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— Abstract—

The expected earthquake damage in the buildings can be determined with 
the maximum mezzanine distortion (

max
) and depends on the building type 

and the earthquake characteristics. In this research, a new earthquake damage 
potential index (DPIs

SaT1-IA-ΔIA
) is presented based on its Arias intensity (I

A
), 

its significant duration (Δ
IA

), and the spectral acceleration for the funda-
mental period of the building (SaT1). In addition, predictive equations are 
developed to determine the 

max
 as a function of the new index. Two 2D 

buildings, with 3 and 7 stories, are used, and Oaxaca City, Mexico, is con-
sidered the study area. Forty-six accelerograms of horizontal components 
of real strong ground motion records are used. For these accelerograms set 
based on a spectral matching method, accelerograms with spectral response 
compatible with the design spectrum of the Mexican seismic standard from 
the city studied are generated. The seismic response of the buildings is 
obtained by the incremental non-linear dynamic analysis. The results show 
a good correlation between 

max
 with the SA

T1
 and I

A
 in the analyzed set of 

compatible accelerograms. The DPIs
SaT1-IA-ΔIA

 proposed has a better correla-
tion with 

max
 than SA

T1
 and I

A
, for real and compatible accelerograms in the 

two buildings studied. Therefore, it can be a better alternative to measure 
the destructiveness potential of seismic action. Finally, the predictive equa-
tions were developed to allow the new index to correctly relate to the 

max
 

for compatible seismic actions in steel buildings.

Keywords:

Inter-story drift; significant duration; spectral acceleration for the fundamental 
mode; steel frames; destructive potential of earthquakes.
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As a learning of the different seismic events that occurred in recent 
decades, it has been demonstrated that the damage that occurs in 
buildings during these events is related to the lateral displacements 

that occur on the floors of the buildings (Barbat et al., 2010; Kostinakis et 
al., 2014; Perrault & Guéguen, 2015). To ensure proper behavior of buildings 
in the face of seismic actions, current regulations in the world, such as 
ASCE 7-16 in the United States (ASCE/SEI 7-16, 2016), the Civil Works 
Design Manual of the Federal Electricity Commission of Mexico (MDOC-
CFE, 2015), Eurocode 8 (CEN, 2019), establish the lateral displacements 
allowed for the different structural systems. This is done by limiting the 
maximum difference between the lateral displacements of consecutive 
floors produced by seismic forces, divided by the mezzanine's height; this 
value is called "maximum mezzanine distortion" (

max
). For the 

max
 estimated 

in a seismic evaluation to be adequate, it is vital to make a correct definition 
of the seismic threat of the study area. In the field of seismic engineering, 
the two most accepted ways to characterize the seismic threat of a site are 
accelerograms and response spectra. Accelerograms are temporary records 
of the site at ground acceleration values measured in two orthogonal hori-
zontal directions (North-South [N-S] and East-West [E-W] component) and 
one vertical occurring during the seismic event. The use of accelerograms 
in a non-linear dynamic analysis (ADNL) of a building in its incremental 
dynamic analysis (IDA) mode (Vamvatsikos & Cornell, 2002) allows esti-
mating the temporal evolution of the maximum response of the structure 
in terms of forces, displacements, etc., depending on the increased variable 
that, generally, is the intensity of the seismic action. In this way, the possible 
expected consequences (damage) in the buildings are adequately obtained 
(Díaz et al., 2018; Kazantzi et al., 2014; Vamvatsikos, 2014; Vargas et al., 
2018). On the other hand, the respective "acceleration response spectrum 
(Sa)" can be obtained through the accelerograms; the same that represents the 
expected maximum of soil acceleration and the respective spectral accelerations 
for different structural periods (Newmark & Hall, 1982). In the seismic 
regulations in a simplified way, the seismic threat is characterized based 
on the so-called "design spectra (Sa design)"; obtained as an envelope of 
the seismic response spectra of a site or as a result of a seismic hazard 
study, where the influence of all possible seismic sources, their historical 
seismicity (or frequency with which earthquakes occur) and their intensity 
are contemplated; in addition to the means of propagation of seismic waves 
from the hypocenters of the earthquakes to the site under study (attenua-
tion laws depending on the magnitude and distance) (McGuire, 2004; Pérez 
et al., 2015). Thus, for the fundamental period of oscillation (T1) of each 
building within the design spectrum, the spectral acceleration defining the 
design seismic forces for the building is determined.
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The structural system of the building (reinforced concrete, steel, masonry, 
etc.) and the characteristics of the seismic actions (intensity, duration, peak 
ground acceleration (PGA), spectral response, etc.) play a fundamental role in 
estimating the degree of damage that a building could have (Bojórquez et al., 
2017; Bhanu et al., 2019; Martineau et al., 2020; Pinzón et al., 2020). Therefore, it 
will be of interest to find the ratio between the potential for damage or destruc-
tive potential of a seismic action due to its characteristics with the maximum 
mezzanine distortion, 

