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Article Info Abstract

Damping Reduction Factors (DRFs) are widely employed in design standards to
adjust the structural response due to varied levels of the structural damping,
Received 09 Feb 2024 h%gher or lower than the common \{alut? of 5% for response spgc.tra or time
history analyses. Research findings highlighted that DRFs are sensitive not only
Accepted 15 June 2024 . . . . .
to damping and period, but also to the seismological parameters and site
conditions. Nevertheless, effect of ground motions on the DRFs compiled to code-
based target spectrum are not investigated. For this purpose, Eurocode-8 (EC8)
compatible real ground motions were carefully selected for three soil classes,
namely, A, B, and C, considering near- and far-fault ground motions and DRFs
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factors; were derived from the displacement and acceleration response spectra through,
Ground motion Single Degree of Freedom (SDOF) systems, dynamic analyses. Near- and far-fault
selection; ground motions were considered to investigate the effect of the distance on
Response spectra; DRFs. The distributions of DRFs were then subjected to a comparison with code-
Site conditions; based and existing literature DRF models and bias between the models were
EC8 calculated. The findings demonstrated that near- and far-fault ground motions

produced different outcomes and DRFs obtained from acceleration spectra were,
on average, approximately 25% higher than those obtained from displacement
spectra. It was also observed that DRFs were sensitive to soil classes, especially
to soil class B. The maximum near/far fault ratios determined for site class B
were 1.20, 1.45 and 1.71 for damping ratios of 10, 20, and 40%, respectively. In
addition, results indicated that the DRF values provided by EC8 were generally
non-conservative. Therefore, it is important that the code-based definitions
should be refined to consider important parameters that affect DRFs such as
distance and soil classes.

© 2024 MIM Research Group. All rights reserved.

1. Introduction

Response spectrum analysis is one of the most widespread seismic design approaches in
earthquake engineering, using a viscous damping ratio of 5%. To perform such analysis to
other damping ratios, DRFs are used, and seismic codes define DRFs as function of damping
ratio and structural period. On the other hand, recent studies have shown that the DRFs
are also sensitive to seismological characteristics such as magnitude, distance, near- and
far-fault ground motion, fault type, near-source forward directivity, and site conditions etc.
[1]-[3]- Therefore, empirical expressions are proposed. However, most of these
parameters have not been taken into consideration in seismic codes yet.
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Firstly, Newmark and Hall [4], [5] proposed the first formulation for the DRFs that has been
adopted in many standards and codes, for example, ATC-40 [6], FEMA-273 [7], UBC (1997)
[8], ASCE7-05 (2006) [9], and FEMA-356 [10]. Kawashima and Aizawa [11] findings were
introduced in the Caltrans Seismic Design Criteria [12]. Ashour's [13] relationship has been
introduced in UBC (1994) [14] and NEHRP [15]. Bommer et al. [16] formulation was
adopted in EC8 [17]. The equation of Ramirez et al. [18] was implemented in NEHRP [19]
and that of Otani and Kanai [20] has been adopted in the Japanese Seismic Design Code
[21]. Priestley [22] suggested an empirical formula that takes into consideration the
structural period and near-fault (NF) ground motion for a modified version of EC8. The
Zhou et al. [23] model was acknowledged in Chinese seismic code [24]. Benahmed [25]
proposed an expression of the DRF based on a nonlinear regression, which was introduced
in the Algerian Seismic Regulation (RPA 99 version 2003) [26] considering the structural
period and damping ratio.

Besides the studies on improving DRF values, Hubbard and Mavroeidis [27] concluded that
the DRF models proposed in most standards and codes are based on far-fault (FF) seismic
excitation, and these DRF values are non-conservative for NF records. They formulated a
conservative model by utilizing NF motions characterized by diverse velocity pulses. Pu et
al. [28] stated that DRFs derived from FF motions are not appropriate to be used in a design
for NF effects and this situation can lead to erroneous results. Li and Chen [29] stated that
DRF values derived from FF motion in NF cases may lead to accuracy problems. In addition,
Atkinson and Pierre [1] have found that DRFs are sensitive to the moment of magnitude
and distance. Based on Hatzigeorgiou [2], on the other hand, DRFs were independent of
the distance, but sensitive to soil types ranging from hard rock to soft soil.

Lin and Chang [30] investigated the soil conditions, according to the NEHRP soil
classification, and their impact on DRFs obtained from displacement (DRFd) and
acceleration (DRFa) response spectra. They concluded that the DRFs derived from
displacement spectra were very similar for A, B, and D soil classes, whereas for C soil class,
they were slightly different. In addition, it was indicated that DRFa values are more
vulnerable to soil conditions than DRFd values. They suggested that DRFa should be used
when the structural damping ratio determined from the hysteretic behavior. Otherwise,
DRFd must be used if high levels of damping are implemented into the structure when
using energy dissipation devices. Hatzigeorgiou [2] stated that the existing methods
proposed for DRFs from displacement (Sd) and pseudo-acceleration (PSa) spectra provide
a good correlation with the displacement response. This is crucial for high-damping
systems because smaller DRFs are obtained from PSa spectra and may cause a significant
underestimation of the seismic design forces. Accordingly, the different DRFs should be
adopted.

