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Abstract: This paper investigates the correlation between ground motion parameters and displace-
ment demands of mid-rise RC frame buildings on soft soils considering the soil-structure interaction.
The mid-rise RC buildings are represented by using 5, 8, 10, 13, and 15-storey frame building models
with no structural irregularity. A total of 105 3D nonlinear time history analyses were carried out
for 21 acceleration records and 5 different building models. The roof drift ratio (RDR) obtained as
inelastic displacement demands at roof level normalized by the building height is used for demand
measure, while 20 ground motion parameters were used as intensity measure. The outcomes show
velocity related parameters such as Housner Intensity (HI), Root Mean Square of Velocity (Vrms),
Velocity Spectrum Intensity (VSI) and Peak Ground Velocity (PGV), which reflect inelastic displace-
ment demands of mid-rise buildings as a damage indicator on soft soil deposit reasonably well. HI
is the leading parameter with the strongest correlation. However, acceleration and displacement
related parameters exhibit poor correlation. This study proposed new combined multiple ground
motion parameter equations to reflect the damage potential better than a single ground motion pa-
rameter. The use of combined multiple parameters can be effective in determining seismic damages
by improving the scatter by at least 24% compared to the use of a single parameter.

Keywords: roof displacement demand; ground motion parameters; combined multiple parameters;
seismic damage; mid-rise RC buildings; soil-structure interaction

1. Introduction

The seismic hazard is quantified by the intensity measure (peak ground values of
acceleration (PGA), velocity (PGV), etc.) of a ground motion, while the structural dam-
age state is defined by the demand measures (maximum interstorey and roof drift ratio,
etc.) [1]. Many relationships between Intensity Measure (IM) and Demand Measure (DM)
for performance-based earthquake engineering (PBEE) researches have been presented in
the literature [2–9]. The damage potential of structures was reflected by the ground motion
parameters (GMP) such as Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV),
Peak Ground Displacement (PGD), etc. Although PGA has been used as a dominant param-
eter in structural and earthquake engineering research, some studies have shown that this
parameter provides a poor correlation for the representation of structural damage [10–12].
The potential damage of the structure depends on the energy and frequency content, the
number of cycles, density and duration, etc. of the ground motion record [13,14]. It is very
important for PBEE to obtain a ground motion parameter, which represents the statistical
relationship between IM and DM with smaller dispersions [1]. For this reason, many stud-
ies are ongoing on the issue of the GMP, to reflect the statistically best structural damage
potential.

Elenas and Meskouris [15] examined the relation between maximum interstorey drift
ratio/overall structural damage index of a 7-storey reinforced concrete (RC) frame building
and 10 different GMPs using 20 acceleration records. The authors emphasized that spectral
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and energy parameters exhibit good correlation, while peak ground motion parameters
have a weak correlation. Nanos et al. [16] expanded the study using 450 different artificial
seismic records. The results showed that a medium correlation was obtained between the
damage index of the 6-storey RC frame building and the PGA, while a strong correlation
was observed with Arias Intensity (Ia).

Cao and Ranogh [17] investigated the correlation between 23 different GMPs with
the interstorey drift ratio and damage index of the 3-storey RC building. 1040 records
were selected from 4 different earthquakes, which are far-fault motion. They concluded
that Velocity Spectrum Intensity (VSI) has the best correlation, followed by Housner
Intensity (HI) and Spectral Acceleration (Sa). Moreover, the low correlation observed for
the PGA supported the other studies. Kostinakis and Athanatopolou [18] examined the
correlation between spectral acceleration with an interstorey drift ratio of 3 symmetric and
3 asymmetric 5-storey buildings. It has been emphasized that the spectral acceleration
(Sa) is a good indicator of the structural damage for mid-rise RC buildings with small
eccentricity.

Yakut and Yilmaz [19] have used 16 RC frames and 80 ground motion records to
investigate the correlation between the maximum interstorey drift and GMPs. They indi-
cated that Housner Intensity (HI), VSI, and Acceleration Spectrum Intensity (ASI) have
the strongest correlation for the period range of 0.1−2.5 s. PGA, VSI, and Characteristic
Intensity (Ic) have the best parameters for the period range of 0.2−0.5 s, while VSI, HI,
and Spectral Acceleration (Sa) are the best correlated parameters for the period range of
0.5−1.1.

In the studies summarized above, many Multi-Degree-of-Freedom (MDOF) systems
with different numbers of floors were used. In addition, the relationships between structural
damage potential and GMPs were examined on Single-Degree-of-Freedom (SDOF) systems.
Akkar and Ozen [1] investigated the effects of PGV on SDOF system deformation demands.
They have used 60 ground motion records with a station distance of less than 23 km
and moment magnitudes between (Mw) 5.5 and 7.6. As a result of nonlinear analyses,
it was stated that using PGV as a ground motion intensity measure gives stable results,
particularly in the short period range of SDOF systems.

Inel and Ozmen [20] performed half a million nonlinear analyses using 466 earthquake
records for the 1056 SDOF systems. Correlations of 19 GMPs on the roof drift ratio of
low and mid-rise RC building stocks were examined. The effects of the parameters on
3 different numbers of stories and 4 site classes were investigated. It was emphasized that
velocity related parameters have better correlations than the acceleration, displacement,
and frequency related parameters. They concluded that VSI and PGV have the highest
correlation values for all site classes and number of story groups. The PGA has low
correlation. On the contrary, Riddel [7] emphasized that PGA and HI are the best indices in
the acceleration and velocity sensitive regions, respectively.