max
, that can occur in the building. This can be useful for 

selecting the seismic actions with the greatest potential for damage when you 
have a set of accelerograms. For example, in a seismic directionality analysis 
in buildings, where 360 seismic actions are used, obtained from the vector 
combination by rotating the two horizontal components of a seismic register 
from 1° to 360° (Vargas et al., 2018; Pinzón et al., 2019).

In this research, a new index (DPIs
SaT1-IA-ΔIA

) is developed to define the 
probable damage potential of an earthquake; considering in this indicator, 
its Arias intensity (I

A
), its significant duration (Δ

IA
) and the spectral ac-

celeration for the fundamental period of the building (Sa
T1

). Additionally, 
predictive equations are developed for steel buildings, which relate this new 
indicator to the 

max
. For this, we analyze two 3 and 7 stories 2D steel build-

ings, located in the city of Oaxaca, Mexico. The seismic threat of the city 
is defined by 23 real seismic records in its two horizontal components (46 
real accelerograms). In addition, using these actions in a spectral adjustment 
technique in the SeismoMatch program (Seismosoft, 2018a) 46 accelero-
grams compatible with the seismic threat defined by the design spectrum 
for the city of Oaxaca are generated by the Manual of Civil Works Design 
of the Federal Electricity Commission of Mexico (MDOC-CFE) (2015). The 
assessment of the building's seismic response is performed using incremen-
tal non-linear dynamic analysis (ADNL-IDA), where the PGA of real and 
compatible accelerograms is used as an incremental variable.

BUILDINGS PROTOTYPE

3-story and 7-story steel buildings in two dimensions (2-D) are evaluated 
in this research. The buildings have a structural system of resistant moment 
frames with metal profiles type W, creep resistance (fy) of 50 ksi. The 
connections are considered fully rigid (FR prequalified connections defined 
in ANSI/AISC 358-16 (2016)) and with recessed supports at the bases of 
the columns. For the structural design, it is considered a dead load (CM) 
and live load (CV) for the mezzanines of 6.5 kN/m2 and 2.5 kN/m2 (CV 
corresponding to the office use according to the NTC-RSEE-CD (2017)) 
respectively; while for the roof the dead load and live load was 5.5 kN/m2 and 
1 kN/m2 and (CV corresponding to the roof use according to the NTC-RSEE-
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CD (2017)) respectively. To linearize the load on the frames, a tributary 
width of 6 m, and the weight of the structural elements was considered. 
The earthquake-resistant design was carried out with the ECOgcW3 
program (GC Ingeniería y Diseño S.C., 2020), following the specifications 
of the Load and Resistance Factor Design (LRFD) of the ANSI/AISC 360-16 
(2016) and for the modified design spectrum of the city of Oaxaca defined 
in the MDOC-CFE (2015) and the PRODISISv4.1 (INEEL-CFE, 2015). The 
conditions of soft soil and the ductility factors values (Q=3), on-resistance 
(Ro=2), redundancy (r=1), and irregularity (=1) were considered, based 
on the characteristics of the buildings.

Figure 1 shows the 2-D geometry and frame profiles of each building 
obtained from the structural design. From the spectral modal analysis of 
each frame of the buildings, it is obtained that its fundamental period, T1, 
is 0.50 seconds for the 3-story and 0.86 seconds for the 7-story.

