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Abstract In this study, several peak and energy vector-valued ground motion inten-
sity measures (IMs) are proposed to predict maximum inter-story drift and hysteretic
energy demands of 3D reinforced concrete (R/C) buildings subjected to narrow-
band motions. The selected vector-valued IMs are based on the spectral acceleration,
pseudo-velocity, velocity and input energy at first mode of the structure as first
component. As the second component, ground motion parameters based on peak,
integral and spectral shape proxies such as the well-known Np are used. The objec-
tive of the present study is to provide vector-valued IMs whit the ability to predict
the maximum inter-story drift and hysteretic energy demands on 3D framed struc-
tures. It is observed that vector-valued IMs based on Np provide a high relation whit
maximum inter-story drift and hysteretic energy demands of reinforced concrete
framed buildings.

Keywords 3D buildings · Hysteretic energy · Intensity measure · Reinforced
concrete · Structural dynamics · Vector-valued

1 Introduction

Since the beginning of earthquake engineering and seismology, several studies have
been developed to provide a parameter with the ability to characterize the ground
motion potential of an earthquake which is known as ground motion intensity
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measure. The most important characteristic of an IM is the reduction of the uncer-
tainty in the estimation of the seismic response of structures under earthquakes (effi-
ciency). In others words, the efficiency is defined as the ability to predict the response
of structures subjected to earthquakes with low uncertainty. Although, several studies
have been developed to propose or to analyze ground motion intensity measures [1–
18]. In most of the cases, the proposed IMs are based in the prediction of maximum
demands such as maximum ductility and inter-story drift. By other hand, nowadays,
several studies promote the use of vector-valued or scalar ground motion IMs based
on spectral shape, because they predict with good accuracy the maximum inter-story
drift and maximum ductility of structures subjected to earthquakes [12–15, 17–20].
In particular, vector and scalar ground motion intensity measures based on Np which
are representative of the spectral shape have resulted very well correlated with the
nonlinear structural response [18, 20, 21]. However, as it was mentioned before, an
appropriated IMs should be capable of predicting all types of engineering demand
parameters, as example, hysteretic energy demands. Hysteretic energy demands are
very important in structures when subjected to long duration narrow-band ground
motions [22–28]. In this study, vector-valued ground motion intensity measures have
been proposed in order to predict the seismic response of 3D reinforced concrete
buildings under narrow-band motions recorded at the soft soil site of Mexico City.
The proposed IMs are separated in 2 sets, the first one is composed by vector-valued
IMswith maximum peak ground and integral response, and the second set by vector-
valued IMswith spectral shape parameters as is the case of the Np parameter. For the
evaluation of the vector-valued IMs, the maximum inter-story drift and the hysteretic
energy demand are used as engineering demand parameters. It is important to say
that hysteretic energy demand is not commonly used in efficiency studies of IMs in
comparison with the maximum inter-story drift or peak demands. So far, this study
differs from others by the use of 3D structures, as well as the use of both performance
parameters (maximum inter-story drift and the hysteretic energy demand). Finally,
an optimization of the Np parameter for the selected spectral shape vector-valued
IMs developed through the values of Sa(T 1), Sv(T 1), V (T 1) and EI (T 1) is computing
in the present study.

2 Methodology

2.1 Vector-Valued Ground Motion Intensity Measures

The prediction of the seismic response is estimated considering 32 different vector-
valued ground motion IMs, which are divided in 2 sets of 16 IMs. The first set is
based on traditional peak and integral IMs, while the second is based on the proxy
of the spectral shape named Np. For both sets the parameters Sa(T 1), Sv(T 1), V (T 1)
and EI (T 1) are considered: where, Sa is the spectral acceleration, Sv is the pseudo-
velocity, V is the velocity, EI is the input energy and T 1 is the first mode of vibration.
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Note thatEI can be defined from the equation ofmotion of a single degree of freedom
system as follows:

mẍ(t)+ cẋ + fs(x, ẋ) = −mẍg(t) (1)

In Eq. (1), m is themass of the system; c, the viscous damping coefficient; fs(x, ẋ),
the non-linear 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
case of an elastic linear systems, fs(x, ẋ) = kx, where k is the stiffness of the system.

Integrating each member of Eq. (1) with respects to x, yields:

∫
mẍ(t)dx +

∫
cẋ(t)dx +

∫
fs(x, ẋ)dx = −

∫
mẍg(t)dx (2)

Equation (2) can be written as energy balanced equation as follows [29]:

EK + ED + ES + EH = EI (3)

where EK , ED, ES and EH represent the kinetic (K), viscous damping (D), deforma-
tion (S) and dissipated hysteretic (H) energies, respectively; and EI is the relative
input energy.

