
Vol.:(0123456789)

Bulletin of Earthquake Engineering (2024) 22:2829–2865
https://doi.org/10.1007/s10518-024-01885-1

1 3

ORIGINAL ARTICLE

Relationships between ground motion parameters 
and energy demands for regular low‑rise RC frame buildings

Emrah Meral1 

Received: 6 June 2023 / Accepted: 24 February 2024 / Published online: 25 March 2024 
© The Author(s) 2024

Abstract
The present study aims to analyze the correlation between ground motion parameters and 
energy demands of low-rise RC buildings without shear walls. Two regular 4- and 7-story 
residential buildings were seismically designed to represent low-rise RC buildings. In order 
to establish the requirements of single degree of freedom (SDOF) systems as well as multi 
degree of freedom (MDOF) systems, the dynamic features of “equivalent” SDOF systems 
were defined by using MDOF systems. The correlation of 20 ground motion parameters 
(GMPs) of 44 records with the energy demands obtained from a total of 176 nonlinear time 
history analyses was examined for the SDOF and MDOF systems within the scope of this 
study. The ground motion parameters (GMPs) were taken as intensity measures (IMs). In 
contrast, maximum input energy was used as a demand measure (DM) and these energy 
values were normalized with the masses of the buildings for cases, where the buildings 
were evaluated together. Parameters related to acceleration and velocity are generally found 
to yield better results in comparison to the ones related to frequency and displacement. 
Velocity Spectrum Intensity (VSI) and Arias Intensity (Ia) were obtained to have the high-
est correlation values as a single parameter. This study suggested new equations by com-
bining multiple ground motion parameters for SDOF and MDOF systems to better reflect 
damage potential than a single parameter. The use of multiple parameters in combination 
results in better correlation coefficients.

Keywords  Ground motion parameters · Seismic intensity measures · Low-rise RC frame 
buildings · Nonlinear time history analysis · Input energy
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CSA	� Characteristic spectral acceleration
DD-1	� Maximum earthquake level
DD-2	� Design earthquake level
DM	� Demand measure
Drms	� RMS of displacement
EDA	� Effective design acceleration
EPA	� Effective peak acceleration
EA	� Total energy
ED	� Damping energy
EH	� Hysteretic energy
EI	� Input energy
EK	� Kinetic energy
ES	� Elastic strain energy
GMP	� Ground motion parameter
HI	� Housner intensity
IM	� Intensity measure
IO	� Immediate occupancy
Ia	� Arias intensity
Ic	� Characteristic intensity
LS	� Life safety
MDOF	� Multi degree of freedom
MIDR	� Maximum interstory drift ratio
OSDI	� Overall structural damage index
PEER	� Pacific Earthquake Engineering Research
PGA	� Peak ground acceleration
PGD	� Peak ground displacement
PGV	� Peak ground velocity
PSV	� Pseudo spectral velocity
RMS	� Root-mean-square
RSA	� Representative spectral acceleration
Sa	� Spectral acceleration
SA	� Spectral pseudo-acceleration
SDOF	� Single degree of freedom
SED	� Specific energy density
SMA	� Sustained maximum acceleration
SMV	� Sustained maximum velocity
SRSS	� Square root of the sum of squares
TBEC 2018	� 2018 Turkish Building Earthquake Code
te	� Effective duration
Tm	� Mean period
Tp	� Predominant period
Vrms	� RMS of velocity
VSI	� Velocity spectrum intensity
Vs30	� Shear wave velocity

Symbols
ξ	� Damping ratio
εco	� Unconfined concrete compressive strain
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εcc	� Confined concrete compressive strain
εcu	� Maximum compressive strain of confined concrete
εsy	� Yield strain of the reinforcement steel
εsh	� Strain in steel at the onset of strain hardening
fcc	� Confined concrete strength
fco	� Unconfined concrete strength
fsy	� Yield strength of reinforcement steel
fsu	� Maximum strength capacity of steel

1  Introduction

It is essential to estimate the earthquake damage for the seismic performance of new build-
ings and the evaluation of existing structures by considering the potential future earthquake 
hazard. Assessment of ground motion intensity measure (IM) and demand measure (DM) 
together allows for the prediction of the damage risk of the earthquake. The ground motion 
parameters (GMPs) such as peak ground acceleration (PGA) and velocity (PGV), etc. have 
been taken as intensity measures (IMs), whereas the structural damage is quantified by 
demand measures (DMs) such as maximum roof drift ratio and input energy, etc. (Akkar 
and Özen 2005). The GMPs showing a good correlation with DMs indicate that the seis-
mic performances of the structures are obtained properly. Therefore, examinations of the 
GMP that best reflects the seismic damage potential statistically are still conducted today.

There are many studies showing an interdependency between the behavior of structures 
and GMPs. Elenas (2000) emphasized that Park/Ang and DiPasquale/Çakmak as damage 
index had a high correlation with spectral pseudo-acceleration (SA), medium correlation 
to PGV, peak ground displacement (PGD) and Ia, whereas they had a poor to medium cor-
relation to effective peak acceleration (EPA) and a poor correlation with PGA and the ratio 
of peak acceleration to peak velocity (Amax/Vmax). Elenas and Meskouris (2001) took into 
account demand measures (DMs) such as the overall structural damage index (OSDI), 
maximum interstory drift ratio (MIDR), and maximum floor acceleration. The authors 
reported that SA had a strong correlation with OSDI and MIDR, while PGA had a poor 
correlation. Ia showed a high correlation, whereas Amax/Vmax had a low correlation with 
max. floor acceleration.

Akkar and Özen (2005) stated that the PGV had a higher correlation with spectral dis-
placements on SDOF systems for short periods when compared to PGA and PGV/PGA. 
PGV also showed a more consistent correlation with inelastic displacement demands 
according to spectral acceleration (Sa). Yakut and Yilmaz (2008) concluded that Housner 
intensity (HI), velocity spectrum intensity (VSI), and acceleration spectrum intensity (ASI) 
had the strongest correlation with maximum interstory drift ratio (MIDR) for structures 
with the period range of 0.1–2.5  s. PGA, VSI, and characteristic intensity (Ic) were the 
parameters with the highest correlation for periods between 0.2–0.5 s, while VSI, HI, and 
Sa were found to be the best parameters for periods between 0.5 and 1.1 s.

Cao and Ronagh (2014) investigated the relation between maximum interstory 
drifts, Park/Ang damage index, and the characteristics of 1040 far-fault ground motion 
records. They indicated that PGD, PGV/PGA, displacement rms (Drms), specific energy 
density (SED), predominant period (Tp), and mean period (Tm) had poor correlations 
with the damage of structures. VSI was the best parameter of seismic damage potential, 
followed by HI and Sa. The findings also revealed that PGA had a weak correlation with 
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structural damage when compared to other parameters. The overall structural damage 
index, as well as the maximum (MIDR) and average interstory drift (AIDR) as struc-
tural damage states, was correlated with GMPs by Kostinakis et al. (2015). Given the 
results, Sa, followed by VSI, PGV, and HI, correlated well with MIDR or AIDR as the 
indicator of structural damage, whereas PGV/PGA and Drms were GMPs with the least 
influence. Furthermore, the overall structural damage index showed a moderate to low 
correlation with most of the GMPs.