The ADNL-IDA of the frames of the buildings is carried out in the 
SeismoStruct program (Seismooft, 2018b). The loads considered in these 
analyses followed the combination of 1.0 CM +0.2 CV, based on the recom-
mendation of PEER/ATC 72-12 (2010), to perform non-linear analyses. The 
beams and columns were modeled as non-linear stress-strain elements based 
on a uniaxial analysis of individual steel fibers. Where, the stress-strain 
diagram of steel was defined by a bilinear hysteresis model with hardening 
(Seismosoft, 2018b). In this way, it is ensured that the evaluation of the 
non-linear behavior is carried out along the entire length of the structural 
elements and across their entire cross-section. Two performance criteria 
were used, both based on the unitary uniaxial deformation () of the steel 
fibers; one to consider the creep (

y
=0.0025) and another for its fracture 

(
f
=0.06) (Seismosoft, 2018b).

Figure 1. The geometry of the 2-D buildings used in the evaluation. Source: Own elaboration

Pillars Beams
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SEISMIC ACTIONS

This research considers as a study area the city of Oaxaca, Oaxaca, Mexico; 
which due to its location on the Pacific Ocean coast is subject to significant 
seismic activity, due to the convergences of the Cocos and North American tec-
tonic plates (Vladimir & Pacheco, 1999). To characterize the dangerousness of 
this city, 23 records of real accelerations are used in its two horizontal com-
ponents, East-West (E-O) and North-South (N-S) (46 real accelerograms). 
The seismic data were provided by the Accelerographic Network of the 
Institute of Engineering of the UNAM (RAII-UNAM, 2020), a product of the 
instrumentation and processing work of the Seismic Instrumentation Unit. 
The data were distributed through the Accelerographic Database System 
on the website: https://aplicaciones.iingen.unam.mx/AcelerogramasRSM/

Using a spectral adjustment technique in the SeismoMatch program 
(Seismosoft, 2018a) and considering as a target spectrum the modified 
design spectrum for the city of Oaxaca (MDOC-CFE, 2015) used in the 
structural design of buildings; 46 compatible accelerograms are generated. 
Figure 2 shows the spectra of the set of real and compatible accelerograms, 
in addition to the target design spectrum. The main characteristics of the 
set of real and compatible accelerograms are shown in Table 1; these are 
the register's name; epicenter distance (D

Epi
); Azimuth station – epicenter 

(AZ
Est-Epi

); moment magnitude (M
w
) of the earthquake recorded; total dura-

tion (Δ
T
); Peak ground acceleration, PGA, the spectral acceleration for the 

fundamental period of the 3-story building (Sa
T1

-3 story) and 7-story (Sa
T1

-7 
story); the Arias intensity (I

A
) and its respective significant duration (Δ

IA
).

Figure 2. Response spectra of the set of a) real and b) compatible accelerograms with the modified design 
spectrum for the city of Oaxaca, used in the structural design of buildings. Source: Own elaboration

In this research, one of the most used indicators of the destructive potential 
of a seismic action in the world was used; the Aryan Intensity (AI) (Arias, 
1970), defined by the following equation:

Sa ace compatibles
Sa modified design

Sa ace compatibles
Sa modified design

3-story

7-story

3-story

7-story

Period Period
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(1)

Where g is the acceleration due to gravity, t
i
 is the beginning of the accelerogram, 

t
f
 is the total duration of the accelerogram and a (t) represents the history of 

the acceleration time of the register component. Thus, significant duration 
(Δ

IA
) is based on energy accumulation and is defined as the interval during 

which 5% to 95% Arias intensity accumulates. This interval is considered the 
strong phase of an earthquake (Bommer & Martínez-Pereira, 1999; Trifunac 
& Brady, 1975). As seen in Table 1, the 23 actual records used from the study 
area are varied in duration (in a range of 9.9 seconds to 229.99 seconds) 
and with significant destructive potential (with a moment magnitude (M

w
) 

greater than 5.3° up to 8.2° and peak ground acceleration, greater than 10 cm/
s2 up to 370.34 cm/s2). In this way, we have an adequate characterization of 
the seismic threat to the city of Oaxaca.
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Table 1
Main characteristics of the set of accelerograms used in ADNL-IDA

Real Accelerogram Spectra Real Accelerogram Spectra
Recording

Story
Story StoryStory

Source: Own elaboration

INCREMENTAL NONLINEAR DYNAMIC ANALYSIS

This section shows the evaluation of the seismic response of the buildings, 
obtaining as an output variable the maximum mezzanine distortion (

max
). 