For the set number 1, the parameters PGA, PGV, tD and ID are used as second
component of the vector-valued IMs; where PGA represents peak ground acceler-
ation, PGV peak ground velocity, and finally, tD and ID, represents the effective
duration of the earthquake [30] and the accumulated potential [4], respectively. The
effective duration (tD) is defined as the time interval between 5% and 95% of the
Arias Intensity [2], which is obtained from the following equation:

IA =
T∫

0

a2(t)dt (4)

where T is the total duration of the earthquake. In addition, the ID factor is defined
as:

ID =
∫ T
0 a(t)2dt

PGA · PGV
(5)

Table 1 shows a summary of the selected vector-valued IMs of the first set. The
first column indicates the ground motion IMs; the second, third and fourth columns,
indicate if the IMs are based on peak ground response, duration and/or spectral shape
response, respectively.

In the second set of vector-valued IMs, the parameter Np is used as the second
component of the vector-valued IMs to determine the spectral shape [18]. The general
form of the Np generalized parameter is defined in the following equation:
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Table 1 First set of
vector-valued IMs

Intensity
measures

Peak ground
response

Duration Spectral shape

<Sa(T1),
PGA>

*

<Sa(T1),
PGV>

*

<Sa(T1),
tD>

* *

<Sa(T1),
ID>

* *

<Sv(T1),
PGA>

*

<Sv(T1),
PGV>

*

<Sv(T1),
tD>

* *

<Sv(T1),
ID>

* *

<V (T1),
PGA>

*

<V (T1),
PGV>

*

<V (T1),
tD>

* *

<V (T1),
ID>

* *

<EI (T1),
PGA>

* *

<EI (T1),
PGV>

* *

<EI (T1),
tD>

* *

<EI (T1),
ID>

* *

Npg = Savg
(
Ti , . . . , T f

)
S
(
Tj

) (6)

From the Eq. (6), S(Tj) represents a spectral parameter taken from any type of
spectrum as in the case of acceleration, velocity, displacement, input energy, inelastic
parameters and so on, at period Tj. Savg(Ti, …, Tf ) is the geometrical mean of a
specific spectral parameter between the range of periods Ti and Tf . Note that the
periods Ti and Tj could be different. Npg is similar to the traditional definition of Np

[10] but for different types of spectra and a wider range of periods. In such a way that
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parameters as the traditional Np or the recently proposed SaRatio [31] are particular
cases of the generalized spectral shape parameter Npg. If the pseudo-acceleration
spectrum is used, and Ti = Tj = T 1 (first mode structural vibration period) Npg is
equal to the traditional Np. If the value of Np is lower than one, we can expect that
the average spectrum with negative slope in the range of periods between Ti and
Tf , if Np is equal to one, the average spectrum is to about flat in the same range of
periods, and in the case of Np is larger than one, we can expect an increasing trend
of the spectra beyond Ti. In this work, 10 points are used to calculate the average
spectrum, a value of S(Tj) equal to T 1, and the values of Ti and Tf , were obtained
through an optimization study as will be observed below. In Table 2 a summary of
the selected vector-valued IMs for the second set is illustrated.

2.2 Structural 3D Reinforced Concrete Frames Models

Two 3D R/C frames having 7 and 10 stories were considered for the studies reported
herein. The3D frames are denoted asF7 andF10 respectively (seeFig. 1). The frames,
designed according to the Mexico City Seismic Design Provisions (MCSDP). It was
considered that the elements (beams and columns) of the structures have a hysteretic
behavior similar to the modified Takeda model to represent the non-linearity of the
material. The main characteristics of the 3D R/C models are shown in Table 3. Note
that column eight in Table 3 represents the fundamental period of vibration of the
structure.

2.3 Earthquake Ground Motion Records

To determine the seismic performance of the two 3D R/C frames, a dynamic analysis
is carried out. For this aim, the structures are subjected under the action of seismic
records representative of the site in which they are assumed to be displaced. In this
work it is assumed that the buildings are located at soft soil of Mexico City and are
subject to narrow band seismic ground motions. The following table indicates the
narrow band accelerograms obtained from the soft soil of Mexico City used in the
present study (Table 4).