Hao et al. [3] concluded that moment magnitude has a notable impact on the DRFs
compared to the closest distance and site conditions, especially for classes B-D according
to NEHRP [19]. Moreover, these parameters had more influence on DRFa compared to
DRFd and DRFv. Zhao et al. [31] noticed that the impact of earthquake characteristics and
soil types on DRFa are similar to those DRFd for a spectral periods up to 0.3s. At spectral
periods longer than 0.3s, earthquake characteristics and soil conditions have a larger
impact on DRFa compared to DRFd. Davila and Mendo [32] determined that significant
differences exist in the DRFs computed from displacements compared to those computed
from acceleration and velocity for periods greater than 0.2s. They found that the values of
DRFd for site classes S1, S2, and S3 as per the ASCE 7-16 [33] exhibit similarity and can be
adequately approximated by their average for all damping ratios and periods higher than
2.0s. They highlighted that this was not valid for DRFa and DRFv specifically for damping
ratios higher than 20%. It was suggested that deriving DRF equations from acceleration
and velocity response spectra specific to each soil tyoe would be more appropriate.
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Benahmed [34] investigated the damping uncertainty effects on the DRFs for both
displacement and acceleration response spectra. It was highlighted that the DRFd values
are more susceptible to the uncertainties inherent in damping than the DRFa values. Also,
Abdelhamid et al. [35] have studied the uncertainties in DRFs using artificial neural
networks for acceleration, velocity, and displacement spectra. Their conclusion
highlighted that DRFs derived from acceleration spectra exhibit greater sensitivity to the
inherent damping uncertainties compared to DRFs derived from displacement and
velocity spectra.

Benahmed [25] found that there is a weak dependency between the DRFs from different
soil types and concluded that the influence of the soil type can be omitted. Pavlou and
Constantinou [36] examined the accuracy of DRFs implemented in NEHRP when applied
to NF motions; however, they did not propose any equations. Daneshvar and Bouaanani
[37] considered eastern Canada ground motions for the proposition of a DRFs empirical
expression for a wide range of damping ratios, from 1% to 40%, taking into account
magnitude, distance, and soil types. The obtained DRFs were dependent on the spectral
period and magnitude at high periods, while the effect of distance was observed to have a
limited impact. Different studies can be also found in the literature that investigate and
propose DRF equations considering different structures, soil types, seismological effects
etc. [38]-[43].

UBC97 [8] is the first seismic code to specify consideration of NF effects. It defines near-
source factors based on source type and closest distance to the known seismic source. In
the Chinese seismic code [24], construction sites are categorized into three groups based
on the proximity to the ruptured fault and it recommends to use a larger response
spectrum for closer ruptured faults. It is clear that increasing the response spectrum
amplification leads to a more conservative design.

1.1 Contribution of the Paper

Discussions of the above studies indicate that the dependency of the DRFs on the different
considered parameters does lead to different conclusions. Therefore, based on the ground
motion database and building topologies, the influence of different seismological and
geotechnical factors on DRFs needs further investigation. In addition, the relationship
between NF and FF motions and their impact on dynamic response factors remain as open
questions. For example, are DRF values observed for NF and FF motions comparable, or is
there a significant difference? Do DRFs vary between the values derived from acceleration
spectra and those derived from displacement spectra? Can we overlook the impact of soil
type on DRFs? In addition to these open questions, the effect of NF and FF ground motions
on DRFs are not evaluated in terms of code-compatible ground motions. Accordingly, this
is the first study that investigates the effects of NF and FF motions on DRFs considering the
spectral shape defined in the seismic code.

For this purpose, the present study investigates the influence of the NF and FF motions on
DRFs considering different soil classes of EC8 design spectra. Real earthquake ground
motions were taken from European Strong Motion Database [44] and Pacific Earthquake
Engineering Research (PEER) Database [45]. These were grouped into six categories
considering NF and FF motions as well as site classes of A, B, and C defined in EC8. Selected
records were then subjected to a spectral matching algorithm developed by Kayhan et al.
[46] and code-compatible ground motions records were obtained. Linear dynamic
analyses were conducted for damping ratios of 5%, 10%, 20%, and 40% to determine DRFs
using displacement and acceleration response spectra. The obtained results were then
analysed and compared with DRF equations recommended in EC8 and two other known
prediction equation models found in the literature [2], [30].
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2. Selection of Ground Motions

