.3 304 Tlatelolco TL08 27.5 7.8 85.9 30.0
15 14/09/1995 Oaxaca-Guerrero 7.3 303 Tlatelolco TL55 27.2 7.4 68.3 21.3
16 09/10/1995 Colima 7.5 536 Cibeles 14.4 4.6 85.5 29.4
17 09/10/1995 Colima 7.5 537 CU Juárez 15.8 5.1 97.6 36.6
18 09/10/1995 Colima 7.5 537 Centro urbano Presidente Juárez 15.7 4.8 82.6 34.9
19 09/10/1995 Colima 7.5 537 Córdoba 24.9 8.6 105.1 26.5
20 09/10/1995 Colima 7.5 537 Liverpool 17.6 6.3 104.5 29.4
21 09/10/1995 Colima 7.5 539 Plutarco Elías Calles 19.2 7.9 137.5 40.8
22 09/10/1995 Colima 7.5 540 Sector Popular 13.7 5.3 98.4 27.4
23 09/10/1995 Colima 7.5 541 Valle Gómez 17.9 7.18 62.3 21.9
24 11/01/1997 Michoacán 6.9 379 CU Juárez 16.2 5.9 61.1 22.6
25 11/01/1997 Michoacán 6.9 379 Centro urbano Presidente Juárez 16.3 5.5 85.7 25.2
26 11/01/1997 Michoacán 6.9 381 García Campillo 18.7 6.9 57.0 21.4
27 11/01/1997 Michoacán 6.9 381 Plutarco Elías Calles 22.2 8.6 76.7 27.7
28 11/01/1997 Michoacán 6.9 380 Est. # 10 Roma A 21.0 7.76 74.1 29.8
29 11/01/1997 Michoacán 6.9 380 Est. # 11 Roma B 20.4 7.1 81.6 24.3
30 11/01/1997 Michoacán 6.9 383 Tlatelolco TL08 16.0 7.2 57.5 19.9

Fig. 2. Elastic response spectra for the records scaled at the same spectral ordinate
Sa(T1) = 100 cm/s2 for T = 0.9s and 3% of critical damping.

E. Bojórquez et al. / Engineering Structures 45 (2012) 472–480 475
trends mean that the IM on the abscissa does not add information to
failure prediction.

The fragilities when MIDR is considered as an EDP, are illus-
trated in Fig. 3 for Sa(T1) = 1000 cm/s2 and the frame F4. As ex-
pected, PGA and PGV seem not to be very explicative given
spectral acceleration as the logistic curve is relatively flat, which
means that a significant change in the IM does not lead to an
important change in failure probability.

In the case of tD and ID, although they are expected to be more
related to cyclic structural response (because they are believed to
be measures of the cumulative damage potential of the ground mo-
tion), fragilities in terms of MIDR are steeper with respect to those
in terms of PGA and PGV. tD appears to be of some significance to
predict the probability of failure in terms of MIDR. This seems, at
a glance, in contradiction with respect to Iervolino et al. [31] and
Bojórquez et al. [38]; however in the cited studies records had
durations much lower with respect to those considered herein.

The IMs based on the spectral shape, RT1,T2 and Np, result in the
addition of significant information to fragility, given Sa(T1). This
has been shown before [8,9,37], when maximum inter-story drift
is the EDP. Based on the cases addressed in this study, it is observed
that Np results in one of the more informative parameter with re-
spect to fragility in a similar manner, if not slightly more, with re-
spect to the other IMs. This may be related to the fact that Np

includes the spectral ordinates in a range, while RT1,T2 uses, as a
proxy for the spectral shape, the values at the end of an interval.
However, for this same reason, the latter is easier to handle with
respect to the former, but the former provides more information
about the spectral shape, which is crucial at least in the case of nar-
row-band motions as those considered here [12].

Fig. 4 shows the probability of failure in terms of the energy-
based damage index (or the cyclic structural demand) for all the
selected IMs and frame F10. In this case, note that the fitted curves
are almost horizontal for PGA and PGV, indicating a negligible rela-
tionship between these parameters and the failure probability
when it is based on energy demand in structures, given Sa(T1).
For tD and ID the results are still very similar to those obtained
for MIDR, but in the case of ID there is a little improvement in
the prediction of the probability of failure for the cyclic structural
response if compared to MIDR, as expected [31]. On the other hand,
RT1,T2 and Np are, again, those IMs that are best related to the prob-
ability of failure based on cyclic structural response. In fact, the lo-
gistic regression for Np illustrates how well it represents the
structural response, as the curve is steeper than all other
parameters.

Conclusions hold for fragilities of structures not shown in the
figures. In fact, Tables 3 and 4 compare the b coefficients obtained
from the logistic regression for all the frames and both engineering
demand parameters under consideration.