2.4 Scaling of Seismic Records

The seismic records or accelerograms were scaled to represent seismic events of
different intensities, and thus to determine the responses of the modeled structures
in terms of the maximum inter-story drifts and the hysteretic energy demands, which
allows to compare the efficiency of the different IMs used in this work. For the
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Table 2 Second set of
vector-valued IMs

Intensity
measures

Peak ground
response

Duration Spectral shape

<Sa(T1),
NpSa>

* *

<Sa(T1),
NpSv>

* *

<Sa(T1),
NpV>

* *

<Sa(T1),
NpEI>

* * *

<Sv(T1),
NpSa>

* *

<Sv(T1),
NpSv>

* *

<Sv(T1),
NpV>

* *

<Sv(T1),
NpEI>

* * *

<V (T1),
NpSa>

* *

<V (T1),
NpSv>

* *

<V (T1),
NpV>

* *

<V (T1),
NpEI>

* * *

<EI (T1),
NpSa>

* * *

<EI (T1),
NpSv>

* * *

<EI (T1),
NpV>

* * *

<EI (T1),
NpEI>

* * *

scaling of the seismic records the combination of the horizontal components of the
earthquake was used [see Eq. (7)]. The scaling was done to have specific values in the
response spectra in a given period (the period of interest, which is the fundamental
period of the structures was used). The parameters to scale the records are Sa(T 1),
Sv(T 1), V (T 1) and EI (T 1).

I Ms =
√(

I MsComp1
)2 + (

I MsComp2
)2

(7)
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Fig. 1 F4 (a) and F10 (b) frame models

Table 3 Characteristics of
the 3D R/C models

Frame Number of stories T1(s)

F7 7 0.7

F10 10 0.98
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Table 4 Selected
narrow-band ground motion
records

No Date Magnitude Station

1 97-01-11 6.9 VALLE GÓMEZ

2 95-10-09 7.3 VALLE GÓMEZ

3 89-04-25 6.9 TLATELOLCO

4 95-09-14 7.4 TLATELOLCO

5 97-01-11 6.9 TLATELOLCO

6 89-04-25 6.9 GARIBALDI

7 95-09-14 7.2 GARIBALDI

8 95-10-09 7.3 GARIBALDI

9 97-01-11 6.9 GARIBALDI

10 95-09-14 7.2 ALAMEDA

11 89-04-25 6.9 ALAMEDA

12 89-04-25 6.9 TLATELOLCO

13 95-09-14 7.2 TLATELOLCO

14 95-10-09 7.3 LIVERPOOL

15 97-01-11 6.9 LIVERPOOL

16 95-09-14 7.2 CORDOBA

17 95-10-09 7.3 CORDOBA

18 97-01-11 6.9 CORDOBA

19 89-04-25 6.9 C.U. JUAREZ

20 95-09-14 7.2 C.U. JUAREZ

21 95-10-09 7.3 C.U. JUAREZ

22 97-01-11 6.9 C.U. JUAREZ

23 95-09-14 7.2 CUJP

24 95-10-09 7.3 CUJP

25 97-01-11 6.9 CUJP

26 85-09-19 8.1 SCT B-1

27 89-04-25 6.9 SCT B-2

28 89-04-25 6.9 SECTOR POPULAR

29 95-09-14 7.2 SECTOR POPULAR

30 95-10-09 7.3 SECTOR POPULAR

31 97-01-11 6.9 SECTOR POPULAR

In Eq. (7), while IMs is the selected intensity measure that represent the combi-
nation of both directions of the ground motion (i.e. Sa, Sv, V and EI ), IMsComp1 and
IMsComp2 are the intensity measure in each horizontal component orthogonal.
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2.5 Performance Parameters

The engineering demand parameters selected were the maximum inter-story drift
and the normalized hysteretic energy by the mass (EN ), Eq. (8). These parameters
are selected due to their importance for seismic design purposes, since they capture
both information about maximum demands and the effect on the duration of the
earthquake and with the cumulative demands [32]. In fact, currently various damage
indexes have been proposed based on hysteretic energy [33–35].