Ground motion selection is an integral method for the success of time history analysis
[47]-[51]. Appropriately selected records, for a given soil class considering seismological
parameters, increase the accuracy and lead to realistic results [46]. According to Graizer
and Kalkan [52], several earthquake characteristics that have an effect on the accelerogram
spectral shape should be considered. Since there is no specific building or building group
used in this study, the period interval for spectral matching was assumed between 0.1s and
4.0s which covers different heights of buildings. Three soil classes, namely, A, B, and C
defined in EC8 were considered and earthquake records were classified according to shear
wave velocity Vs3o as given in Table 1. By this way, the influence of site conditions on DRFs
will be examined. NF records were acquired when ground motions were within 20 km of
the epicenter, while FF records were gathered for ground motions at epicentral distance
exceeding 20 km. Pulse-like motion effects were not taken into account in this study. Using
the different ground motion source databases [44], [45], ground motion records were
collected (see Fig. 1). Based on the sources, moment magnitude of the records in the
database varied between 5.2 and 7.7. Ground motion records were then post processed by
the software developed by Kayhan et al. [46] to obtain code-compatible records for the
analyses.

Near fault- Earthquakes Far fault- Earthquakes
8 8
@ Soilclass A
7.6 7.6 " B
4 SoilClass B
. B Soil Class C s .,
7.2 L] 7.2 . L]
]
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Fig. 1. The distribution of moment magnitude against epicentral distance for selected
earthquakes, (left) near-fault and (right) far-fault

DRFs were computed from the acceleration and displacement response spectra of SDOF
systems for each of the horizontal components of the records separately (i.e.,
unidirectional analysis was performed) for both NF and FF records (see Tables 2 to 4). It
was difficult to choose original ground motions owing to strict constraints such as moment
magnitude, soil categorization, and target spectrum. As a result, original ground motion
records were, when necessary, scaled. Records selection constraints and procedures
defined in the code [17] were used as input in the software and a total of 15 scaled records
for each soil group were determined that match the target design spectrum. The target
spectrum was constructed using 5% damping ratio and a peak ground acceleration of
0.35g. Although the effect of scaling factors were found statistically independent of the
building responses, if the spectral shape matching is satisfied [53], [54], [55], it is worth
stating that the scaling factors (used when necessary) were less than 2.0 [47], [48], [56]. It
should be noted that an in-house computer program coded by the authors were used for
the linear analysis of earthquakes using the Newmark’s step by step time integration
method [57]. Spectral acceleration and displacement history of selected earthquakes (i.e.,
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Sa and Sq) for the period interval between 0.02s and 4.00s with increments of 0.02s
considering the damping ratios of 5%, 10%, 20% and 40%, were computed by this
program.

Table 1. Soil classes defined in EC8 [17]

Vs,30 NSPT

Soil Description of ground type (m/s) (bl/30cm) Cu (kPa)

Class

Rock or other rock-like geological formation,
A including at most 5 m of weaker material at > 800 - -
the surface.

Deposits of very dense sand, gravel, or very
stiff clay, at least several tens of meters in
thickness, characterized by a gradual
increase of mechanical properties with depth.

360 -800 >50 > 250

Deep deposits of dense or medium dense
C sand, gravel or stiff clay with thickness from 180 - 360 15-50 70 - 250
several tens to many hundreds of meters.

The list of selected records, for each soil type for both cases of NF and FF earthquake
records, are listed in Tables 2 to 4. The acceleration spectrum of EC8, the spectral
acceleration of obtained ground motions and their mean corresponding to site classes are
plotted in the Figures 2 to 4.

2.0 2.0
====-Mean
1.6 16 1
— —— Target —
212 012
=) i) =) ""“
=08 0.8 -
] w
0.4 1 04 -
0.0 T T T T T 0.0 T T

00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
Period (s) Period (s)

Fig. 2. Response spectral acceleration of ground motions matching with EC8 target
spectrum considering NF (left) and FF (right) records for site class A

Table 2. Characteristics of earthquakes obtained for NF and FF records for soil class A

Near Fault Far Fault

. dEpi . dEpi
Comp Earthquake Mw Station (km) Comp Earthquake My Station (km)

South Iceland South Iceland

X (aftershock) 6.4 ST2557 15 Y 6.5 ST2496 31

21/06/00 17/06/00
South Iceland Lzmit

Y (aftershock) 6.4 ST2496 14 Y 17/08/99 7.6 ST770 78

21/06/00
[zmit Montenegro

Y 17/08/99 7.6 ST575 9 Y 15/04/79 6.9 ST64 21
Valnerina South Iceland

Y 19/09/79 5.8 ST225 5 X 17/06/00 6.5 ST2557 32
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Bingol