Ozmen [21] developed his previous study and aimed to obtain a higher correlation
value by combining GMPs. Using Genetic Algorithm (GA), 3 different GMPs were selected
among 19 GMPs and combined. An improvement of 6−28% was achieved with the com-
bined GMPs. An equation including the Peak Velocity and Acceleration ratio (Vmax/Amax),
Effective Design Acceleration (EDA), and Mean Period (Tm) is proposed.

As inferred from the studies summarized above, it is hard to reach an exact or solid
relationship between the damage potential of MDOF and SDOF systems and the intensity
of the GMPs. Fixed base (FB) models were preferred in the previous studies and soil-
structure-interaction (SSI) was neglected. However, rotations of foundation and rocking
motions in soft soils have a significant effect on the lateral displacement demands of
mid-rise or taller buildings [22–25]. Therefore, this study investigates the correlation of
GMPs with roof drift ratios of mid-rise RC frame buildings with no shear walls on soft
soil considering soil-structure interaction. Direct method was used in dynamic analysis to
reflect the SSI in a realistic way [26,27]. In order to reflect the nonlinear behavior of soil,
a fully nonlinear method has been considered. The 5-, 8-, 10-, 13-, and 15-storey reinforced
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concrete buildings without any structural irregularity are modelled using SSI to represent
mid-rise buildings. Twenty-one acceleration records compatible with Turkish Building
Earthquake Code (TBEC-2018) were selected and scaled [28]. The 20 GMP of each selected
record were obtained. The roof drift ratio (RDR) is used for demand measure and it is
obtained as inelastic displacement demands normalized by the building height.

2. Ground Motion Parameters

Many parameters have been proposed to characterize the strong ground motion.
Some of the considered parameters are given in Table 1. Ground motion parameters were
classified into four groups: Velocity, acceleration, displacement, and frequency. A total of
20 seismic parameters were taken into account. Detailed information on these parameters
can be found in Geotechnical Earthquake Engineering book by Kramer [29] or in the
study conducted by Ozmen and Inel [20]. The values of parameters used in the study are
determined using the software SeismoSignal [30].

Table 1. Ground motion parameters.

Type Parameter Notation Unit

Ve
lo

ci
ty

Root Mean Square of Velocity Vrms m/s
Velocity Spectrum Intensity VSI m

Specific Energy Density SED m2/s
Sustained Maximum Velocity SMV m/s

Peak Ground Velocity PGV m/s
Cumulative Absolute Velocity CAV m/s

Housner Intensity HI m

Fr
eq

. Peak Velocity and Acceleration Ratio Vmax/Amax s
Mean Period Tm s

Predominant Period Tp s

D
is

p. Peak Ground Displacement PGD m
Root Mean Square of Displacement Drms m

A
cc

el
er

at
io

n

Effective Design Acceleration EDA g
Arias Intensity Ia m/s

Characteristic Intensity Ic -
Acceleration Spectrum Intensity ASI g·s

Root Mean Square of Acceleration Arms g
Sustained Maximum Acceleration SMA g

Peak Ground Acceleration PGA g
A95 parameter A95 g

3. Properties of Structural Models

Five different RC frame building models, including 5-storey, 8-storey, 10-storey, 13-
storey, and 15-storey are considered to represent mid-rise buildings. The buildings have
been designed according to TBEC-2018 for DD-2 (10% probability to be exceeded in 50 years)
seismic level. The importance factor (I) of the buildings and the soil class are taken as “1”
and ZD, respectively.

The slab thicknesses including coatings were taken as 150 mm in all floors of all
models to determine the dead load of the buildings. Live load was selected 2 kN / m2 [31].
Partition wall loads on the beams were taken into account as 3.25 kN / m. The axis spacing
of the buildings in the x and y direction is 5 m, and the plan dimensions of the building are
selected as 25 m and 20 m, respectively (Figure 1). Floor heights are considered as 3 m for
all buildings.
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Figure 1. (a) Plan views of first floor of 15-storey building, (b) elevation view.

Column sections of the 15-storey building are given in Figure 1a. During the design
phase, 5 different rectangular sections were selected and the cross section of these columns
was reduced at every 5 floors (Figure 1b). Beam and column sizes used in 15-, 13-, 10-,
8-, and 5-storey buildings are given in Table 2. The capacity design principles that meet
ductility conditions were adopted during the design phase.

Table 2. Typical column and beams sizes of the building models.

Column Beam
Size

15-s 13-s 10-s 8-s 5-s

Label Size Story Level

C1 35 × 80

30 × 60 from
1 to 5

from
1 to 3

- - -
C2 70 × 35
C3 100 × 35
C4 35 × 85
C5 90 × 35

C1 35 × 70

30 × 55 from
6 to 10

from
4 to 8

from
1 to 5

from
1 to 3

-
C2 60 × 35
C3 90 × 35
C4 35 × 75
C5 80 × 35

C1 35 × 55

25 × 50 from
11 to 15

from
9 to 13

from
6 to 10

from
4 to 8

from
1 to 5

C2 50 × 35
C3 70 × 35
C4 35 × 60
C5 60 × 35

Concrete compressive strength and the yield strength of both longitudinal and trans-
verse reinforcements are assumed to be 35 MPa and 420 MPa, respectively. Longitudinal
reinforcement ratios of the column members range from 1.00–1.15%. Dominant vibration
periods in x direction, seismic weight and lateral strength ratio (base shear/seismic weight)
of the considered models are given in Table 3.
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Table 3. Structural properties of frame building models.