EN = EH

m
(8)

3 Numerical Results

3.1 Relation Between Vector-Valued IMs and the Structural
Demand of 3D R/C Fames

Baker and Cornell [14] and Bojórquez and Iervolino [18] showed the advantages
of using vector-valued ground motion intensity measures instead of scalars. The
main advantage is the increasing in the efficiency to predict the structural response.
Herein with the aim to obtain the relation between the structural response of R/C
frames and the vectors selected; nonlinear incremental dynamic analysis was used
to obtain the seismic response of the R/C frames subjected to the 31 ground motion
records by using the first parameter of the vector and then the relation between the
structural response of the R/C frames and the second parameter of the vector is
obtained. Figure 2a shows a general illustrative example of the incremental dynamic

(a) (b)

Fig. 2 a Illustrative example of incremental dynamic analysis scaling for Sa(T1);b relation between
NpSa and Maximum inter-story drift at Sa(T1) = 1g
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analysis for Sa(T 1) in terms of the maximum inter-story drift. It is observed a poor
relation among Sa(T 1) and maximum inter-story drift, in fact the uncertainty to
predict maximum inter-story drift using the spectral acceleration tend to increase
with the intensity of the earthquake ground motion. Figure 2b illustrates the relation
obtained for <Sa(T 1), NpSa> and the maximum inter-story drift when Sa(T 1) = 1 g
(see the values in the circle of Fig. 2b). Note the good relation between NpSa and the
maximum inter-story drift reflecting the advantage of using the vector-valued ground
motion intensity measure. It explains the reduction in the uncertainty associated
with the structural response when vector-valued parameters are selected as intensity
measures, and this type of intensity measures could be more efficient for nonlinear
structural response prediction.

3.2 Optimization of the Np Parameter

As it was mentioned above, a study was carried out to determine the value of Ti

and Tf to be used for the Np spectral shape parameter of the second set of intensity
measures. For this reason, pairs of Ti values were created ranging from 0.1 * T 1 to
1.0 * T 1, and Tf from 1.1 * T 1 to 3.0 * T 1. The value of Np of all the pairs was
calculated, applied to the 16 vector-valued spectral shape IMs and were selected the
values for which Ti and Tf minimize the standard deviation of the natural logarithm
of the seismic response (maximum inter-story drift or hysteretic energy) of the R/C
buildings.

A summary of the optimal Ti and Tf values computed for the F7 R/C frame is
presented in Table 5 and for the F10 R/C frame in Table 6. It is observed in general,
that the value of the initial period Ti is equal to T 1, while for Tf , a value between
2.0 and 3.0 times T 1 is suggested, which is valid for the two selected performance
parameters (maximum inter-story drift and normalized hysteretic energy).

3.3 Efficiency of Selected Vector-Valued Ground Motion IMs

The numerical results of thiswork are described here. To show the effectiveness of the
selected vector-valued IMs, the standard deviation values of the natural logarithm of
the maximum inter-story drift and the hysteretic energy demands, obtained from the
incremental dynamic analysis at different levels of intensities are presented. Standard
deviations were estimated using a linear regression for all cases and scaling levels
of IMs used, and of the R/C framed building considered. Figure 3 shows the results
obtained for the vector-valued IMs that use as first component Sa(T 1), in terms of
the maximum inter-story drift for both frames; and, Fig. 4 shows the same results,
but now, in terms of the hysteretic energy demands. By other hand, Fig. 5 shows
the results obtained for vector-valued IMs that use EI as first component, in terms
of the maximum inter-story drift, for the two 3D R/C frames; and, Fig. 6, shows
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Table 5 Optimal Ti and Tf values for the 16 vector-valued spectral shape IMs to predict the seismic
response of F7 R/C frame

IMs Inter-story drift Normalized hysteretic energy

Ti/T1 Tf/T1 Ti/T1 Tf/T1

<Sa(T1), NpSa> 1 3 1 3

<Sa(T1), NpSv> 1 3 1 3

<Sa(T1), NpV> 1 3 1 3

<Sa(T1), NpEI> 1 3 1 3

<Sv(T1), NpSa> 1 3 1 3

<Sv(T1), NpSv> 1 3 1 3

<Sv(T1), NpV> 1 3 1 3

<Sv(T1), NpEI> 1 3 1 3

<V (T1), NpSa> 1 3 1 3

<V (T1), NpSv> 1 3 1 3

<V (T1), NpV> 1 3 1 3

<V (T1), NpEI> 1 3 1 3

<EI (T1), NpSa> 0.3 1.1 1 3

<EI (T1), NpSv> 0.3 1.1 0.3 1.1

<EI (T1), NpV> 1 3 1 3

<EI (T1), NpEI> 0.3 1.1 1 3

the same results, but, in terms of the hysteretic energy demands. Note that since the
results generated by vector-valued IMs that use Sv(T 1) and V (T 1) as first component
have low efficiency than Sa(T 1), only the results of the IMs that use Sa(T 1) as the
first component have been included for the sake of brevity. In addition, with the
aim to have a comparison in terms of input energy, also this parameter was plotted
when represent the first component of the vector. It can be seen that the vector-
valued IMs that use spectral shape parameters Np are more efficient to predict the
seismic demands (peak and cumulative) for every frame, especially those based on
spectral acceleration or velocity (NpSa,NpSv,NpV ). By the other hand, the peak ground
response and duration parameters of the first set of IMs are not good estimators of the
maximum inter-story drift and the normalized hysteretic energy demands, because
they produce large uncertainties. Finally, it is observable that the selected vector-
valued IMs are more efficient in predicting the maximum inter-story drift than the
hysteretic energy demands.