The correlation between nonlinear displacement drift demands and ground motion 
features was examined using the number of story and soil classes by Ozmen and Inel 
(2016). PGA and PGD were found to have a poor correlation with damage in compari-
son to the VSI, PGV, and several different parameters such as effective design accelera-
tion (EDA) and Ic. The effect of GMPs on structural damage, which includes inter-story 
drift, roof drift, and the Park/Ang index, was examined using regression coefficients by 
Massumi and Gholami (2016). They emphasized that VSI had the highest effect, fol-
lowed by the HI.

The damage potential of ground motion records was investigated by using correlation 
coefficients between GMPs and displacement demands obtained from SDOF models and 
MDOF buildings that have diverse lateral strength capacities and periods depending on 
different soil properties by Palanci and Senel (2019). The correlations of PGA, PGV, and 
spectrum intensity (SI) are generally better than others, while PGA, root mean square 
(RMS) of acceleration (Arms), and ASI have good correlations at short vibration periods 
of structures. In addition, correlation coefficients acquired from MDOF buildings are quite 
similar to the results of SDOF models. Kamal and Inel (2021) studied the correlation of 
GMPs with inelastic roof drift ratios of mid-rise RC frame buildings taking into account 
soil-structure interaction. HI has a higher correlation than all parameters while root mean 
square (RMS) of velocity (Vrms), VSI, SED, sustained maximum velocity (SMV), and 
PGV have a good correlation. The lowest correlations were found with the PGA and A95 
parameters. The relationship between spectral acceleration and response measures (inter-
story drift, local deformation demand, and dissipated energy) was examined for both bare 
and infilled regular moment frames by Papasotiriou et al. (2022). The authors emphasized 
that spectral acceleration can be considered an effective parameter reflecting the damage of 
moment frames. The correlation between 31 GMPs, including the proposed characteristic 
spectral acceleration (CSA) and representative spectral acceleration (RSA) parameters, and 
structural damage (top displacement, interstory drift, and column ductility demand) was 
examined on 1568 bare and infilled low-rise frame sets by Papasotiriou and Athanatopou-
lou (2022). Among those parameters, RSA and CSA were found to have the highest cor-
relation with damage.

There are few studies that have examined the relationship between GMPs and energy 
demand parameters as an indicator of structural damage. Riddell and Garcia (2001) car-
ried out a study in order to define GMPs that correlated well with input (EI) and hysteretic 
(EH) energy in SDOF systems. They concluded that peak ground motion parameters (PGA, 
PGV, and PGD) showed a good correlation with energy dissipation in the long (displace-
ment region) and short (acceleration region) period for response spectra, whereas HI is the 
best parameter in the medium period (velocity region). Riddell (2007) examined the cor-
relation between 23 ground motion intensity indices with four response variables such as 
elastic-inelastic deformation demands and input-hysteretic energy for SDOF systems. Even 
though PGA and PGD exhibited a better correlation with input and hysteretic energies in 
relation to spectral regions, PGV had a moderate correlation. HI was the best parameter in 
the velocity region depending on correlation with both displacement and energy demands, 
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while it has a poor and moderate correlation in the acceleration and displacement regions, 
respectively. In the short period range, Ia shows a good correlation with energy demands.

Yang et al. (2009) conducted a correlation analysis between 30 intensity measures (IMs) 
parameters and three demand measures (DMs) (maximum inelastic displacement, input, 
and hysteretic energy) of SDOF systems. The acceleration-related parameters (Ic and Ia) 
are highly correlated with demand variables in the short period range. The velocity-related 
parameter (PGV) exhibits a good correlation in the medium and long period ranges. Koç 
(2017) examined the effects of ground motion characteristics and structural features on the 
distribution of seismic input energy depending on the MDOF system using various types 
of ground motion records. Given the analysis results, a very high correlation is determined 
between the input energy (EI) and the pseudo-spectral velocity (PSV). Merter (2019) indi-
cated that there is a good relationship between the maximum input energy demands of lin-
ear time history analysis and the approach he proposed for SDOF systems. The suggested 
equation including PSVmax and Ia correctly estimates the maximum elastic input energy.

In line with the studies in the literature, it was planned to carry out a study with distinc-
tive characteristics. Examining the previous studies mentioned above, it can be seen that 
it is difficult to achieve a definitive conclusion about the intensity of GMPs that repre-
sent the damage estimation of MDOF and SDOF systems. Most of these studies focused 
on different damage indexes, maximum interstory, and roof drifts as damage indicators. 
On the other hand, there are few studies, in which damage was associated with energy. 
Although previous studies were generally carried out on the SDOF system, ones related to 
the MDOF system are usually based on a single structure or a two-dimensional (2D) frame 
building. In addition, either ground motion records or GMPs are considered in very few 
studies. The present study examined the correlation of GMPs with input energy demands 
of low-rise RC buildings. It was scaled by selecting 44 real earthquake records in com-
pliance with the Turkish Building Earthquake Code (TBEC 2018). Twenty GMPs based 
on 10 different seismic events were considered for each selected record. Maximum input 
energy was used as demand measurement and energy demands were normalized by the 
mass of the buildings. The relationship between roof displacements and input energy was 
also examined for the considered buildings. Moreover, the distribution of hysteretic energy 
to floors and structural elements was also examined in this study.

2 � Ground motion parameters

Summary definitions of the ground motion parameters examined here are provided in this 
section. More detailed information can be found in the book “Geotechnical Earthquake 
Engineering” by Kramer (1996). SeismoSignal (2022) software was used in order to obtain 
the values of the parameters in this study. A total of 20 ground motion parameters (GMPs), 
which are used to examine the correlation between the parameters and the energy demands 
for SDOF and MDOF systems, are described mainly considering the content and the peak 
values of the ground motion records below:

•	 Peak Ground Acceleration (PGA): PGA is the simplest ground motion parameter that 
is widely used to define the severity of an earthquake. Indicators of seismic excitations 
cannot be described by the PGA alone (Elenas 1997) (Eq. 1).

(1)PGA = max |a(t)|
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•	 Peak Ground Velocity (PGV): Akkar and Özen (2005) demonstrated that PGV cor-
related better with SDOF deformation demands obtained from analyses when com-
pared to other ground motion intensity measures (Eq. 2).

•	 Peak Ground Displacement (PGD): Elenas (2000) and Elenas and Meskouris (2001) 
used this parameter to examine the correlation with the structural damage (Eq. 3).

	   In the equations, a(t), v(t), and d(t) refer to the acceleration, velocity, and dis-
placement history.

	   Vmax/Amax: This Vmax/Amax ratio has been utilized for near-field ground motions by 
researchers (Liao et al. 2001; Sucuoǧlu et al. 1998; Sucuoǧlu and Nurtuǧ 1995; Zhu 
et al. 1988). (Eq. 4)

•	 Root-mean-square (RMS) of acceleration, velocity, and displacement: These param-
eters are calculated by Eqs. (5)–(7) where tt is the total duration of the ground 
motion record.

•	 Arias Intensity (Ia): Ia was proposed by Arias (1970) as a ground motion parameter 
related to the energy content of the ground motion and is presented in Eq. (8). Some 
researchers emphasized that Ia has a good correlation with demand measures of struc-
tural performance, liquefaction, and seismic slope stability (Travasarou et al. 2003).

•	 Characteristic Intensity (Ic): The characteristic intensity (Ic) includes both the accelera-
tion (see Eq. 5) and duration-related parameters. It is expressed by Eq. (9).