For this, incremental non-linear dynamic analyses (ADNL-IDA) are carried 
out, considering the Peak ground acceleration (PGA) of the set of real and 
incrementally compatible accelerograms until the buildings collapse. Figures 
3 and 4 show the results obtained from the 

max
 ratio with the Arias intensity 

(I
A
) of each accelerogram and its respective spectral acceleration for the 

building period (Sa
T1

). It can be seen in Figures 3 and 4 that the results of the 
analysis of the buildings for the set of real accelerograms present a greater 
dispersion compared to the results for the set of compatible accelerograms; 
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this is due to the randomness that the real seismic actions present since they 
do not have a spectral adjustment (see Figure 2).

Table 2 shows the correlations between 
max

 with la I
A
 and Sa

T1
. It 

is observed that by using compatible accelerograms in the analyses, it is 
possible to obtain a better correlation between the output response (

max
 

which represents the damage in the building) with the characteristics of the 
seismic actions used (I

A
 and Sa

T1
). The Sa

T1
 has the best correlation for both 

3 and 7-story buildings, as well as for real and compatible accelerograms.

Table 2
Correlation between 

max
 – I

A
 – Sa

T1
, obtained from the results of the ADNL-

IDA analyses

Real accelerograms Compatible accelerograms

Building
Correlation

Variable SaT1 IA Variable SaT1 IA

3 story 
max

0.72 0.40 
max

0.89 0.85

7 story 
max

0.65 0.39 
max

0.90 0.86

Source: Own elaboration

Figure 3. 
max

 – I
A
 – Sa

T1
 ratio obtained from the ADNL-IDA for the 3-story building and the a) Real and b) 

Compatible accelerograms. Source: Own elaboration

Real accelerograms Compatible accelerograms 

Arias intensity 
(cm/s)

Arias intensity 
(cm/s)

3-story 3-story 
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Figure 4. 
max

 – I
A
 – Sa

T1
 ratio obtained from the ADNL-IDA for the 7-story building and for the a) Real and 

b) Compatible accelerograms. Source: Own elaboration

NEW DAMAGE POTENTIAL INDEX OF A SEISMIC ACTION

The correlations obtained between 
max

 with I
A
 and Sa

T1
 can be considered 

acceptable (especially when compatible accelerograms are used and if we 
consider Sa

T1
) to predict the destructive potential that a seismic action could 

have to cause damage to the structure. However, it is considered that these 
can be improved if we raise a new damage potential index (DPI) of a seismic 
action according to several of its characteristics. For this research, a DPI 
based on three characteristics is presented: 1) Sa

T1
; 2) I

A
 and 3) Δ

IA
. The 

following equation shows the proposed DPIs
SaT1-IA-ΔIA

:

(2)

Where  and  are calibration factors. In this DPI, it is observed it has 
two parts; the first is the influence of Sa

T1
, which as it was obtained in the 

ADNL-IDA of the buildings was the variable with the best correlation with 
the 

max
. The second term (I

A
/Δ

IA
) considers the influence of the energy 

accumulation of the seismic action for a significant duration.
The second term of equation (2) allows the condition that a short-

duration seismic action represents a greater destructive potential than a 
long-duration seismic action to be evaluated in the proposed index if both 
have the same Arias intensity (accumulated energy). For the development 
of this new DPI, a calibration process was carried out with the results of 
the buildings' ADNL-IDA, to determine the optimal values of  and . The 
values obtained for each case are presented in Table 3.

Real accelerograms Compatible accelerograms 

Arias intensity 
(cm/s)

Arias intensity 
(cm/s)

7-story 7-story 
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Table 3
Values  and  were used in the calibration of the DPI

SaT1-IA-ΔIA

Real accelerograms Compatible accelerograms

Building    

3 story 0.80 0.10 1.35 0.10

7 story 0.75 0.15 1.55 0.10

Fuente: Elaboración propia

Figures 5 and 6 show the 
max

 ratio with the DPIs
SaT1-IA-ΔIA

 for the 3 and 7-story 
buildings and the set of real and compatible accelerograms. Table 4 shows 
the correlations of 

max
 with the DPIs

SaT1-IA-ΔI
 of each case. Note that these 

increased for both buildings and both sets of accelerograms if we compare 
them with the correlations obtained in Table 2 for 

max
 – I

A
 – Sa

T1
.