Campano Lucano

4.0

X 01/05/03 6.3 ST539 14 X 23/11/80 6.9 ST102 80
Mt. Hengill Area Campano Lucano
Y 04/06/98 5.4 ST2495 18 Y 23/11/80 6.9 ST96 32
Mt. Hengill Area Umbria
Y 04/06/98 5.4 ST2497 15 Y 29/04/84 5.6 ST138 27
South Iceland Vrancea
Y 17/06/00 6.5 ST2558 15 Y 30/08/86 7.2 ST40 49
Tabas Avej
Y 16/09/78 7.3 ST54 12 X 22/6/2002 6.5 ST3311 28
NE of Banja Luka Duzce 1
Y 13/08/81 5.7 ST2950 10 Y 12/11/99 7.2 ST3136 23
South Iceland Friuli
X 17/06/00 6.5 ST2486 5 X 06/05/76 6.5 ST20 23
Lazio Abruzzo Campano Lucano
X 07/05/84 5.9 ST140 5 X 23/11/80 6.9 ST100 26
Calabria Montenegro
Y 11/03/78 5.2 ST45 10 Y 15/04/79 6.9 ST68 65
San Fernando1l Pacoima [zmit
PUL164 09/02/71 6.61 Dam 11.86 X 17/08/99 7.6 ST561 47
Izmit (aftershock) Campano Lucano
Y 13/09/99 5.8 ST575 15 Y 23/11/80 6.9 ST93 23
20 — 2.0
====Mean
16 1 Target 16
B2
— s
b ¥ l\l\
=08 IS N
0.4 - \..._\_\
\""—-'-‘i‘..___‘_ I
0.0 T T T T T i e 0.0 T T T T i i T
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Fig. 3. Response spectral acceleration of ground motions matching with EC8 target
spectrum considering NF (left) and FF (right) records for site class B
Table 3. Characteristics of earthquakes obtained for NF and FF records for soil class B
Near Fault Far Fault
Comp Earthquake My Station depi Comp  Earthquake Mw Station 9P
(km) (km)
South Iceland Campano Lucano
Y 17/06/00 6.5 ST2482 15 X 23/11/80 6.9 ST99 33
Firuzabad .
Y 20/06/94 59 ST3297 7 X Aigion 15/06/95 6.5 ST1332 42
Skydra-Edessa Montenegro
X 18/02/86 5.3 ST1306 2 X 15/04/79 6.9 ST63 24
Ano Liosia Montenegro
Y 07/09/99 6  ST1258 14 X 15/04/79 6.9 ST62 25
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Kalamata

South Aegean

Y 03/01/04 59 ST164 10 X 23/05/94 6.1 ST1310 45
Ano Liosia Umbria Marche
X 07/09/99 6  ST1257 18 X 26/09/97 6 ST231 78
Ano Liosia Panisler
X 07/09/99 6  ST1259 14 Y 30/10/83 6.6 ST133 33
Campano Lucano CHY028  Chi-Chi, Taiwan
Y 23/11/80 6.9 ST276 16 E 21/09/99 7.62 CHY028 32.67
Montenegro Griva
X 15/04/79 5.4 ST63 18 1875y 21/12/90 6.1 ST1306 36
Kalamata ABBAR- Manjil, Iran
Y 03/01/04 59 ST163 11 T 21/06/90 7.37 ABBAR 40.43
Erzincan Tabas, Iran
X 13/03/92 6.6  ST205 13 TAB-LN 16/09/78 7.35 Tabas 55.24
Patras Campano Lucano
Y 14/07/93 5.6 ST1330 10 Y 23/11/80 6.9 ST103 72
South Iceland Tabas
Y 17/06/00 6.5 ST2484 7 X 16/09/78 7.3 ST59 57
Montenegro Izmit
Y 15/04/79 6.9 ST67 16 Y 17/08/99 7.6  ST544 93
Umbria Marche Umbria Marche
Y 26/09/97 6 ST60 11 Y 26/09/97 6 ST228 38
2.0 20
-==-Mean
1.6 Target 1.6 1
gl.z B dn gll T/ss,
< N )
o< 0.8 4 “7\\ UJ;:0.8 1
/ RN S
0.4 ~ A - 0.4 +
T
e——
00 L Po————————me————) )
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40

Period (s)

Period (s)
Fig. 4. Response spectral acceleration of ground motions matching to EC8 target
spectrum considering NF (left) and FF (right) records for site class C

Table 4. Characteristics of earthquakes obtained for NF and FF records for soil class C

Near Fault Far Fault
Comp  Earthquake My Station depi Comp  Earthquake My Station depi
(km) (km)
Faial Cubuklu
X 07/09/98 6.1  ST87 11 Y 17/08/99 55  ST65 34
Lazio Abruzzo H- Imperial Valley Imperial
Y 07/05/84 59 STI47 16 g1y 15/10/79 6.53 Valley-06 280%
WHITTIER
A- OBREGON Northridge 01 Pardee -
NARROWS 5.99 9.05 PAR—L 6.69 25.65
OBR270 01/10/87 PARK 17/01/94 SCE
Friuli Lazio Abruzzo
X 06/05/76 6 ST33 9 Y 07/05/84 59 ST148 45