Model ID Floor No Period (s) Seismic Weight
(kN)

Base Shear/Seismic
Weight

5s 5 0.75 22404 0.159
8s 8 1.12 36733 0.103

10s 10 1.39 46286 0.082
13s 13 1.73 60926 0.064
15s 15 1.95 70678 0.058

Three-dimensional (3D) models are created by using SAP2000, which is a general-
purpose structural analysis program for dynamic analyses of structures [32]. Beam and
column elements were modelled as nonlinear frame elements with lumped plasticity by
defining plastic hinges at both ends of beams and columns. Damage level for each element
is determined according to TBEC-2018. The nonlinear analysis is carried out using the
effective stiffness of the cracked section properties per TBEC-2018; 0.35EIg for beams and
0.7EIg for columns (E: Concrete modulus of elasticity and Ig is moment of inertia for gross
section). Several plastic hinge lengths have been proposed in the literature. For this study,
half of the section depth is used for the plastic hinge length value as recommended in
TBEC-2018.

4. Geotechnical Properties of Soil Profile

In this study, the seismic behaviors of the mid-rise RC frame buildings on soft soils
are examined. Therefore, a soil profile with shear wave velocity of less than 600 m/s
has been chosen [33,34]. According to TBEC-2018; the soil class ZD has a shear-wave
velocity between 180 and 360 m/s. To meet these two criteria, the soil profile adopted from
Ghandil’s work was used [25]. The soil profile consists of 3 different clay layers with a
total height of 45 m. The geotechnical characteristics of the soil profile are given in Table 4.
Vs, v, Cu, and $ represent shear wave velocity, Poisson ratio, undrained cohesion, and soil
density, respectively.

Table 4. Geotechnical characteristic of the soil profile.

Layer No. Depth (m) Vs (m/s) v Cu (kPa) $ (kN/m3)

1 0–10 184 0.35 148 18.99
2 10–25 205 0.35 206 21.36
3 25–45 256 0.35 365 24.22

During the earthquake, the shear modulus and damping ratios of the soil change as
shear strain increases. Seed and Iddris [35] proposed the equivalent linear method (ELM)
for the shear modulus and damping curves corresponding to increasing strains. This
method, in which iterative linear analysis is performed, uses the shear modulus (G/Gmax)
and damping ratio (D) corresponding to the maximum strain on the soil.

Byrne [36] emphasized that the nonlinear effects cannot be directly captured in soil-
structure interaction analysis since the equivalent linear method includes a linear approach.
Byrne proposed to use the fully nonlinear method to directly reflect stress strain relations
in a realistic way.

This study adapted the fully nonlinear model in order to characterize the real behavior
of the soil in dynamic analysis. Damping and shear modulus relationships were taken
into account depending on the shear strain values. Skeleton (backbone) curves were used
to reflect hysteretic damping. The backbone curves suggested by Vucetic and Dobry [37]
for clay layers are considered (Figure 2). Curve fitting has been carried out so that larger
shear strains can better match the damping curves. A modified hyperbolic model is used in
this paper and implemented in 1-D wave propagation software DEEPSOIL [38] to perform
nonlinear site response analyses.
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Figure 2. (a) Relationship between G/Gmax and shear strain, (b) relationship between material damping ratio and shear
strain.

5. Description of the Soil-Structure Model

Inelastic soil-structure interaction models (SSI) were created in SAP2000. A 10-storey
SSI model on three layers with depth of 45 m is given in Figure 3 as an example. In this
model, the mat foundation is also reflected in the SSI system (Figure 4). The depth of the
mat foundations is selected and designed as 0.5, 0.75, 1, 1.25, and 1.25 m for 5-, 8-, 10-, 13-,
and 15-storey buildings, respectively. As the depth of foundations indicate, the mid-rise
buildings have shallow foundation systems. The selected foundation depths are typical
depths in practice. Assuming a perfect bond between the foundation and the surrounding
soil, interface element is ignored. Thus, any possible relative displacement in the form of
uplifting or sliding between the structure and the soil has been neglected [39].
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Kocak and Mengi [40] emphasized that the rigid boundary condition is more appropri-
ate and realistic boundary condition for simulation of the bedrock in dynamic soil-structure
analysis. The boundary condition for the bedrock is assumed to be rigid in many stud-
ies [22–25] and [41–43]. In accordance with the mentioned previous studies, rigid boundary
is defined for each node at the bottom surface of the soil medium in order to reflect the
bedrock in this study. The soil profile consists of 3 different clay layers with a total height
of 45 m. The thicknesses of these layers (from the ground surface) are 10, 15, and 20 m,
respectively. Bedrock is located at a depth of 45 m. However, it should be noted that if the
impedance contrast difference between the bedrock and the soil medium is high, it will not
be appropriate to simulate the bedrock with the rigid boundary assumption [44].

The average shear wave velocity (Vs,avg) of the soil profile considered in this study
is 228 m/s [25]. The fundamental frequency (f) of soil deposit is 1.19 Hz. According
to Lachetl and Bard [45], the depth of bedrock can be determined approximately with
d = Vs/4f. Based on this statement, the depth of bedrock in this study is expected to be
around 48 m. As another study, according to the empirical formula proposed by Delgado
et al. [46] (d = 55f−1.256) the bedrock depth could be 44 m. In order to be compatible with
these related references, the bedrock depth was determined as 45 m.