(2)PGV = max |v(t)|

(3)PGD = max |d(t)|

(4)PGV∕PGA =
max |v(t)|
max |a(t)|

(5)aRMS =

⎡⎢⎢⎣
1

tt

tt

∫
0

[a(t)]2dt
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1

tt
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•	 Cumulative Absolute Velocity (CAV): This parameter is defined with Eq. (10) as the 
area under the absolute accelerogram. CAV was discovered by Reed et  al. (1988) 
in a study, which was sponsored by the Electric Power Research Institute. Cabañas 
et al. (1997) determined that CAV has a good correlation with damage.

•	 A95 parameter: The acceleration level down, which 95 percent of the Ia is contained. 
This parameter was defined by Sarma and Yang (1987) and it can be calculated by 
using Eq. (11).

•	 Acceleration (ASI) and Velocity (VSI) Spectrum Intensity: ASI and VSI are calcu-
lated via spectral acceleration and velocity, respectively by Von Thun et al. (1988) in 
Eqs. (12, 13), where ξ refers to the damping ratio. Sa and Sv refer to acceleration and 
velocity spectrum, respectively.

•	 Housner Intensity (HI): This parameter was suggested by Housner (1952) and is 
given in Eq. (14). The VSI and HI are similar parameters, the only difference is that 
VSI is calculated from the absolute velocity spectrum, whereas HI is based on the 
pseudo velocity spectrum.

•	 Specific Energy Density (SED): SED is determined by Eq. (15).

•	 Sustained Maximum Acceleration (SMA) and Velocity (SMV): SMA and SMV are 
identified as the third-highest absolute value of acceleration and velocity in the time 
history as proposed by Nuttli (Nuttli 1979).

•	 Effective Design Acceleration (EDA): EDA corresponds to the peak acceleration 
value found after lowpass filtering the input time history with a cut-off frequency of 
9 Hz (Reed et al. 1988).

(10)CAV =

tt

∫
0

|a(t)|dt

(11)A95 = 0.764I0.438
a

(12)ASI =

0.5

∫
0.1

Sa(T)dT (� = 0.05)

(13)VSI =

2.5

∫
0.1

Sv(T)dT (� = 0.05)

(14)HI =

2.5

∫
0.1

PSV(T)dT (� = 0.05)

(15)SED =

tt

∫
0

[v(t)]2dt
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•	 Predominant Period (Tp): Tp is the period, at which the maximum spectral acceleration 
occurs in an acceleration response spectrum computed at 5% damping level.

•	 Mean Period (Tm): Tm is the best simplified frequency content characterization param-
eter, which is estimated using Eq. (16), where Ci are the Fourier amplitudes, and fi rep-
resent the discrete Fourier transform frequencies between 0.25 and 20 Hz (Rathje et al. 
1998).

Many parameters have been recommended to estimate the damage potential of strong 
ground motions. Some of these parameters are obtained from the ground motion records 
or the response spectra, while other parameters are calculated using the equations. 
Ground motion parameters are divided into four classes: acceleration-related, velocity-
related, frequency-related, and displacement-related. The parameters and their abbrevia-
tions used in the present study are listed in Table 1.

(16)Tm =

∑
C2
i
∕fi∑

C2
i

Table 1   Definitions of the ground motion parameters

Type Parameter Identifier Unit

Acceleration Arias intensity Ia m/s
Characteristic Intensity Ic –
Root mean square (RMS) of acceleration Arms g
Sustained maximum acceleration SMA g
Acceleration spectrum intensity ASI g.s
Peak ground acceleration PGA g
Effective design acceleration EDA g
A95 parameter A95 g

Velocity Velocity spectrum intensity VSI m
Housner intensity HI m
Cumulative absolute velocity CAV m/s
Sustained maximum velocity SMV m/s
Peak ground velocity PGV m/s
Root mean square (RMS) of velocity Vrms m/s
Specific energy density SED m2/s

Frequency Predominant period Tp s
Ratio of peak velocity to peak acceleration Vmax /Amax s
Mean period Tm s

Disp. Peak ground displacement PGD m
Root mean square (RMS) of displacement Drms m
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3 � Prototype low‑rise RC frame buildings

3.1 � Buildings description

Two sets of 4- and 7-story building models were designed to represent the low-rise build-
ings that constitute most of the current RC building stock in Turkey. The models were cre-
ated as residential buildings in compliance with the 2018 Turkish Building Earthquake 
Code (TBEC 2018). The structural system of buildings consists of frames with beams and 
columns but no shear walls. Since building models were designed as residential buildings, 
the building importance coefficient (I) of relevant structures was assumed to be 1 in com-
pliance with the TBEC (2018). Since seismic loads are carried by moment frames with 
high ductility levels, structural system behavior factor (R) was accepted as 8 per relevant 
regulation. The buildings considered here have the same mold plan as shown in Fig.  1. 
The plans of 3D buildings were symmetrical in both X and Y directions. The building 
models had no irregularity in plan and elevation. The heights of all floors were assumed 
to be 2.8  m along the building elevation. The beam dimensions were considered to be 
250 × 500 mm and 250 × 600 mm for 4- and 7-story buildings, respectively. The column 
dimensions were selected as 400 × 400 mm and 500 × 500 mm for 4- and 7-story buildings, 
respectively.

The typical steel stress–strain model with strain-hardening and the unconfined and con-
fined concrete models proposed by Mander et al. (1988) were applied to RC beam and col-
umn sections. When the expected concrete strength (fco) is taken as 25 MPa for unconfined 
concrete, the concrete compressive strain (εco) corresponding to this value is 0.002. While 
confined concrete strength (fcc) increases to 31.35  MPa due to the coating, the concrete 

Fig. 1   Plan layout of MDOF buildings
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compressive strain (εcc) then becomes 0.004. In addition to these deformation values, the 
maximum compressive strain (εcu) in confined concrete is 0.0174. The yield strength (fsy) 
of both longitudinal and transverse reinforcement was assumed to be 420 MPa for the pre-
sent study. As the elasticity modulus (Es) of steel was taken as 200,000  MPa, the yield 
strain (εsy) of the steel was calculated to be 0.0021, and the strain (εsh) in steel was consid-
ered to be 0.01 at the onset of strain hardening. When the steel reaches maximum strength 
capacity (fsu) as 500 MPa, the maximum strain capacity (εsu) of the steel becomes 0.09. 
The tensile-deformation relationships defined for concrete and steel are presented in Fig. 2. 
The longitudinal reinforcement ratios of the columns were taken as approximately 1% for 
both 4- and 7-story buildings. Peripheral stirrups are used as transverse reinforcements at 
100 mm spacing to reflect the ductile detailing compatible with the regulation. In addition 
to the peripheral stirrups, one crosstie with the same spacing as stirrups was considered in 
both directions for the column elements.

The slab thickness was taken as 150 mm in all floors of 4- and 7-story building models. 
Since the load-carrying system of the buildings consists of frames with beam and column 
members, slabs are not created as structural elements during the design stage. The weight 
of the slabs is transferred together with the coatings and other loads on them to the beams 
around these slabs. It is assumed that there is an infill wall load of 4.5 kN/m on the other 
beams, except for the beams on the roof floor. The vertical loads other than the wall weight 
were considered as a dead load (g) of 3.75 kN/m2 and a live load (q) of 2.0 kN/m2 (1.5 kN/

Fig. 2   Stress–strain plots: a 
strength-strain relations for 
unconfined and confined con-
crete, b strength-strain relation-
ship for reinforcement steel
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m2 on upper floor) on the floors. The contribution to the lateral strength of infill walls is 
disregarded in building models in the present study. Rigid diaphragms were applied sepa-
rately at each floor level in order to transfer earthquake loads to the carrier elements in pro-
portion to their stiffness. It should be noted that the mass of the structures was calculated 
by proportioning the weight values corresponding to the sum of the dead loads (g) and 30% 
of the live loads (q) to the gravitational acceleration.