219



Abdelhamid et al. / Research on Engineering Structures & Materials 11(1) (2025) 213-230

X 3“71;’0%‘/’;1; 6 ST1253 19 RI0360 Capz"Sl\/’[gz;igzdno 7.01 gi%ggk]; 53.34
Y 01]3;‘:)3;95 64 ST271 8 X 12%‘;8/;9 72 ST3139 28
X 2‘;12]‘51?31 66 ST122 19 Y Sleof%ii‘};a; 57 ST858 42
KJM000 Klof/eéij%%“ 69 KMA 1827 X 12%;‘;;9 72 ST541 39
Y 12%;‘3/;9 72 ST553 8 TC[_J];)E'S Ch;g%gj‘;‘g’a“ 7.62 TCUO65 26.67
X ) f /35;2;23 56 STI0 10 C02065 P‘Z\gﬁé%zl 6 CHOI;“AM 31.04
scroso isi0p0 . 6% comner 62 Y qajopes 56 STZIS 37
NGIz7g ~ SanSalvador g g GEI\E)A(‘}T;AF 9.54 Go3o00  -omaPrieta 45 GILROY o, ,
13/02/01 [CAL INST 18/10/89 ARRAY
$CS052 I\i‘;r/t(})‘f/%ie 6.69 csgki\?g% 1311 Y Z%l}elno"/‘gag 59 ST2881 29
i SISO gy BN 1500 x  UMAMIOE o sra 2
X Umzlg/i?)gl/zr;he 55 ST221 7 X fg%é’}%so 55 ST126 44

3. Results and discussions
3.1 DRF Models Used for Comparison Analysis

In this section, Lin and Chang [30] (called LC04 hereafter) and Hatzigeorgiou [2] (called
H10 hereafter) models are presented and compared with the results obtained in this study
since these models consider the influence of soil conditions.

As already mentioned, DRFs are adjusting factors to be applied to the 5% damped spectral
ordinates and they are frequently obtained from the different viscous damping considering
the displacement response of elastic SDOF systems as given in (Eq. 1). In addition to (Eq.
1), DRFs can also be calculated by two other definitions (Eq. 2), namely, pseudo-spectra
related to displacement of the structure, which are the pseudo-velocity spectrum S, and
pseudo-acceleration spectrum Sy,,. They are often used to study the true response spectra

(Sy and S,) to construct the design spectra [28].
2
Spv(T’f) = Tsd(T;g) 1

2 472
SpalT,§) = “5u(T,§) = 7 Sa(T, ) @

DRFs adopted by seismic codes are often defined as the ratio between the displacement or
acceleration spectra, Sq(T, ) or S,(T,¢), and 5% damped displacement or acceleration
spectrum, S4(T, 5%) or S, (T, 5%), respectively, as described in (Eq. 3) and (Eq. 4) [2], [3],
[29], [30].

Sd (T! f) _ Spa (T, f)

DRFd(T,§) = Sa(T,5%) ~ S,q(T,5%) Y
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5a(T,$)
Sa(T,5%)

In EC8, the damping effect is introduced via the damping correction factor (7) defined by
(Eq. 5) and 7=1 for the reference value of 5% viscous damping. In the equation, the
damping ratio is expressed in percentage and the damping correction factor should be
equal or greater than 0.55, as recommended by EC8.

n=+10/(5+¢) (5)

Lin and Chang [30] have performed a statistical study to predict the damping reduction
factors considering 1037 seismic records on three types of soil classes (A to D) according
to NEHRP [15]. The proposed models are given in (Eq. 6) and (Eq. 7). They are based on
the spectrum different constant values which are used to estimate the DRFs (see Tables 5
and 6).

DRFa(T,¢) = 4)

aT?
DRFd =1 ——+—— 6
(T + 1)¢ ©)
Table 5. Site- and damping-dependent coefficients for DRFd [30]
Site class a b c

AB 1.1637+0.3885In(&) 0,229 0.505

C 1.4532+0.4872In() 0.354 0.810

D 1.3243+0.4426In(%) 0.311 0.664

Hatzigeorgiou [2] proposed a new model (Eq. 8) to predict DRFs dependent on
displacement and acceleration response spectra accounting the impact of soil and ground
motion types (i.e., NF and FF earthquakes), in addition to viscous damping ratio and
vibration period. c1 to cs are the constants of equation and they are given in the Tables 7
and 8 for DRFd and DRFa, respectively.