Although the finite element modeling used for the soil profile has some limitations in
geotechnical areas due to its physical dimensions, it is used effectively in many engineering
applications. However, the full nonlinear 3D finite element analysis is still costly in terms
of computational effort, load. Therefore, a reasonably limited model was created by using
artificial or transmitting boundaries for finite element analysis of the dynamic soil-structure
interaction problem as an alternative to very large soil profile modeling. This approach not
only prevents unreal reflections against artificial boundaries presented in the mathematical
model, but also avoids distorted results by taking into account radiation effects. Lysmer
and Kuhlemeyer [47] proposed the application of viscous dampers that absorb reflected
energy along the artificial boundary. In this study, the viscous boundary model, which
was successfully employed by Livaoglu and Dogangun, is used [48,49]. In this model,
dampers are placed along the normal and tangent of the boundary. Equivalent damping
values are defined by $V coefficients per unit area of the boundaries. Since the forces at the
boundaries are equivalent to the forces generated in viscous dampers, the energy can be
completely absorbed.
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Ghosh and Wilson [50] stated that the effects of reflected waves can be neglected if
the dampers are at a distance of 3–4 times plan dimensions and 2–3 times height of the
foundation from the center of the structure. The building foundation dimensions used in
the study are 25 × 20 m in x and y directions, respectively. According to reference above,
the plan dimensions of the soil profile are selected as 110 × 40 m.

6. Selection and Scaling of Ground Motion Records

In nonlinear time history analyses, the use of real ground motion records is preferred
due to their easily accessible databases. Due to variation in soil properties and station
distances, the selection and scaling of ground motion records is significantly important to
reflect earthquake hazards properly.

Optimization techniques are frequently used for selecting and scaling earthquake
records that comply with the earthquake code [51]. A solution such as a constrained opti-
mization problem can be implemented by targeting the response spectra in the earthquake
design code. In this study, acceleration records that provide design acceleration spectrum
conditions of TBEC-2018 have been selected and scaled. According to TBEC-2018, a mini-
mum of 11 pairs of ground motion records are required for the 3D time history analysis.
In addition, the number of record and record pairs to be selected from the same earthquake
event should not exceed three. A square root of the sum of the squares (SRSS) spectrum
needs to be constructed by using the scaled horizontal components of each ground motion
where the same scale factor is applied for both components. The mean of the SRSS spectra
for the scaled ground motions should be more than 1.3 times the target code values between
the 0.2Tp and 1.5Tp period range, where Tp is the natural period of the building model.

The PEER (Pacific Earthquake Engineering Research) database has been used for
the selection earthquake records used in the current study [52]. The criteria for selection
of acceleration records were given in Table 5. The earthquake magnitudes, Mw, were
assumed to be between 4.5 and 7.5 while the station distances were limited to be between 5
and 50 km. Records with peak ground acceleration (PGA) value of 0.1g and above were
preferred. In order to represent the soil class ZD, the shear wave velocity Vs was chosen to
be between 180 and 360 m/s.

Table 5. The selection criteria of acceleration records and the parameters controlling the shape of the design spectrum.

Soil Classification
(TBEC-2018)

Shear Wave Velocity
(m/s)

Magnitude
(Mw) PGA (g) Source

Distance (km)

ZD 180–360 4.5–7.5 ≥0.1 5–50

SDS (g) SD1 (g) 0.4SDS (g) TA (s) TB (s)

1.15 0.521 0.46 0.09 0.45

In this study, the seismic level (DD-2) with 10% probability of exceedance in 50 years
in TBEC-2018 is taken as target spectrum. The parameters controlling the shape of the
design spectrum in order to draw horizontal design spectrum are also given in Table 5.
These parameters; SDS, SD1, TA, TB, respectively, represent the short-period design spectral
acceleration coefficient, the design spectral acceleration coefficient corresponding to a
one-second period, and the corner periods of the horizontal elastic spectrum.

The earthquake set with 11 record pairs compatible with the selected target spectrum
was obtained using the Differential Evolution Algorithm [53]. The unscaled spectrum and
averages of the selected records are given in Figure 5.

The SRSS spectrums belonging to the 11 acceleration record pairs and their average
spectrum, E(T), are given in Figure 6. In addition, the 1.3 times target spectrum Sae(T)
for the soil class ZD is given in the same figure. The acceleration spectrum and average
spectrum of 11 scaled acceleration record pairs are plotted in Figure 7. The properties of
the selected earthquake records and scale factors are provided in Table 6. The scale factors
ranging between 1.48 and 1.95 are reasonably well.
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Figure 5. The spectrum of unscaled acceleration records.

Buildings 2021, 11, x FOR PEER REVIEW 10 of 22 
 

 
Figure 6. The square root of the sum of the squares (SRSS) spectrum of scaled acceleration records. 

 
Figure 7. The spectrum of scaled acceleration records. 

Table 6. The properties of the selected earthquake records and scaled coefficients. 