Figure 5. 
max

 – DPIs
SaT1-IA-ΔIA

 ratio for the 3-story building and the a) real accelerograms and b) compatible 
accelerograms. Source: Own elaboration

Figure 6. q
max

 – DPIs
aT1-IA-ΔIA

 ratio for the 7-story building and for the a) real accelerograms and b) compatible 
accelerograms. Source: Own elaboration

Real accelerograms Compatible accelerograms

Real accelerograms Compatible accelerograms
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Table 4
Correlation between 

max
 – DPIs

SaT1-IA-ΔIA

Real accelerograms Compatible accelerograms

Building
Correlation

Variable IPDSaT1-IA-ΔIA Variable IPDSaT1-IA-ΔIA

3 story 
max

0.72 
max

0.89

7 story 
max

0.65 
max

0.90

Source: Own elaboration

PREDICTIVE EQUATIONS

Because the proposed DPIs
SaT1-IA-ΔI

 may be an alternative for measuring the 
destructive or damage potential likely to be caused by a seismic action. This 
last section presents a proposal of predictive equations to relate this new index 
with the output variable that determines the damage in a building, the 

max
. The 

best settings were presented for analyses of the 3 and 7-story buildings with 
the set of compatible accelerograms. While with the set of real accelerograms, 
the adjustments were not shown to be adequate to be considered predictive. 
Figure 7 shows the adjustments and predictive equations for the 3-story buildings 
(Ec. 3) and 7-story (Ec. 4) with compatible accelerograms. A suitable fit was 
achieved for these cases, being useful in future steel building investigations.

(3)

(4)

max=0.0063(IPDSaT1-IA-∆IA+0.0023, for 3- story buildings

max=0.0063(IPDSaT1-IA-∆IA+0.0023, for 7-story buildings

Figure 7. Linear equation adjustment for 
max

 – DPIs
SaT1-IA-ΔIA

 ratio in a) 3-story and b) 7-story buildings for 
compatible accelerograms. Source: own elaboration

3-story building 7-story building



The ratio of Mezzanine Distortion in Steel Buildings with a new Earthquake Damage Potential Index 74

ESPACIO I+D, INNOVACIÓN MÁS DESARROLLO •  VOL. XII, N° 32, FEBRUARY 2023  •  ISSN: 2007-6703 

CONCLUSIONS

This research aimed to present a new earthquake potential index, referred 
to in this article as the DPIs

SaT1-IA-ΔIA
. Name given as a function of three 

characteristics of the symbolic actions: 1) the spectral acceleration for the 
fundamental period of the building (Sa

T1
) the Arias intensity (I

A
), and 3) 

its respective significant duration (Δ
IA

). Predictive equations were also 
shown to determine the maximum mezzanine distortion (

max
) based on 

this new index. For this, incremental non-linear dynamic analysis (ADNL-
IDA) was performed on 2D 3-story and 7-story steel buildings and for real 
and adjusted seismic actions to the design spectrum of Oaxaca city. Several 
relevant conclusions obtained are presented below: i) The values obtained 
of 

max
 for both buildings show a lower dispersion for the set of compatible 

accelerograms compared to those obtained for the actual accelerograms. 
This is to be expected since the real accelerograms are very varied in their 
spectral accelerations, and with spectral adjustment, these become similar 
and of the order of the ordinates of the design spectrum. ii) The correlation 
of 

max
 with Sa

T1
 e I

A
 of seismic actions is good in the analyses with the set 

of compatible accelerograms. The DPIs
SaT1-IA-ΔIA

 proposed achieves a better 
correlation with 

max
 compared to using only Sa

T1
 or la I

A
 separately; both 

for the set of real and compatible accelerograms, as well as for the two 
buildings studied. iii) The presented predictive equations correctly relate 
the new damage potential index to 

max
 for seismic actions compatible with 

particular cases of low and medium-height steel buildings.
From the above, it is concluded that DPIs

SaT1-IA-ΔIA
 represents a good 

alternative to measure the destructive potential of seismic actions. So, if you 
have a wide set of accelerograms that you want to use, you can select only 
seismic actions that based on their DPIs

SaT1-IA-ΔIA
, represent a greater damage 

potential to the structure you want to analyze. Moreover, the proposed equa-
tions allow us to obtain a rapid estimate of the expected value in the 

max
 for 

each seismic action in buildings of the typologies studied here.
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