DRFa = d+eT (7)
Table 6. Site- and damping-dependent coefficients for DRFa [30]

Site class d e
AB 0.391¢&0:304 0.0057+0.383%-1/15,929¢2
C 0.309&0:392 0.0151+0.4748-1/10,2418?
D 0.32680371 0.0348+0.248¢-1/8,250¢2
DRF(T,§) =1+ (& =5)[1+¢; - In(§) +c; - (In(§))?] 8)

“[es + ¢y In(T) + c5 - (I(T))?]
Table 7. Coefficient values in (Eq. 8) for DRFs dependent on displacement spectra [2]

Far-fault Near-fault
Site A Site B Site C All Site classes
C1 -0.30453 -0.29404 -0.29406 -0.30241
C2 0.2184 0.01963 0.0199 0.02183
c3 -0.07729 -0.09299 -0.09014 -0.08926
Ca 0.00229 0.00897 -0.00001 0.01097
Cs 0.00229 0.01219 0.01196 0.01007
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Table 8. Coefficient values in (Eq. 8) for DRFs dependent on acceleration spectra [2]

Far-fault Near-fault
Site A Site B Site C All Site classes
C1 -0.36725 -0.36051 -0.36128 -0.36227
C2 0.03526 0.03498 0.03494 0.03495
c3 -0.02634 -0.04093 -0.05435 -0.04517
C4 0.0323 0.03379 0.02907 0.03454
Cs -0.01047 -0.00191 0.00612 -0.0024

3.2 Effect of Near- And Far-Fault Ground Motions on the DRFd

In Figures 5 to 7, the mean values of the DRFs calculated for NF and FF earthquakes and all
ground motions (i.e, combination of results of near- and far-faults) for a structural
damping ratio of 10%, 20%, and 40%, are plotted separately. It can be stated from the
figures that DRFd values generally increase with increasing damping ratios and vibration
periods.

Figure 5 shows the trend of the computed DRFs as well as the predictive models and it is
seen that the LC04 model is comparable with NF and FF DRFs. The trend of the H10 model
seems to be in agreement with DRFs for NF earthquakes, but DRFs produced by the H10
model for FF earthquakes is not satisfactory compared to the NF results. The misfit of FF
DRFs increases with increasing damping ratio. Since the EC8 model is not dependent on
the periods, the values are constant for all periods and DRFs are decreasing with increasing
damping. According to Figure 5, target DRFs fluctuated around DRFs produced by EC8 for
damping ratio lower than 40%, implying less misfit between them.

(Site Class A , § =10%) (Site Class A , § =20%) (Site Class A , § =40%)

Period (s) Period (s) Period (s)

Fig. 5. DRFd values for NF and FF earthquakes for soil A

DRFd values obtained for soil B are plotted in Figure 6 with code-based results and
prediction models. It is observed that the H10 model slightly differs from the analysis
results for soil B for T > 2.0s and damping ratios of 10% and 20%. Distribution of DRFd
values between NF and FF motions diverged and this becomes more evident with
increasing damping ratios in soil B Compared to soil A. DRFd values of NF motions are
greater than those of FF motions by 16%, 38%, and 58%, for £€=10%, 20% and 40%,
respectively. Compared to soil B, DRFd values, calculated for NF and FF earthquakes shown
in Figure 7, are less scattered in soil C. It appears that the accuracy of LC04 and H10 models
increases and the H10 model seems slightly in better agreement with target DRFs
compared to LCO4 and this becomes more evident for high natural periods and damping
ratios. It is obvious from the figures that DRFd values according to the EC8 definition are
non-conservative, especially for T > 1.5s and § < 20%. Owing to the fixed condition given
by EC8 (1 = 0.55), the DRFd values provided by the code are conservative since the code-
based values are larger than the target values for 40% damping, especially for periods less
than 3s for A and B soil types, and periods less than 2.5s for C soil type.
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(Site Class B , £ =10%) (Site Class B , £ =20%) (Site Class B , § =40%)

Period (s) Period (s) Period (s)
Fig. 6. DRFd values for NF and FF earthquakes for soil B
(Site Class C , £ =10%) (Site Class C , § =20%) (Site Class C , € =40%)
1 1 Near Fault H10 FF
Far Fault —— LCO04
0.9 ﬁﬂ_/ﬂ 0.9 Al — EC8
- —— HIONF

Period (s) Period (s) Period (s)
Fig. 7. DRFd values for NF and FF earthquakes for soil C

To examine the results quality of the prediction models and code based DRFs in a
quantitative manner, root mean square error (RMSE) and mean absolute error (MAE) are
computed for considered period ranges between the target (i.e., determined from code
compatible earthquakes) and the prediction models. The results are plotted in Fig. 8. It
should be noted that these error measures (i.e., RMSE and MAE) are calculated for NF and
FF earthquakes separately and they were averaged for comparison purposes. It can be said
that the lower RMSE and MAE can be attributed to less error or biased results, which can
be also described as showing better correlation.