The inelastic dynamic characteristics of MDOF buildings were converted into values of 
“equivalent” SDOF systems in order to analyze SDOF models. For this purpose, the capac-
ity curves reflecting the horizontal load-carrying capacity of the buildings were obtained 
from the pushover analysis of the building models. Modal load pattern was used as hori-
zontal load distribution in pushover analyses. The base shear was normalized by build-
ing weight, while the roof displacement was normalized by building elevation to repre-
sent the shear strength coefficient and roof drift ratio, respectively. The capacity curves 
were approximated with a bilinear curve in accordance with the principles specified in the 
FEMA-356 (2000) guideline. Capacity curves of considered buildings are given in Fig. 3. 
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Fig. 3   Capacity curves: a for 4-story and b for 7-story building models
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Strength ratios at yield point (Vy/W) and post-yield stiffness ratios (plastic/elastic stiffness 
ratios) were calculated by using the idealized capacity curves (bilinear curves). The param-
eters reflecting the dynamic behavior of the structures are shown in Table  2. Structural 
response information such as dominant vibration periods and effective participating mass 
ratios depends on the results of modal analysis. Moreover, since the effective participat-
ing mass ratio of the first (dominant) vibration mode must be at least 0.70 in order to use 
pushover analysis in accordance with the TBEC (2018), it can be seen in Table 2 that this 
condition is met.

3.2 � Structural modeling

SAP2000 (2018), which is a general-purpose structural analysis program, was used in mod-
eling and nonlinear analyses of structures. Beams and columns were modeled as nonlinear 
stick members by using lumped plastic behavior model by defining plastic hinges at both 
ends of beams and columns. The length of the plastic deformation region was assumed 
to be equal to ½ of the section depth of structural members in accordance with TBEC 
(2018) and other regulations (e.g., ATC-40 (1996) and FEMA-356). SAP2000 enables 
definition options of plastic hinges such as user-defined hinge properties or auto (default) 
hinge properties explained in FEMA-356 and ASCE 41-13 (2014), which are used in the 
present study to assign the nonlinear behavior of frame elements. Automatic hinges require 
detailed information (material characteristics, dimensions of members, longitudinal and 
transverse reinforcement contents, etc.) of the frame section property used by structural 
elements. The five points such as A, B, C, D, and E that define the strength-displacement 
(as moment-rotation) relationship of a typical plastic hinge are shown in Fig. 4. The imme-
diate occupancy (IO), life safety (LS), and collapse prevention (CP) are described as per-
formance levels in FEMA-356 and ASCE 41-13. Bending rigidity of the beams and col-
umns was multiplied by stiffness modification factors as 0.35 and 0.70 explained in TBEC 
(2018) to regard the effective stiffness of the cracked section, respectively.

Table 2   Structural features of building models

Building models Period (s) Effective participat-
ing mass ratios

Seismic mass Vy/W Post-yield 
stiffness 
ratios(%) (kNs2/m) (%)

4-story 0.50 82.4 985.09 0.21 0.042
7-story 0.67 81.6 1953.56 0.16 0.051

Fig. 4   Typical force–deformation 
relation for an auto-plastic hinge
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The direct integration method between two solution options as modal and direct integra-
tion was chosen for time history analysis of MDOF building models. A variety of widely used 
methods such as Chung and Hulbert, Collocation, Hilber-Hughes-Taylor, Wilson and New-
mark are available for performing time history analysis with direct integration. The Newmark 
method with gamma (γ) = 0.5 and beta (β) = 0.25 was applied for nonlinear time history anal-
yses in this study. Mass and stiffness proportional coefficients were specified using the 5% 
damping rate by different periods for viscous proportional damping.

4 � Selected ground motion records

For more reliable results, the real ground motion records are used in nonlinear time history 
analyses. These records include precise data such as amplitude, frequency, and duration of 
seismic events. They also reflect factors like soil properties and source distance that affect 
records. Because of these reasons, the selection and scaling of real records are very important 
in order to determine accurately the effects to be examined.

Two different reinforced concrete buildings representing low-rise structures were assumed 
to be located on the soil class ZD defined in TBEC (2018) near Osmaniye Korkut Ata Uni-
versity in Osmaniye province of Turkey. The design (DD-2) and maximum (DD-1) earth-
quake levels, in which 10 and 2% probability of exceedance in 50 years, respectively, were 
considered while selecting the records. Two target response spectra were obtained to reflect 
the regional earthquake hazard by considering the coordinates of buildings, soil type, and 
different earthquake levels. The parameters that control the shape of considered spectra are 
given in Table 3. In Table 3, the corner periods of the horizontal elastic acceleration spectra 
are described as TA and TB. Spectral acceleration coefficients for short and 1.0 s periods are 
expressed as SDS and SD1, respectively. A total of 22 ground motion record sets from 10 differ-
ent earthquakes compatible with target spectra were taken from the PEER (Pacific Earthquake 
Engineering Research) ground motion database (PEER 2019). Acceleration records in accord-
ance with design and maximum acceleration spectra principles of TBEC (2018) were scaled 
by using simple scaling method for spectral matching between target spectra and spectrum of 
selected records via PEER. The horizontal spectrum was generated by taking the square root 
of the sum of squares (SRSS) of the spectra of the scaled horizontal components belonging 
to each earthquake record pair. Ground motion components are scaled according to the rule 
that the average of the resultant spectra of the records should not be less than 1.3 times the 
target spectra in the period intervals specified in TBEC (2018). Resultant spectra related to 22 
ground motion record sets, mean of resultant spectra, and target spectra curve amplified with 
1.3 coefficient for design (DD-2) and maximum (DD-1) earthquake levels are given in Fig. 5. 
Although the resultant spectra of selected records for especially periods of considered build-
ing models have spectral acceleration values in a wide band range, it can be seen in Fig. 5 that 
average of these spectra is quite compatible with the 1.3 times target spectra. In other words, it 
can be said that the average of the resultant spectra of the selected records ensures the require-
ment of being 1.3 times the regulation spectrum. The features of the selected records and their 

Table 3   Parameters of elastic 
acceleration spectra for the 
selected location of buildings

Seismic level TA (s) TB (s) SDS SD1

DD-2 0.097 0.487 0.873 0.425
DD-1 0.104 0.520 1.405 0.731
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scale factors are seen in Table 4. Although the earthquake magnitudes (Mw) changed between 
6.2 and 7.2, the distances were limited between 5 and 25 km. The shear wave velocity (Vs30) 
was chosen between 180 and 360 m/s to reflect the ZD soil class per TBEC (2018). Scaling 
coefficients sensibly range between 0.84 and 1.89 and between 1.40 and 3.16 for design (DD-
2) and maximum (DD-1) earthquake levels, respectively. Both horizontal components were 
scaled with the same scaling factors. Number of earthquake record sets should be at least 11 
and number of record pairs to be selected from the same earthquake shall not exceed three for 
time history analysis in accordance with TBEC (2018). The aforementioned circumstances 
in the regulation were taken into account in the selection and scaling of the ground motion 
records. In some studies, ground motions were also classified as pulse-like and non-pulse-like 
(Baker 2007; Zhai et al. 2013). Researchers specified that pulse-like ground motions create 
higher demands on structures than expected according to the response spectra.