(a) (b) (c)

(f)(e)(d)
Fig. 3. Comparing probability of failure in terms of MIDR using logistic regression for frame F4 at Sa(T1) = 1000 cm/s2 versus: (a) PGA; (b) PGV; (c) tD; (d) ID; (e) RT1,T2; and (f)
Np.

(a) (b) (c)

(f)(e)(d)
Fig. 4. Comparing probability of failure in terms of IDEN using logistic regression for frame F10 at Sa(T1) = 1000 cm/s2 versus: (a) PGA; (b) PGV; (c) tD; (d) ID; (e) RT1,T2; and (f) Np.
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3.2. Fragility surfaces via multiple logistic regression

The previous section had shown in a simple way, for one Sa(T1)
level, that if the fragility curves tend to be horizontal, the selected
secondary IM is of poor significance with respect to structural
failure, and on the other hand, if the curves are steep, the parame-
ter under consideration adds information to failure probability.
Nevertheless, the discussion previously developed was only valid
for a specific level of intensity in terms of Sa(T1). To generalize
the results, in this section multiple logistic regression is applied,
using both parameters of the vector, via the following equation:

PF ¼ P½FjSaðT1Þ ¼ x1; IM2 ¼ x2� ¼
1

1þ eð�b1�b2 �x1�b3 �x2Þ
ð6Þ



Table 3
Values of the b coefficients for the logistic regression in terms of MIDR at Sa(T1) = 1000 cm/s2.

Frame PGA PGV tD ID RT1,T2 Np

b1 b2 b1 b2 b1 b2 b1 b2 b1 b2 b1 b2

F4 �0.204 0.010 �0.258 0.036 �1.75 0.026 �0.135 0.011 �1.954 0.912 �6.70 7.20
F6 �0.267 0.012 �0.246 0.035 �1.941 0.028 �0.443 0.024 �5.331 1.738 �8.18 4.67
F8 0.0002 0.013 �0.239 0.062 �3.114 0.049 �0.808 0.050 �1.330 0.766 �17.1 10.93
F10 �1.190 0.024 �1.670 0.119 �1.688 0.017 �0.779 0.015 �2.771 1.85 �11.5 8.78

Table 4
Values of the b coefficients for the logistic regression in terms of IDEN at Sa(T1) = 1000 cm/s2.

Frame PGA PGV tD ID RT1,T2 Np

b1 b2 b1 b2 b1 b2 b1 b2 b1 b2 b1 b2

F4 0.521 0.001 0.406 0.013 �2.080 0.037 �0.558 0.046 �4.794 2.635 �27.02 32.19
F6 0.449 0.003 0.476 0.006 �1.556 0.029 �1.237 0.075 �5.794 2.152 �9.808 6.019
F8 1.479 0.004 1.461 0.014 �2.893 0.069 �0.848 0.109 �1.426 1.546 �8.427 6.976
F10 0.565 0.004 0.410 0.026 �1.036 0.024 �1.578 0.096 �1.335 1.758 �7.364 7.123

(a) (b) (c)

(f)(e)(d)
Fig. 5. Probability of failure in terms of MIDR for frame F8 versus Sa(T1) and (a) PGA; (b) PGV; (c) tD; (d) ID; (e) RT1,T2; and (f) Np.
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where b1, b2 and b3 are obtained from regression analysis of the re-
sults including variation of both IMs. In this way fragility surfaces as
a function of the vector-valued IMs are obtained.

Multiple logistic regressions are shown in Fig. 5 for frame F8 in
the case of MIDR as an EDP. In Fig. 6 the results for the energy-
based damage index are depicted for frame F6. It seems confirmed
that for the whole range of spectral acceleration considered, the
vector of IMs with the more explicative power with respect to fra-
gility is hSa(T1), Npi.

The results of multiple logistic regression also support the con-
clusion that vector-valued IMs based on a combination of parame-
ters related with peak ground motion are not especially helpful
with respect to scalar IMs. In fact, for example in the case of PGA
and PGV, the curvature of the surfaces in directions of these IMs
is negligible, indicating that only Sa(T1) affects fragility. Conversely,
curvature of the surfaces where Np and other more informative
parameters are included, is far from cylindrical. Conclusions hold
for those structural cases not shown in these two figures.

To further understand the results, the following section compares
the correlation among all the selected IMs and the EDPs. Further-
more, the correlations between Sa(T1) and the six parameters con-
sidered as the second component of the vectors, are also estimated.