0.150

0.150

[RMSE MAE
0.100 |
0.050 £
D i % Damping (%
0.000 ' amping %) 000 ' ' ping (%)
10 20 30 40 10 20 30 40
—EC§ —HI0 —LC04 ——A=='B s C
) L )
Y Y
Model Soil Class

Fig. 8. Comparison of RMSE (left) and MAE (right) distribution of the models in terms of
displacement DRFs for different soil classes and damping ratios

It can be viewed from Fig. 8 that values of RMSE and MAE are increasing with increasing
damping ratio, in general, and this situation is more apparent with the code-based values.
According to the results, LC04 model predictions are less biased compared to H10 and code
based DRFs for soil class A. In addition, it seems that H10 model is more biased compared
to EC8 for soil class A since the RMSE and MAE values are the average of NF and FF. The
evaluations revealed that this situation is mainly related to FF predictions of H10 model as
can be also observed in Fig. 5. On the other hand, NF values produced by the H10 model
(RMSE < 0.03) is considerably lower than the EC8 model (RMSE >0.04) and the H10 model
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(RMSE < 0.06) is less biased compared to EC8 (RMSE > 0.09) and LC04 (RMSE > 0.07) for
soil classes of B and C for all damping ratios. In the right side of Fig. 8, MAE results imply
that the trends of LC0O4 and H10 models are almost comparable. It can be said that, in
general, H10 and LC04 models are less biased (RMSE < 0.07 and MAE < 0.06 in average)
than EC8 DRFs which means a better correlation with DRFs determined from the selected
real earthquakes.

In Figure 9, the ratio of DRFd values, for NF and FF earthquakes are plotted for all damping
ratios and soil types considered. It can be observed from the figures that despite the
fluctuations between the ratios, the ratio shown for soil class B differs significantly from
those of soil A and soil B, especially for T > 1.5s. The discrepancies between the ratios
increase as the damping ratio increases. The maximum values of the ratios determined
from class B are 1.20, 1.45 and 1.71 for 10, 20, and 40% ratios, respectively. The results
also align with Lin & Chang [30] model for soil B.

£=10% €=20% € =40%

1.6 —— Soil Class A 1.6 1.6
= _ SoilClassB = _ £ -
3 14 SoilClassC  ® L 3 4
w w w
51'27 : E1.2A E1.2A
- o w «
5 1 fWW 5 14 o]
2 2 2

0.8+ 0.8 0.8

0.6 T T T 0.6 T T T 0.6

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Period (s) Period (s) Period (s)
Fig. 9. Comparison of DRFd ratios of near/far-fault earthquakes for & = 10%, 20% and
40%

3.3 Effect of Near- And Far-Fault Ground Motions on the DRFa

The effect of NF and DD motions is also examined for acceleration spectra based DRF
values considering different damping ratios and A, B and C soil classes defined in EC8.
Figures 10 to 12 show the distribution of code based DRFa values according to damping
ratios and for NF and FF earthquakes corresponding to A, B and C classes, respectively. The
distribution of DRFa values in Figure 10 indicates that the LC04 model is almost compatible
with the target DRFs even at high damping ratios regarding site class A.

(Site Class A , § =10%) (Site Class A , § =20%) (Site Class A , £ =40%)
1.2 1.2

Near Fault
Far Fault —— LCO4
All — EC8
H10 NF

H10 FF

0 1 2 3 4 0 1 2 3
Period (s) Period (s) Period (s)

Fig. 10. DRFa values for NF and FF earthquakes for soil A

N

However, the H10 model produced larger values than the target DRFa values for all
damping ratios and for near- and far-fault earthquakes. As observed in earlier section,
DRFs produced by EC8 are constant and the code based DRFs seem consistent with DRF
values determined from the selected earthquakes. However, compatibility of code based

DRF values are significantly decreasing with increasing period, especially high periods
(e.g., T >1.0s).
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(Site Class B , § =10%) (Site Class B, § =20%) (Site Class B , § =40%)

0.4 .
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Period (s) Period (s) Period (s)
Fig. 11. DRFa values for NF and FF earthquakes for soil B
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Fig. 12. DRFa values for NF and FF earthquakes for soil C

The distribution of DRFa values corresponding to soil B (see Figure 11) is also similar to
the distribution observed for soil A. It can be said that the distribution of DRF values
determined from the acceleration spectra is smoother than DRF values determined from
the displacement spectra. The effect of NF and DD can also be seen for soil class B, but DRFa
values are higher than those of DFRd. The same observations given for soils A and B can
also be made for soil class C (see Figure 12). In addition, it can be said that compatibility of
H10 model is slightly increasing compared to DRF values for A and B classes, and the values
determined from the analysis.