Since the effective time of the ground motion increases, more energy input is expected for 
the structure. The most important difference of the energy parameters from other variables 
(base shear force and roof displacement etc.) is that they are not obtained as an instantaneous 
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maximum value but they are calculated by summing the effects that occur during the ground 
motion. Many definitions such as “bracketed duration”, “uniform duration” and “significant 
duration” which vary according to the measured value have been made in order to determine 
the effective duration of the earthquake (Fahjan 2008). The parameter used in the calculation 
of the significant duration, which shows the time it takes for the energy in the acceleration 
record to be discharged, is the Arias intensity (Ia), which indicates the amount of energy in 
the record. The curve showing the change of Arias Intensity (Ia) over time as a percentage is 
expressed as “Husid Plot”. The time between 5% and 95% occurrence of Arias Intensity (Ia) 
over this curve is defined as “significant duration”. The effective duration (te) of the records 
used in the study was determined with significant duration and added to Table 4. Figure 6 
shows the effective duration for the Kobe-abn090 ground motion record. The effective dura-
tion of the record, which has a total recording time of 140 s, is calculated approximately as 
56 s by the time difference (t2-t1).

5 � Energy‑based design

5.1 � Theoretical approach

Energy-based structural computation is a design method that investigates the distribution of 
the energy entering the building with strong ground motion to the structural elements and the 
consumption of this energy by the structural members. In order to address the energy phe-
nomenon and energy-related parameters in building systems, the equation of motion of the 
SDOF system should be considered first. The seismic response of the SDOF system subjected 
to horizontal ground motion is expressed by the general dynamic equation of motion (Eq. 17).

where m, c and k represent mass, damping and stiffness, respectively. ü, u̇, u, and üg are 
acceleration, velocity, displacement and acceleration of strong ground motion, respectively. 

(17)mü + cu̇ + ku = −müg(t)
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Fig. 6   Determination of significant duration for Kobe-abn090 record using Husid Plot
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As a result of integrating Eq. (17) with respect to displacement, the general energy equa-
tion is obtained as Eq. (18).

The energy equation is easily related to the duration of the ground motion by writing 
du = u̇ dt in Eq. (18), and the integrals are expressed in terms of time as Eq. (19).

The input energy (EI) caused by the earthquake is consumed by various components 
in structural systems. These components can be assumed as responses to the effect of the 
input energy on the building. Regarding the associated components, it is defined as the 
kinetic energy (EK) related to the mass, the damping energy (ED) related to the damping 
ratio, and the total energy (EA) consumed in elastic and plastic behavior (Eq. 20).

The elastic strain energy (ES) and plastic strain energy (EH) (non-recoverable hysteretic 
energy), which are the two components of the total energy (EA) can be written separately in 
Eq. (21). If the hysteretic energy (EH) becomes zero, then it means that the structure exhib-
its linear elastic behavior (Benavent-Climent et al. 2010).

5.2 � Sample results

Samples of energy curves for SDOF and MDOF systems of 4- and 7-story buildings are 
given in Fig.  7 in order to see energy changes for the Chuetsu-65035ew record at the 
design earthquake (DD-2) level. It can be seen that the elastic (ES) and kinetic (EK) ener-
gies constitute much less of the input energy (EI) than the hysteresis (EH) and damping 
(ED) energies. The energy in the structure is consumed mostly as hysteresis energy, fol-
lowed by damping energy. The hysteresis and damping energy show a similar trend to the 
input energy, whereas other energies are separated from them. Based on the figures pre-
sented below, the energy values obtained in the 4-story model with SDOF are higher when 
compared to the MDOF system, whereas the values of the 7-story model with SDOF are 
lower in comparison to the MDOF system. In terms of the story numbers, the amount of 
energy calculated for the 7-story model is higher than that of the 4-story model.

6 � Discussion of results

The energy and displacement values were obtained from nonlinear time history analy-
ses of 4- and 7- story buildings for SDOF and MDOF systems. Input energy, hyster-
etic energy, distribution of hysteretic energy to floors and structural elements calculated 

(18)

u(t)

∫
0

mü(t)du +

u(t)

∫
0

cu̇(t)du +

u(t)

∫
0

ku(t)du = −

u(t)

∫
0

müg(t)du

(19)

t

∫
0

mü(t)u̇dt +

t

∫
0

cu̇(t)u̇dt +

t

∫
0

ku(t)u̇dt = −

t

∫
0

müg(t)u̇dt

(20)EK + ED + EA = EI

(21)EK + ED +
[
ES + EH

]
= EI
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from analyses with design (DD-2) and maximum (DD-1) ground motions were exam-
ined. The relationship between input energy and hysteretic energy was examined sep-
arately according to the selected ground motion records. In addition, the intercourse 
between roof drift and input energy was studied in terms of SDOF and MDOF systems.

The correlation coefficient is used as a linear function to reveal the relationship 
between the parameters within the scope of the study (Palanci and Senel 2019). The 
degree of dependence between the variables depending on the correlation coefficients is 
presented in detail in Table 5. Determination coefficient is used to interpret how much 
of the observed variability in one variable is explained by the other variable and it is 
equal to the square of the correlation coefficient. The correlation coefficient is denoted 
by R, while the determination coefficient is expressed as R2. The correlation coefficient 
between two variables X and Y is given by Eq. (22):
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Fig. 7   The variation of energy parameters with time for Chuetsu-65035ew record: a for the 4-story model 
with SDOF, b MDOF, c for 7-story model with SDOF and d MDOF

Table 5   Degrees of relationship 
corresponding to the correlation 
range

Correlation range Relation level

− 0.25 to − 0.00 and 0.00 to 0.25 Very weak
− 0.49 to − 0.26 and 0.26 to 0.49 Weak
− 0.69 to − 0.50 and 0.50 to 0.69 Middle
− 0.89 to − 0.70 and 0.70 to 0.89 High
− 1.00 to − 0.90 and 0.90 to 1.00 Very high
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where X̅ and Y̅ are the average values of Xi and Yi respectively, and N is the number of 
couple of values (Xi, Yi) in the equation.

6.1 � Input and hysteretic energy

Ground motion records used in the nonlinear analyses revealed inelastic behaviors in SDOF 
and MDOF models and hysteretic energy, which is an indicator of damage, was released. 
Hysteretic energy is consumed by the formation of plastic hinges in structural members for 
MDOF buildings. Hysteretic energy is generated in SDOF systems using period, strength 
ratio, and post-yield stiffness ratio by nonlinear time history analysis of SDOF models. The 
acceleration values of the maximum ground motions that are higher than the design earth-
quakes increase the intensity of the records and the structural input energy.

The input energy is significantly affected by the characteristics of the ground motions. 
Table 6 shows that the lowest and highest energies were found in the Chichi-chy101n and 
Chuetsu-65035ew records for two earthquake levels in the 4-story model, respectively. In 
the 7-story building, the highest values were found in the Chuetsu-65035ew in both SDOF 
and MDOF, whereas the lowest results were found in Chichi-chy101n for SDOF and Iwate-
54015 ns for MDOF as can be seen in Table 7. The acceleration values and effective dura-
tion of the Chuetsu-65035ew are higher than the other two records provided an important 
increment in both hysteretic energy (EH) and input energy (EI). However, no parallel trend 
was observed between the increase and decrease of energy amount and the EH/EI ratios.