Record No. Earthquake Mw Vs30 (m/s) Scale 
RSN-3935 Tottori,Japan 6.61 344 1.7786 
RSN-165 Imperial Valley-06 6.53 242 1.8544 
RSN-5805 Iwate, Japan 6.9 253 1.8600 
RSN-8606 El Mayor-Cucapah, Mexico 7.2 242 1.4823 
RSN-1615 Duzce, Turkey 7.14 338 1.7878 
RSN-5829 El Mayor-Cucapah, Mexico 7.2 242 1.9498 
RSN-5825 El Mayor-Cucapah, Mexico 7.2 242 1.8929 
RSN-5619 Iwate, Japan 6.9 279 1.9229 
RSN-1082 Northridge-01 6.69 321 1.5847 
RSN-4889 Chuetsu-oki, Japan 6.8 315 1.8487 
RSN-6893 Darfield, New Zealand 7.0 344 1.8912 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.5 1 1.5 2 2.5 3 3.5 4

Sa
e 

(g
)

T (s)

RSN-3935 SRSS RSN-165 SRSS

RSN-5805 SRSS RSN-8606 SRSS

RSN-1615 SRSS RSN-5829 SRSS

RSN-5825 SRSS RSN-5619 SRSS

RSN-1082 SRSS RSN-4889 SRSS

RSN-6893 SRSS E(T)

1.3*Sae(T)

0

0.5

1

1.5

2

2.5

3

3.5

4

0 0.5 1 1.5 2 2.5 3 3.5 4

Sa
e 

(g
)

T (s)

i-station-scaled
E (T)-scaled
Sae (T)

Figure 6. The square root of the sum of the squares (SRSS) spectrum of scaled acceleration records.

Table 6. The properties of the selected earthquake records and scaled coefficients.

Record No. Earthquake Mw Vs30 (m/s) Scale

RSN-3935 Tottori, Japan 6.61 344 1.7786
RSN-165 Imperial Valley-06 6.53 242 1.8544
RSN-5805 Iwate, Japan 6.9 253 1.8600
RSN-8606 El Mayor-Cucapah, Mexico 7.2 242 1.4823
RSN-1615 Duzce, Turkey 7.14 338 1.7878
RSN-5829 El Mayor-Cucapah, Mexico 7.2 242 1.9498
RSN-5825 El Mayor-Cucapah, Mexico 7.2 242 1.8929
RSN-5619 Iwate, Japan 6.9 279 1.9229
RSN-1082 Northridge-01 6.69 321 1.5847
RSN-4889 Chuetsu-oki, Japan 6.8 315 1.8487
RSN-6893 Darfield, New Zealand 7.0 344 1.8912
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Figure 7. The spectrum of scaled acceleration records.

The selected acceleration records were obtained from the ground surface. While these
records are used directly for the fixed-base (FB) models, they cannot be used directly for
the SSI models. In the SSI models, earthquake records are implemented from the bedrock.
For this reason, the DEEPSOIL program was used to convert the surface (input) records to
the corresponding records (output) at the bedrock. This process is called “deconvolution”.
The surface motions were applied from the top of one-dimensional (1D) free-field soil
column, and bedrock motions were calculated. A sample record is given in Figure 8. During
the deconvolution process; resonance has occurred for one of the horizontal directions of
RSN1615 acceleration record (RSN1615-H1), and it is removed from the acceleration record
set. Therefore, 21 acceleration records were used in this study.
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Figure 8. Comparison of the motion of the RSN1082-H2 record of Northridge earthquake on the surface and bedrock (a)
acceleration record; (b) acceleration spectra.

7. Correlation Analyses for Ground Motions Parameters

Nonlinear time history analyses were performed using 21 different acceleration records
for 5 different building models with SSI. As a result of the analyses, the roof displacement
demands of the buildings were obtained. These displacement demands were normalized
with the building height, and roof drift ratios (RDR) were calculated. Table 7 lists roof drift
ratios 15-, 13-, 10-, 8-, and 5-story buildings, separately. Besides, the average RDR value of
5 different building models is given for the scaled 21 ground motion records.
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Table 7. Roof drift ratios (RDR) of building models (%).

Record 15-s 13-s 10-s 8-s 5-s Average of
All Models

RSN1082-h1 0.66 0.56 0.76 0.90 0.80 0.74
RSN1082-h2 0.56 0.55 0.97 1.07 1.44 0.92
RSN1615-h1 - - - - - -
RSN1615-h2 0.27 0.31 0.51 0.56 0.34 0.39
RSN165-h1 0.53 0.54 0.47 0.55 0.76 0.57
RSN165-h2 0.81 0.65 1.03 1.36 1.68 1.11

RSN3935-h1 0.15 0.19 0.17 0.13 0.10 0.15
RSN3935-h2 0.08 0.09 0.11 0.07 0.06 0.08
RSN4889-h1 0.37 0.36 0.33 0.26 0.43 0.35
RSN4889-h2 0.43 0.30 0.53 0.47 0.53 0.45
RSN5619-h1 0.89 0.86 0.87 0.98 0.81 0.88
RSN5619-h2 0.57 0.59 0.53 0.45 0.53 0.53
RSN5805-h1 0.54 0.51 0.48 0.43 0.36 0.46
RSN5805-h2 0.40 0.37 0.68 0.45 0.38 0.45
RSN5825-h1 2.43 1.96 1.69 1.57 1.49 1.83
RSN5825-h2 1.78 1.03 1.01 1.24 1.05 1.22
RSN5829-h1 1.17 1.11 0.93 0.87 2.04 1.23
RSN5829-h2 0.73 0.86 0.82 0.92 1.11 0.89
RSN6893-h1 1.16 0.89 0.92 0.85 1.36 1.04
RSN6893-h2 0.55 0.52 0.55 0.73 0.80 0.63
RSN8606-h1 1.02 0.65 0.60 0.76 0.94 0.79
RSN8606-h2 1.29 1.31 1.56 1.72 1.62 1.50

Max. 2.43 1.95 1.69 1.72 2.04 1.83
Min. 0.08 0.09 0.11 0.07 0.06 0.08

Average 0.78 0.68 0.74 0.78 0.89 0.77

The variation in RDR values within ground motion records of each building is obvious.
Similar variation exists within RDR values of different buildings subjected to the same
record. Although there are several extreme values for 5- or 15-story buildings, the average
RDR value of 15-, 13-, 10-, 8-, and 5-storey buildings is a valuable indicator to represent
damage of a ground motion record. In this way, it is aimed to reduce the effect of building
height in the evaluation of buildings with different heights [20,21].