Figure 7 shows the comparison between the 16 vector-valued IMs of the second
set of IMs, those that use in their second component an IMs based on the spectral
shape, for both models F7 and F10 respectively, the results shown in terms of the
standard deviation of the natural logarithm of the maximum inter-story drifts and
for a median value of 0.03. As seen in Fig. 7, vector-valued IMs that use Sa(T 1), or
Sv(T 1), have the best efficiency to predict the seismic response, using NpSa, NpSv or
NpV as second component.
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Table 6 Optimal Ti and Tf values for the 16 vector-valued spectral shape IMs to predict the seismic
response of F10 R/C frame

IMs Inter-story drift Normalized hysteretic energy

Ti/T1 Tf/T1 Ti/T1 Tf/T1

<Sa(T1), NpSa> 1 2.6 1 2.5

<Sa(T1), NpSv> 1 2.5 1 2.4

<Sa(T1), NpV> 1 2.4 1 2.4

<Sa(T1), NpEI> 1 2.2 1 2.3

<Sv(T1), NpSa> 1 2.6 1 2.5

<Sv(T1), NpSv> 1 2.5 1 2.4

<Sv(T1), NpV> 1 2.4 1 2.4

<Sv(T1), NpEI> 1 2.2 1 2.3

<V (T1), NpSa> 1 2.6 1 2.6

<V (T1), NpSv> 1 2.6 1 2.5

<V (T1), NpV> 1 2.6 1 2.6

<V (T1), NpEI> 1 2.7 1 2.6

<EI (T1), NpSa> 1 2.7 1 2.5

<EI (T1), NpSv> 1 2.7 1 2.5

<EI (T1), NpV> 1 2.7 1 2.5

<EI (T1), NpEI> 0.1 1.2 1 2.7

Fig. 3 Efficiency comparison of the standard deviation of the natural logarithm for the maximum
inter-story drift of vector-valued IMs that use Sa(T1) as first component for: a F7 frame, and b F10
frame

4 Conclusions

Several vector-valued groundmotion intensitymeasures have been analyzed with the
aim to obtain the best predictor of the structural response in terms of the maximum
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Fig. 4 Efficiency comparison of the standard deviation of the hysteretic energy demands of vector-
valued IMs that use Sa(T1) as first component for: a F7 frame, and b F10 frame

Fig. 5 Efficiency comparison of the standard deviation of the natural logarithm for the maximum
inter-story drift of vector-valued IMs that use EI (T1) as first component for: a F7 frame, and b F10
frame

Fig. 6 Efficiency comparison of the standard deviation of the hysteretic energy demands of vector-
valued IMs that use EI (T1) as first component for: a F7 frame, and b F10 frame
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Fig. 7 Efficiency comparison of the standard deviation of the maximum inter-story drifts of vector-
valued IMs that use IMs based on spectral shape as second component for: a F7 frame, and b F10
frame

inter-story drift and the hysteretic energy demands of 3D R/C frames under narrow-
band ground motions. The study considered IMs based on peak, cumulative and
spectral shape proxies. The numerical study concludes that there is no evidence
to support the use of vector-valued IMs based exclusively in peak ground motion
characteristics for predicting seismic demands of 3D R/C buildings. The results
obtained by the vector-valued IMs that use Sa(T 1) and Sv(T 1) as the first component
of the vector are similar since, they are related, and their efficiency is superior than
those obtained usingV (T 1) andEI (T 1) as the first component. The optimization study
shows that Ti values equal to T 1, and Tf ranging from 2.0 to 3.0 times T 1, produce an
improvement in the prediction of the seismic response. The vectors <Sa(T 1), Npsa>,
<Sa(T 1),NpSv> and <Sa(T 1),NpV> are those that produce the least uncertainty when
predicting seismic demands, in such a way that they are very promising to the next
generation of advanced vector-valued ground motion intensity measures.
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