The hysteretic energy (EH) and input energy (EI) values of the maximum earthquakes 
were divided by the design ground motion values in order to understand the effects of 
earthquake levels on the analysis results. In addition, the SDOF values were normalized 
with MDOF ones to determine the changes of one- and three-dimensional modeling on 
the results. The EH and EI mean values of the maximum records for the SDOF system are 
approximately 2.8 folds of the design data. The DD-2/DD-1 ratio was calculated to be 3.35 
and 2.83 for EH and EI, respectively, in the 4-story model for the MDOF system, whereas it 
was found to be 2.86 and 2.49 for the 7-story building. Although the difference between the 
energy ratios in terms of the earthquake levels is the same for the 4- and 7-story models in 
the SDOF system, lower values were obtained in the 7-story building model for the MDOF.

For the 4-story model of the SDOF system, the EH and EI values of the design earth-
quakes are 37% and 10% more than the MDOF, while they are 15% and 9% higher per 
the results based on the maximum records. When the comparison is made for 7-story 
building in the same way, 9% increase for EH and 8% decrease for EI is calculated for 
design records. According to the data of maximum earthquakes, 7% and 4% increments 
are obtained for EH and EI, respectively. Given the results achieved here, it can be said 
that there is an increasing trend for both 4- and 7- story models, except for the EI value 
of the 7-story model for the SDOF/MDOF ratio. Evaluating the difference between 
the models in terms of story number, the EH and EI values for the design earthquakes 
of the 7-story model for the MDOF system are 2.40 and 2.32 times, respectively, the 
4-story building, whereas it is approximately 2 times for maximum earthquakes. It 

(22)R(X, Y) =

N∑
i=1

(Xi − X)(Yi − Y)

�
N∑
i=1

(Xi − X)2
N∑
i=1

(Yi − Y)2
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should be noted that it ensures the energy to be high due to the mass of the 7-story 
building is approximately 2 times higher than the 4-story building, which affects the 
input energy more than other structural features (period, stiffness, and ductility, etc.).

Many researchers made an effort to obtain stable trends for the ratio of hysteretic 
energy to input energy (EH/EI) (Benavent-Climent et al. 2010; Dindar et al. 2015; Faj-
far and Vidic 1994; Khashaee et al. 2003; Okur and Erberik 2014). The EH/EI ratio for 
SDOF systems was calculated to be 0.72 and 0.71 using the average values, respec-
tively, in 4- and 7-story buildings, which shows that similar conclusions were obtained 
with the EH/EI = 0.7 value suggested by Fajfar and Vidic (1994) and Okur and Erberik 
(2014). Given the analysis results with design earthquakes considering MDOF sys-
tems, the EH/EI ratio is 0.55 for both 4- and 7-story buildings, which is lower than 
the SDOF results. The value of 0.67 calculated using the maximum ground motions 
reveals that the EH/EI data of the MDOF approach the SDOF as the earthquake level 
increases. Although the EH/EI ratio has different values for SDOF and MDOF systems, 
it was observed that it had almost the same average values for 4- and 7-story models.

The input energy is affected by both the structural features and the characteristics 
of the ground motions. Therefore, as the ground motion and structural system change, 
it is clear that there will be differences in parameters such as input energy and hys-
teretic energy. Structural damage occurs in direct proportion to hysteretic energy. In 
the building where damage started to occur, it consumes hysteretic energy by exhib-
iting inelastic behavior at the end regions of the structural elements. Hence, it can 
be expected that the damage occurrence will vary between 4- and 7-story buildings 
depending on the structural features with the selected earthquakes. As can be seen in 
Fig. 8, majority of the hysteretic energy is consumed in the first three and five floors 
for 4- and 7-story buildings, respectively. The floors, except for the aforementioned 
floors, generally exhibited elastic behavior. The increase in the earthquake level for 
both building groups does not create any significant difference in the distribution of 
hysteretic energy.

As a requirement of the capacity design approach, with the principle of “strong col-
umn-weak beam”, a significant part of the earthquake energy is expected to be con-
sumed by the plastic hinges of the beams. The formation of plastic hinges primarily at 
the beam ends ensures that the structure system behaves ductile. Redistribution occurs 
and load transfer happens between neighboring elements because of the ductile behav-
ior. Thus, sudden collapse mechanisms are prevented and plastic hinges are formed in 
more structural elements. At the same time, more earthquake energy is absorbed when 
ductile damage occurs. As can be seen from Fig. 9, the fact that majority of the hyster-
etic energy emerges in the beams relative to the columns is an indication of compliance 
with the relevant capacity design principle. For design earthquakes, approximately 90 
and 95% of the hysteretic energy was generated in the beams of 4- and 7-story build-
ings, respectively. By using the maximum earthquakes, the hysteretic energy consumed 
in the columns was increased by 10% and 5% for the 4- and 7-story models. Since 
the spectral acceleration values corresponding to the period of the 4-story building 
are generally higher on the spectrum of earthquakes selected in accordance with the 
response spectra, the 4-story building was exposed to more earthquake loads on a floor 
basis. Therefore, since the columns of the 4-story building were more damaged than 
the 7-story model, the share of hysteretic energy in consumption increased.
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6.2 � Relationship between roof drift and input energy

Many researchers carried out studies in order to determine the relationship between dis-
placement and energy demands (Fabrizio et al. 2011; Hori and Inoue 2002; Ye and Otani 
1999). For this purpose, the parameters for specific ductility and period intervals were cal-
culated by using the energy and displacement values obtained from the analyses of SDOF 
systems. Based on these parameters, various spectra were proposed by those researchers. In 
the present study, variables such as energy and displacement were compared over four cor-
relations: roof drifts (SDOF-MDOF), energy values (SDOF-MDOF) and roof drifts-energy 
values (separately for SDOF and MDOF). In order to evaluate the buildings as a whole, 
the percentage of these values is taken after the roof displacements are divided by building 
height and entitled as “roof drift ratio (%)”, input energies are normalized by masses of 
buildings and entitled as “(EI/m)[m2/s2]” (Fig. 10). Once input energies are normalized by 
mass, they can also be expressed in equivalent velocities (Benavent-Climent et al. 2010).