Correlations between RDR of each building model and ground motion parameters
(GMP) are given in Table 8. In addition, correlation values were given for each record by
calculating the mean of the RDRs of all building models. The values of the GMPs were
determined using the software SeismoSignal for the acceleration records corresponding to
the ground surface of the soil profile.

The parameters in Table 8 are given in 4 groups as velocity, frequency, displacement,
and acceleration. These parameters in each group were ranked from the highest R2 to the
lowest. Table 8 obviously shows that the parameters in velocity groups are very effective
in estimating the damage potential of building models. On the other hand, the correlation
values of the parameters in the displacement and acceleration groups are too low.

Figure 9 plots roof drift ratio (RDR) of building models versus velocity related parame-
ter values. As it is seen, there are five RDR values for each ground motion parameter value.
The equation for their correlation and R2 values are also given on the figure. It is obvious
that RDR values of five building models vary within a narrow range. Therefore, average
RDR values of five buildings are also used to look for a possible better correlation. The R2

values calculated using the average RDR values are listed in the last column of Table 8 and
plotted in Figure 10. All velocity related parameters except CAV have R2 values greater
than 0.70. The lowest correlation value was obtained for the A95 parameter.
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Table 8. Correlation (R2 value) of parameters with roof drift ratios of models for buildings with
different number of floors.

Type Parameter 15-s 13-s 10-s 8-s 5-s All Models

Ve
lo

ci
ty

HI 0.798 0.81 0.856 0.874 0.923 0.914
Vrms 0.865 0.861 0.814 0.846 0.823 0.895
VSI 0.741 0.755 0.795 0.826 0.902 0.864
SED 0.865 0.872 0.712 0.728 0.718 0.821
SMV 0.716 0.737 0.612 0.670 0.684 0.744
PGV 0.679 0.652 0.590 0.610 0.765 0.713
CAV 0.448 0.515 0.267 0.260 0.348 0.418

Fr
eq

. Vmax/Amax 0.594 0.517 0.555 0.503 0.448 0.551
Tm 0.490 0.430 0.560 0.521 0.439 0.515
Tp 0.012 0.031 0.035 0.043 0.026 0.210

D
is

p. PGD 0.283 0.288 0.294 0.378 0.464 0.356
Drms 0.118 0.130 0.132 0.185 0.306 0.170

A
cc

el
er

at
io

n

EDA 0.009 0.012 0.013 0.033 0.120 0.270
Ia 0.272 0.297 0.143 0.151 0.289 0.260
Ic 0.185 0.227 0.118 0.148 0.275 0.216

ASI 0.066 0.106 0.070 0.128 0.248 0.126
Arms 0.03 0.062 0.053 0.087 0.199 0.099
SMA 0.058 0.059 0.079 0.152 0.16 0.089
PGA 0.036 0.034 0.043 0.062 0.128 0.057
A95 0.034 0.031 0.042 0.061 0.124 0.053

Figure 11 plots average RDR of all building models versus velocity related parameter
values as well as the equation for their correlation and R2 values. When all models with
a single RDR values for each ground motion record are examined, HI is the strongest
correlation in the velocity group and its R2 value was calculated as 0.914. In addition,
Vrms, VSI, SED, SMV, and PGV parameters in the velocity group also provide a strong
relationship for the roof drift ratio (RDR) estimates. If the building models are examined
separately, HI is the best parameter with R2 value of 0.923 for 5-storey buildings.

The estimated RDR values calculated using the equations given in Figure 11 are
normalized with the analysis results listed in the last column of Table 7. The average,
standard deviation, and coefficient of variation (CoV) values are given in Table 9 for the
velocity related parameters. The lowest coefficient of variation value, which shows the
effect of scattering on the mean, is obtained for the HI parameter. The highest CoV value
among these six parameters is observed for SMV.

Table 9. Statistical values of the velocity related 5 parameters normalized with analyses results.

HI Vrms VSI SED PGV SMV

Max. 1.42 1.77 1.68 1.59 2.52 2.81
Min. 0.67 0.62 0.57 0.64 0.45 0.61

St. Dev. 0.21 0.25 0.27 0.32 0.45 0.56
Mean 1.02 1.03 1.04 1.05 1.08 1.17
CoV 0.21 0.24 0.26 0.31 0.41 0.48
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Figure 9. The correlation for roof drift ratio (RDR) of building models versus velocity related parameter values of the
ground motion parameters.
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Figure 10. R2 values for ground motion parameters of all models given in the “All” column of Table 8.
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Figure 11. The correlation for the average roof drift ratio (RDR) of building models versus velocity related parameter values
of the ground motion parameters.