3.3. Correlation of vector-valued IMs with MIDR and IDEN

The dependence of structural fragility with the ground motion
intensity measures can be further illustrated if the coefficient of
correlation between the selected vector-valued intensity measures



(a) (b) (c)

(f)(e)(d)
Fig. 6. Probability of failure in terms of IDEN for frame F6 versus Sa(T1) and (a) PGA; (b) PGV; (c) tD; (d) ID; (e) RT1,T2; and (f) Np.

(a) (b)
Fig. 7. Correlation among the six vector-valued IMs with MIDR for frame F4 and F10.
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and the engineering demand parameters under consideration is
analyzed. If the coefficient of correlation is larger for some specific
IM, then it can be concluded that it is a better parameter to esti-
mate the structural response. The coefficients of correlation have
been estimated for all the frames, and using the six IMs and both
EDPs selected, for each scaling level of spectral acceleration.

The results of the coefficients of correlation of the vector-val-
ued IMs and the MIDR for frames F4 and F10 are illustrated in
Fig. 7. As it was observed in the estimation of fragility, the max-
imum values of the coefficients of correlations are observed when
the vector hSa(T1), Npi is selected as intensity measure. Note that
the correlation coefficient is low for small values of spectral accel-
eration, since in this case the standard deviation of the structural
response is also small because of the linear behavior of the
structure.
Similar results are observed for the case of frames F6 and F8 in
Fig. 8, which provides the correlation among the IMs and the en-
ergy-based damage index. This figure suggests that there is a clear
relation between IDEN with hSa(T1), Npi. The curves in Fig. 8 begin at
Sa equal to 500 cm/s2, because for smaller values the hysteretic en-
ergy dissipated is zero (i.e., elastic structural response).

It can be observed, in general, that spectral-shape-based IMs are
more correlated with the structural response to narrow-band
earthquake ground motions. These conclusions hold for those
structural cases not shown in the figures.

3.4. Correlation of primary and secondary IMs in the vectors

One way to better understand the results presented above of
fragility and correlation among the IMs with the structural
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Fig. 9. Comparison of the relation between Sa(T1) versus (a) PGA; (b) PGV; (c) tD; (d) ID; (e) RT1,T2; and (f) Np.

(a) (b)
Fig. 8. Correlation among the six vector-valued IMs with IDEN for frame F6 and F8.

E. Bojórquez et al. / Engineering Structures 45 (2012) 472–480 479
response may be by comparing the scatter plots in Fig. 9a and b,
where the relationships of PGA and PGV with Sa(T1) for T1 = 0.9 s
(the structural period of frame F4), are given for the considered
ground motions.

The figures show a strong linear relationship between PGA and
PGV with respect to the spectral acceleration (coefficient of corre-
lation, q, close to 0.9), which means that adding PGA does not fac-
tually add information with respect to Sa(T1). (In fact, if the
correlation coefficient was equal to one it would mean that there
was a deterministic linear relationship between Sa(T1) and PGA
(or PGV), indicating that one parameter is only a variable transfor-
mation of the other; i.e., it does not give additional information of
the ground motion.)

Panels c–f of Fig. 9 illustrate less correlation between the other
secondary parameters with the spectral acceleration at the first
mode of vibration, indicating how these give information not in-
cluded in Sa(T1).
4. Conclusions

The evaluation of probability of failure of steel frames subjected
to narrow-band ground motions from Mexico City (Mexico) was
estimated employing six vector-valued ground motion intensity
measures and peak and cumulative seismic response measures.

Among the IMs, two are based on a combination of peak param-
eters of ground motion hSa(T1), PGAi and hSa(T1), PGVi; two are
based on peak and cumulative damage potential parameters
hSa(T1), tDi and hSa(T1), IDi; and two are based on the spectral shape
hSa(T1), RT1,T2i and hSa(T1), Npi.

The comparisons of the results, indicate that for steel frames
under narrow-band motions, adding another peak ground motion
parameter to Sa(T1) is generally not worthwhile, regardless of the
structural response measure considered. Conversely, the vectors
which include measures of the spectral shape appear to be the
most efficient in estimating probability of failure.
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It was generally observed that hSa(T1), Npi is the most represen-
tative parameter, for both maximum inter-story drift and cyclic
structural demand, among the IMs compared herein.

Note that, although these conclusions are based on structures
subjected to narrow-band motions, it is expected that for other
type of records results may be similar. This is because emerging
vector-valued IMs (i.e., Np, and spectral-shape-based intensity
measures in general) appear able to capture structural response
information contained in any spectral shape and, therefore, seem
promising for other types of ground motion.

As a side result, it was found the significance of hSa(T1), tDi inde-
pendently if peak displacement or energy-based response parame-
ters are considered. The latter was expected, while the influence of
duration on MIDR response was less anticipated. This is believed to
be mostly related to the very long duration of records considered
herein with respect to most of the literature on the topic.
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