The correlation between the input energy values obtained from the SDOF and MDOF 
is higher in comparison to the roof drifts. The relationship between roof drifts and input 
energy data is underestimated for both SDOF and MDOF systems. The medium corre-
lation (approximately R≈0.65) between energy and drift values can be attributed to the 
cumulative calculation of the energy data, although the displacement values are obtained 
instantaneously.
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Fig. 8   Distribution of hysteretic energy to floors: a in the 4-story model for DD-2, b DD-1 earthquake lev-
els, c in the 7-story model for DD-2 and d DD-1 earthquake levels
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Fig. 9   Distribution of hysteretic energy to structural elements: a in the 4-story model for DD-2, b DD-1 
records, c in the 7-story model for DD-2 and d DD-1 records
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7 � Correlation between GMPs with input energy

7.1 � Single parameter correlation

Evaluation of the damage status of the structures is carried out in two ways, before and 
after the earthquake. In the first case, the damage to the structure is determined ana-
lytically by using seismic analysis methods, considering the dynamic properties of the 
structure and earthquake scenarios. In the second case, damage assessment of the build-
ing is performed by using the rapid seismic assessment methods that take into account 
the observational determination of structural defects, which affect the seismic perfor-
mance of the building by street scans. Although the first stage includes the damage esti-
mation of the undamaged structure, the second stage covers the investigations after the 
damage has occurred. So, if the structure is seismically inadequate, then it might be 
too late for the second stage. Whichever parameter of the earthquake considered in this 
study is more related to the input energy will provide a preliminary idea about the esti-
mation of the damage without calculation. At the same time, it is thought that the level 
of damage will indicate the performance of the building against the earthquake and shed 
light on situations such as whether the building can be repaired and strengthened, if nec-
essary, deciding to demolish the building.
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Fig. 10   The comparison of displacement and energy demands: a roof drifts, b input energies, c roof drifts- 
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The aim of the correlation of energy values and ground motion parameters (GMPs) in 
the present study is to determine the parameters that best reflect the potential damage that 
may occur under future earthquake hazards. For this purpose, the relationship between the 
considered parameters and the input energy is calculated with the correlation coefficients 
(R) and transferred to table numerically. In addition, linear trend line and determination 
coefficient (R2) are added to the sample graphs in order to have information about the vari-
ation of energy with the magnitudes of the parameters.

The separation of buildings as 4- and 7-story is to see the effects of mass and period 
on the energy-earthquake parameter relationship rather than the number of floors. Even 
though the mass directly affects the energy demands, the period is also affected as it is 
dependent on the mass. Moreover, even if the buildings have different numbers of floors, 
they might have the same mass and period due to the structural characteristics of the build-
ings. Within the scope of this study, the variation of these on the correlation is examined 
by providing diversity in terms of mass and period.

In order to combine the energy demands with different floor numbers, the energy values 
independent from the mass are determined by normalizing the input energy demands with 
the building mass. The relationship between these energy data and GMPs is transformed 
such that all buildings can be evaluated only in terms of SDOF and MDOF systems. Then, 
the dual correlation values of SDOF and MDOF are converted into a single value in order 
to understand the difference between the parameters more clearly.

Correlation of the parameters with the energy demands of building models with dif-
ferent numbers of floors, SDOF-MDOF systems, and a combination of all are given in 
Table 8. Besides, parameters are given in 4 groups under the “Type” column as accelera-
tion, velocity, frequency, and displacement. The parameters in each group are listed from 
largest to smallest depending on the correlation coefficient in the last column where all 
are combined. It was preferred to group the parameters in order to clearly see whether the 
parameters related to the same type are dominant when compared to other types.

The correlation coefficients of the parameters in the acceleration group for the 7-story 
building were found to be 5% lower than the 4-story model. The biggest differences in 
terms of the number of floors were obtained for Tm and Vmax/Amax, whereas the results of 
other parameters were close to each other. From a modeling perspective, the correlation 
values of SDOF are approximately 20% higher than MDOF. Parameters related to accel-
eration and velocity (except Vrms and SED) were found to have a higher correlation when 
compared to the ones that are related to frequency and displacement.

Ia, Ic, Arms, and SMA as acceleration-related parameters have the best values, whereas 
VSI, HI, and CAV have a good correlation in the velocity group. They have correlation 
coefficients ranging between 0.7 and 0.9. Even though ASI, EDA, PGA, and A95 exhibited 
moderate correlations in the acceleration group, similar results were found in the SMV 
and PGV parameters of the velocity group. Given these results, it can be stated that more 
acceleration-parameters give good results compared to other groups.

In accordance with the nature of the energy amount calculation, the parameters obtained 
cumulatively by integral showed a generally good correlation, whereas the instantly-cal-
culated parameters demonstrated a moderate correlation. For the Vrms parameter, very low 
and good correlations were obtained by Riddell and Garcia (2001), Riddell (2007) for the 
0.2 and 1 s periods of the SDOF system, respectively. Since the periods (0.50 and 0.67 s) 
of the buildings in the present study are between the periods used by them, the low correla-
tion values obtained are acceptable for the Vrms. Although the energy expression is men-
tioned in the SED parameter, the weak correlation with the input energy stands out as a 
very surprising result, contrary to expectation.
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None of the displacement and frequency-related parameters have notable results. 
Although Tp is one step ahead in the frequency group, it shows a poor correlation. Unlike 
other parameters, Vmax/Amax has a very low relationship in the reverse direction (negative 
correlation). It is not possible to use parameters such as Tm, Vmax/Amax, PGD, and Drms 
alone as damage indicators.

Since it is difficult to make observations and comments on the figures about parameters 
with low correlation, the relationships of parameters that correlate better with input energy 
are shown in Figs. 11 and 12 through sample graphs. The increment in intensity of ground 
motion increases both the amount of the energy used as damage measure (DM) and the 
value of earthquake parameters considered as intensity measure (IM). The increase in the 
energy and parameters caused by the earthquake does not change at the same rate as the 
intensity of ground motion. Therefore, it can be concluded that the point data in the related 
graphs move away from the trend line and the correlation of the parameters considered 
decreases as the intensity of seismic excitations increases.

The distribution of Ia and VSI parameters, which have the strongest correlation with 
energy, varies in a narrower range when compared to other parameters. It is clearly seen in 
Figs. 11 and 12, as well as in Table 8, that the values of SDOF are compatible with MDOF 
ones and the data do not deviate much from each other.

The R2 values of the parameters are ranked in Fig.  13 by evaluating all buildings 
together in terms of SDOF and MDOF. Even though the place of the parameters changes 
in arrangement, the parameter with a low determination coefficient of SDOF does not have 
a high value for MDOF. Therefore, it can be concluded that SDOF and MDOF follow a 
parallel trend.

7.2 � Multi parameter correlation

In order to increase the correlation obtained from the parameters within the scope of the 
present study and to reduce the scattering, the use of multiple parameters together instead 
of just one parameter was also examined. For this reason, different equations for SDOF and 
MDOF were discussed in order to combine parameters. In order to find the equations, it is 
aimed to obtain the highest correlation by using the least number of parameters. As a result 
of linear regression analyses performed for this purpose, Eqs. (23) and (24) were derived 
separately for SDOF and MDOF, respectively.

In multiple regression analyses, relevant equations with 6 and 5 parameters were created 
for SDOF and MDOF, respectively, according to conditions such as P-value (Significance 
Value) < 0.05 and VIF (Variance Inflation Factor) < 10. When all of 20 GMPs are taken 
into account, the correlation coefficients are calculated as 0.981 and 0.975 for SDOF and 
MDOF, respectively, and these values are obtained as 0.945 and 0.937 via the equations 
(Fig. 14). Although there is a decrease of approximately 4% in the correlation coefficients 
obtained with the equations compared to all parameters, the energy amount can be easily 
calculated with fewer parameters by reducing the number of variables.