8. Optimization Study for Better Correlation

In the previous section, the correlation between ground motion parameters and their
damage potentials using roof drift ratios was investigated for each single parameter. HI
parameter is found out as the best single parameter to represent damage potential of
ground motion record. This section investigates whether the combination of multiple
parameters can reflect the damage potential better than a single ground motion parameter.
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The aim is to seek a higher damage correlation using several ground motion parameters
among twenty of them. Determining these several parameters and their weight coefficients
is a complex problem. The process of selecting parameters and determining the weight
coefficients has been considered as an optimization problem. A new equation that gives a
better correlation was investigated by minimizing the sum of squares of errors between the
displacement demands obtained from the combined parameters and the analysis results.
Differential Evolution (DE) algorithm was used for the optimization purposes. Since the
aim is to represent the damage correlation using the minimum number of parameters,
the number of parameters was selected between two and six for the combined multiple
parameter approach.

The DE algorithm requires a mathematical expression to estimate the roof drift ratio
(RDR) with ground motion parameters. For this reason, five equations containing 2, 3, 4, 5,
and 6 ground motion parameters and their weight coefficients are used. Linear equations
were preferred due to their simple form and easiness to use. The terms (xi) given in
Equations (1) to (5) refer to the weight coefficients of the parameters. These variables
can take negative or positive values. Pi represents randomly selected parameters among
the twenty parameters. Although parameters are not represented in variable terms (xi),
variables consisting of integers are defined for the selection of these parameters.

E1 = x1 + x2P1 + x3P2 (1)

E2 = x1 + x2P1 + x3P2 + x4P3 (2)

E3 = x1 + x2P1 + x3P2 + x4P3 + x5P4 (3)

E4 = x1 + x2P1 + x3P2 + x4P3 + x5P4 + x6P5 (4)

E5 = x1 + x2P1 + x3P2 + x4P3 + x5P4 + x6P5 + x7P6 (5)

After determining the decision variables and equation form, the objective function
should be defined. If the errors between the analysis results and the RDR values obtained
from the equations (Ei) are minimal, there is a stronger relationship between RDR and
the combined multiple parameter approach. Therefore, the objective function defined in
Equation (6) reflects the minimization of mean square errors (MSE), where ei represents
the error between the predicted value and the analysis result for each parameter, and n is
the number of records.

minf(x) =
∑n

1 (ei)
2

n
+ h1(x) + h2(x) (6)

The h1(x) and h2(x) in Equation (6) represent the penalty functions given in Equa-
tions (7) and (8). These functions provide constraints to be taken into account. The penalty
function helps to minimize the objective function effectively on constraints. When the
constraints provide the necessary conditions, the penalty function becomes zero, otherwise,
the penalty function becomes active [54]. Two penalty coefficients (PCi) were applied for
each constraint separately.

h1(x) =

{
PC1 if the same parameter is used more than once
0 otherwise

(7)

h2(x) =

{
0 if E1, E2 > 0
PC2 otherwise

(8)

The sensitivity of the population size (NP), mutation ratio (CR), and scaling factor
(F) parameters on the results in the DE algorithm was examined. A total of 63 groups
(3 × 7 × 3 = 63) were formed for 3 different population sizes, 7 different crossover ratios,
and 3 different scaling factors. Ten analyses were carried out for each group. A total of
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3150 analyses were performed for five equation forms. The maximum number of iterations
for all analyses was chosen as 1000.

The E1–E5 Equations obtained from the optimization analyses are given in Equa-
tions (9)–(13). The HI and SED represent the RDR for the two-parameter approach, while
the three-parameter approach uses HI, SED, and Ia parameters. The Tm is an additional pa-
rameter for the four-parameter approach. Although it is not forced, the existence of similar
parameters shows their strong correlation with RDR values for the first three combined
multiple parameter approach equations. The other two equations include more parameters.
However, HI appears in all equations. The R2 value was calculated as 0.94, 0.94, 0.95, 0.93,
and 0.90 for E1, E2, E3, E4, and E5, respectively. The best R2 value is calculated for E3 as
0.95. If the HI and SED parameters in velocity group are used alone, their R2 values are
0.91 and 0.82, respectively. The R2 values are 0.52 and 0.27 for Tm and Ia parameters. Their
combined use increases R2 value to 0.95. The units in E1−E5 are ground acceleration (g),
second (s), and meter (m) as given in Table 1.

E1 = 0.034 + 0.1751 (SED) + 0.298 (HI) (9)

E2 = 0.0275 − 0.0175 (Ia) + 0.1853 (SED) + 0.3495 (HI) (10)

E3 = 0.096 + 0.1922 (SED) + 0.3991 (HI)− 0.0269 (Ia)− 0.193 (Tm) (11)

E4 = 0.306 + 0.1946 (SED) + 1.118 (HI)− 0.329 (Tm)− 0.695 (VSI)− 0.00957 (CAV) (12)

E5 = 0.248 − 2.8
(

Vmax

Amax

)
+ 1.56 (Vrms)− 1.414 (ASI) + 0.183 (VSI) + 1.506 (SMV) + 0.16 (HI) (13)

The roof drift ratio (RDR) values estimated using the proposed E1−E5 given in Equa-
tions (9)–(13) were compared with analyses results. Statistics for the estimated to analyses
result values (RDRest/RDRanly) are summarized in Table 10. The single parameter esti-
mates for velocity related parameters are also provided in the table. Although the mean
values have a narrow band, the differences between maximum and minimum values of the
RDRest/RDRanly ratio are remarkable for the single parameter use. While the E2 gives the
best mean value, the SMV gives the worst. However, the E3 has less scatter than other pa-
rameters and equations. Coefficient of Variation (CoV) values of the other parameters and
equations are normalized with E3 in the last column of Table 10. E1 and E4 are the closest
equations to the E3 with a difference of 6%. Moreover, it is seen that HI has significantly
lesser deviation compared to the other single parameters. It should be kept in mind that E3
requires 4 parameters. Therefore, the use of E1 with 2 parameters is a reasonable choice in
estimating roof drift of RC frame buildings having 5 to 15 floors.