VSI and Ia parameters reflect the damage potential of earthquakes as the best single 
parameter for SDOF and MDOF, respectively. The correlation coefficients of these param-
eters were previously calculated to be 0.902 and 0.856, and these values were improved 
with an increase by 5 and 10% thanks to multiple regression. It is noteworthy that, although 
parameters such as PGV and Drms do not have a high correlation on their own, they are 
included in the equations together with the VSI and Ia parameters.
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Fig. 11   Relation of some acceleration-related parameters with energy values for all buildings: left side for 
SDOF and right side for MDOF
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While the input energy estimation can be made through the equations generated, the 
amount of hysteretic energy can be calculated approximately by using the EH/EI ratios, 
which were previously found separately for SDOF and MDOF systems. While getting 

(23)
EI(m

2/s2) = −1.088 − 1.012PGV + 7.61Arms + 0.04283CAV − 1.793ASI + 0.8761VSI + 0.763A95

(24)
EI(m

2/s2) = −0.629 − 1.636PGV + 0.1208Drms + 0.2439Ia + 0.00628HI + 1.319Tp
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Fig. 12   Relation of some velocity-related parameters with energy values for all buildings: left side for 
SDOF and right side for MDOF
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an idea about the amount of input energy with the equations used in the current study, 
it also shows that there is a significant relationship between the relevant parameters and 
energy demands.

Since it aims to provide preliminary information about the correlation of the com-
bined parameters and the energy amount with the created equations, many different 
equations can be derived with various assumptions and additional parameters. It should 
be kept in mind that the literature can be enriched by expanding the scope due to the 
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proposed equations are limited to the models, the number of earthquakes and the param-
eter type in the study.

8 � Conclusions

Seismic loads play a crucial role among the loads considered in the design of earth-
quake-resistant structures and evaluation of existing buildings. There are many stud-
ies highlighting the different properties of ground motion records in order to predict 
the structures’ response under seismic loads. This study investigates the correlation of 
ground motion parameters (GMPs) with energy demands of low-rise reinforced con-
crete buildings without shear walls. For this purpose, 4- and 7-story buildings with-
out any irregularity were modeled in order to represent low-rise structures. In order 
to obtain the demands of SDOF systems as well as MDOF systems, the properties of 
“equivalent” SDOF systems were determined by using MDOF systems. For design and 
maximum earthquake levels, 44 ground motion records in total, 22 pairs in compliance 
with the Turkish Building Earthquake Code (TBEC 2018), were selected and scaled. 
Twenty GMPs were used for each of the records depending on different variables (e.g., 
acceleration, velocity, displacement, and frequency). Input energy data are considered 
as demand measure and these values are normalized with the masses of the buildings for 
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Fig. 14   The relationship between energy demands estimated by ground motion parameters and obtained 
from the analysis results: a for 20 GMPs with SDOF, b MDOF, c for selected parameters with SDOF and d 
MDOF



2861Bulletin of Earthquake Engineering (2024) 22:2829–2865	

1 3

cases where the buildings are evaluated together. The correlation between input energy 
results and GMPs is also investigated in terms of the number of floors and modeling. 
The correlation of 20 GMPs of 44 records with the energy demands obtained from a 
total of 176 nonlinear time history analyses was examined for the present study. The 
significant achievements and outcomes gained within the scope of this study are sum-
marized below:

•	 Evaluating all earthquakes, it was determined that the input energy values of the 4-story 
model with SDOF were 10% higher than the MDOF, whereas the values of SDOF and 
MDOF for the 7-story model were close to each other. In terms of the correlation coef-
ficient, the SDOF values for all parameters were found to be approximately 20% higher 
than MDOF. Considering the amount of energy and correlation values, it can be said 
that MDOF is successfully represented by SDOF.

•	 While the biggest differences in terms of the number of floors were found in the fre-
quency-related Tm and Vmax /Amax parameters, the correlation values of the 7-story 
building were 5% lower than the 4-story building for all acceleration-related param-
eters. It was observed that the results obtained for the parameters in the other velocity 
and displacement groups were close to each other.

•	 It can be stated that the parameters in the velocity (except Vrms and SED) and accelera-
tion groups are more dominant than the ones in the frequency and displacement groups 
because they have better correlations. On the other hand, it should be noted that both 
frequency and displacement-related parameters have low correlation values. Accelera-
tion-related parameters have better correlation performance for short-period structures, 
e.g., 4-story models, whereas velocity-related parameters are best for medium-period 
systems such as 7-story buildings. This trend can be explained by the higher accelera-
tion and velocity spectral ordinates in these period ranges, respectively.

•	 Among the acceleration-related parameters, Ia, Ic, Arms, and SMA have the strongest 
correlation, while VSI, HI, and CAV show the best correlation in the velocity group. 
The correlation coefficients of these parameters are greater than 0.70. The good cor-
relation of the above-mentioned parameters can be attributed to the cumulative calcula-
tion of these parameters and the energy demand.

•	 Ia has the best correlation and the lowest scatter with energy demands for acceleration 
group parameters; this result suggests that it is the best parameter to reflect the damage 
potential of earthquakes. Similar results were also reported by Cao and Ronagh (2014), 
Ozmen and Inel (2016), and Yang et al. (2009).

•	 VSI is also a good indicator of intensity measure and reflection of the potential damage. 
This consequence is also consistent with the studies carried out by Yakut and Yilmaz 
(2008), Kostinakis et  al. (2015), Massumi and Gholami (2016), and Kamal and Inel 
(2021).

•	 As well-known parameters, PGA and PGV show a moderate correlation. This is also a 
parallel inference with Riddell and Garcia (2001), and Riddell (2007). It is estimated 
that the degree of correlation decreases because these parameters are obtained instantly 
as a single value, unlike the calculation of energy data.

•	 In the present study, the Tm, Vmax/Amax, PGD, and Drms parameters do not appear to be 
useful indicators of damage alone. The lowest correlations of these parameters have 
been emphasized by Cao and Ronagh (2014), and Ozmen and Inel (2016). Since con-
sidered buildings are not highly flexible systems, their periods do not have long peri-
ods. For this reason, it can be said that the performance of the parameters related to 
displacement (PGD and Drms) is poor.
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•	 This paper also investigated if the combination of multiple ground motion parameters 
by using multiple regression to reflect damage potential is better than a single param-
eter. Making use of the equations proposed for SDOF and MDOF systems via mul-
tiple regression, the correlation coefficients are increased to 0.945 and 0.937 with an 
increase of 5 and 10%, respectively.

•	 In addition to damage measures such as various damage indexes, interstory and roof 
drift ratios, it is concluded that input energy as highlighted in previous studies can also 
be used according to the findings in the present study.

•	 Even though the best parameters in studies where displacement is used as a damage 
indicator are velocity-related parameters, it was observed that both acceleration- and 
velocity-related parameters show good performance in this study. Since researchers cal-
culate seismic loads by using the acceleration response spectrum for the design of new 
structures and strengthening of existing structures, it is recommended to use especially 
acceleration-related parameters for the prediction of seismic performance due to their 
familiarity with acceleration. In addition, it is thought that increasing the number of dif-
ferent types of parameters that show good correlation will enrich the diversity of future 
studies on the assessment of seismic hazard.

In order to obtain better correlation results, demands such as displacement and energy 
should be estimated accurately. For this reason, modeling of structures must be conducted 
properly. The period of buildings constructed in the regions like short, intermediate, and 
long periods also affects the behavior of the structure against earthquakes. Especially in the 
long period region, the stability of the spectral accelerations in the response spectrum of 
the earthquakes ensures that the demands of the structures in this region are close to each 
other. This can increase the correlation of their demands with considered the earthquake 
parameters. The choice of variables such as displacement and energy as demand measures 
affects the degree of correlation. Different variables (e.g. acceleration, velocity, displace-
ment, and frequency) used in the calculation of ground motion parameters may be decisive 
in the correlation success. In addition, the relationship between parameters and demands is 
also influenced by the usage of regression types such as linear or nonlinear regression.
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