Table 10. Statistics for the ratio of the proposed equations to analysis results.

Minimum Maximum Mean R2 CoV CoV
(Ei or Pi)/(E3)

Pr
op

os
ed

Eq
ua

ti
on

s E3 0.68 1.26 1.01 0.95 0.17 1.00
E1 0.69 1.43 1.05 0.94 0.18 1.06
E2 0.58 1.26 1.00 0.94 0.20 1.18
E4 0.61 1.40 1.02 0.93 0.18 1.06
E5 0.60 1.78 1.03 0.90 0.24 1.41

Pa
ra

m
et

er
s

HI 0.67 1.43 1.02 0.91 0.21 1.24
Vrms 0.62 1.77 1.03 0.89 0.24 1.41
VSI 0.65 1.59 1.04 0.86 0.26 1.53
SED 0.57 1.68 1.05 0.82 0.31 1.82
PGV 0.45 2.52 1.08 0.74 0.41 2.41
SMV 0.61 2.81 1.17 0.71 0.48 2.82
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RDR values obtained for common parameters (HI, PGV, and VSI) and E1−E5 are
plotted in Figure 12. The different estimated to analysis roof drift ratios are also drawn on
the figure as lines a, b, and c (RDRestimated/RDRanalysis = 1.3, 1 and 0.7) to show the scatter
more clearly. Figure 12 shows that all estimated values of the E1–E5 are within a and c lines,
while the other parameters, especially the PGV, have a considerable number of estimates
out of these lines.
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9. Summary and Conclusions

Damage potentials of reinforced concrete buildings are defined with ground motion
parameters in the literature. Fixed base models were preferred in the present studies,
and soil-structure-interaction (SSI) has been neglected. However, rotations of foundation
and rocking motions in soft soils have a significant effect on the lateral displacement
demands of mid-rise or taller buildings. These phenomenon are ignored by using the fixed
base model. This study investigates the correlation of ground motion parameters (GMP)
with inelastic displacement demands of mid-rise RC frame buildings with no shear walls
considering soil structure interaction. In order to reflect the nonlinear behavior of soil,
a fully nonlinear method has been considered. The 5-, 8-, 10-, 13-, and 15-storey reinforced
concrete buildings without any structural irregularity are modelled using SSI to represent
mid-rise buildings 21 acceleration records compatible with TBEC-2018 were selected and
scaled. The 20 GMP of each selected record were obtained. The roof drift ratio (RDR) is
used for demand measure and it is obtained as inelastic displacement demands normalized
by the building height. Total of 105 3D nonlinear time history analyses were carried out,
and the roof displacement demands were obtained from these analyses. The findings
obtained are summarized below:

• The velocity related parameters are very effective in estimating the damage potential
of building models. On the other hand, the correlation values of the parameters in the
displacement and acceleration groups are too low.

• Housner Intensity (HI) has the strongest correlation in the all parameters with its R2

value of 0.914. Moreover, Vrms, VSI, SED, SMV, and PGV have R2 values greater than
0.70. The lowest correlation value was obtained for the A95 parameter.

• Being one of the common parameters, PGA has a low correlation factor as observed in
many other studies such as Cao and Ranogh [17], Yakut and Yılmaz [19], and Ozmen
and Inel [20].

• HI shows the lowest scatter on the mean values of roof drift ratios by having the
lowest value of the coefficient of variation (CoV).

• This paper seeks a new combined multiple ground motion parameter from their
combinations using DE algorithm in order to reflect the damage potential better
than a single ground motion parameter. Five different equations were proposed as
combined multiple ground motion parameters having R2 values between 0.95 and
0.93 for mid-rise RC frame buildings on soft soil deposit.

• The best roof drift ratio estimates are obtained using equation E3, which is a combi-
nation of Ia, SED, Tm, and HI parameters. On the other hand, the use of E1 equation
including SED and HI parameters provides reasonably well estimates.

• The use of combined multiple parameters can be effective in determining seismic dam-
ages by improving the scatter at least 24% compared to the use of a single parameter.

This study shows that commonly used parameters such as HI, Vrms, VSI, and PGV
reflect inelastic displacement demands of mid-rise buildings as a damage indicator on
soft soil deposit reasonably well. The optimization algorithm improves the displacement
demand estimates by using multiple combined parameters. The outcomes obviously show
that the best roof drift ratio estimates are obtained when an equation as a combination of Ia,
SED, Tm, and HI parameters is used. On the other hand, the use of an equation including
SED and HI parameters provides reasonably good estimates. The use of a single-parameter
(HI), two-parameter equation (HI and SED), or four parameter-equation is related to the
simplicity and accuracy. It is clear that a single-parameter equation can provide reasonably
acceptable results with a certain scatter while the scatter decreased as the number of
parameters increases. The use of equations provided in this paper can play an important
role in determining or assessing of seismic damage to buildings on soft soils. It should be
noted that the investigated buildings in this study are mid-rise RC frame buildings with no
structural irregularity. Therefore, the results and produced equations are valid for those
building types and may not give accurate results for the buildings with shear walls or with
structural irregularity.
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