The DRFd values are always lower than the unit value for all soil types and damping ratios.
However, DRFa values may be higher than the unit value (i.e.,, DRFa > 1.0) at high vibration
periods (for example for T > 2.5s). When the code based DRFs are evaluated with target
DRFa values, it can be said that the code-based results are generally lower than the
computed DFRa values and this issue becomes more apparent at high damping ratios.
Despite the slight fluctuations computed from the code compatible real earthquakes,
especially at low to medium structural periods (T < 2.0s), the code-based values seem to
be relatively compatible with DRFa values at low damping ratios (i.e., 10%). On the other
hand, the code based DRF values are quite lower than target DRFs for all soil classes and
periods higher than 2.0s with increasing damping ratios.

RMSE and MAE are also computed for DRFa values to compare the compatibility of model
results with target values and so these are plotted in Fig. 13. It is apparent from both error
measures that the LCO4 model is consistently less biased (RMSE < 0.1 and MAE < 0.1)
compared to H10 and EC8 model DRFs for all soil classes and damping ratios. According to
RMSE and MAE results, the H10 model is more biased especially for § = 10% compared to
EC8 for all soil classes. Similar observations were also made for DRF values determined
from displacement spectra, but the biases became more pronounced when DRFa values
are used. This situation can be again attributed to the considerations of very short period
region (T < 0.50s). Nevertheless, it should be noted that EC8 produces more biased result
as the soil becomes softer (RMSE > 0.2 and MAE > 0.2 for soil class of B and C). MAE results
(i.e., right side of Fig. 13) also confirm the conclusions drawn from RMSE results. When
RMSE and MAE values determined from DRFd and DRFa results are compared (i.e., Fig. 8
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and Fig. 13), it can be said that DRFa values are more biased than DRFd values since RMSE
and MAE values are higher.

0.400 . 0400
RMSE - MAE
0.300 0300 -
p i
0200 | 0200 | /
0.100 0.100 - ool
weerttt D B “/ D . o/
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| ) \ )
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Fig. 13. Comparison of RMSE (left) and MAE (right) distribution of the models in terms of
acceleration DRFs for different soil classes and damping ratios

The comparison of DRFa values between NF and FF motions, for various damping ratios
and soil classes, is drawn in Figure 14. The curves show that the ratios fluctuated in the
short to medium period ranges, such as 0.02 to 1.50s. At high period values (i.e., T > 1.5s),
DRFa curves are smoother and the ratios of near/far fault for soil B are higher than for
other soil types mainly when the damping ratio increases. In general, the near/ far fault
ratios increase with increasing damping ratio and range between 0.9 and 1.1, 0.85 and 1.2,
and 0.8 and 1.4 for § = 10%, 20% and 40%, respectively.

£=10% £ =20% §=40%
1.5
14 —— Soil Class A
g 13 So?l Class B
wys —— Soil Class C

3 4 0 1 3 4 0 1 3 4

0 1 2 2 2
Period (s) Period (s) Period (s)
Fig. 14. Comparison of DRFa ratios of near/ far-fault earthquakes for § = 10%, 20% and
40%

4., Conclusions

In this study, DRFs were calculated based on the code-based target spectrum. The EC8
design acceleration spectra were used as the target for the ground motion selection.
Therefore, real ground motion records were collected from different ground motion
databases and divided into two groups, based on epicentral distance to represent the near-
and far-fault type earthquakes. Then, the ground motions were selected and scaled to
match the EC8 spectra regarding the A, B and C soil types defined in the code. The damping
reduction factors were calculated based on the displacement and acceleration response
spectra for damping ratios of 10, 20, and 40%, and compared with EC8 and two known
DRF models from the literature for evaluation purposes. The following implications can be
made:

e The distribution of DRF values indicated that the DRFa results are smoother than
those of DRFa over the natural periods. The results also highlighted that DRF

226



Abdelhamid et al. / Research on Engineering Structures & Materials 11(1) (2025) 213-230

values are more sensitive to ground motion type, vibration period and damping
ratios.

e [t was observed that the local site conditions have limited effect on DRFs.
However, it was found that the DRF ratios of near- to far- field determined from
acceleration and displacement spectra are especially exaggerated on site class B.
This aligns with the conclusions made by Lin and Chang [30].

e It was observed that DRFd values determined from near-fault type notions are
generally higher than those of far- fault type motions around 16, 38 and 58% on
average for §=10; 20 and 40%, respectively. In addition, it was found that the ratio
of DRFd/DRFa is around 1.25 on average, implying the higher DRFd values.

e To evaluate and then compare the code-based and predictions of known models
(i.e, H10 and LC04), RMSE and MAE error measures were computed. The
computations indicated that regardless of model, soil type and damping ratio,
DRFa values (RMSE = 0.145) were more biased then DRFd (RMSE = 0.075) values.

e Based on the measurements, it was noted that LC04 (RMSE = 0.066) and H10
(RMSE = 0.067) models were comparable on average and less biased compared to
EC8 (RMSE = 0.091) in terms of DRFd. MAE results also confirm this observation
(MAE= 0.055, 0.057 and 0.074 for LC04, H10 and EC8, respectively).

e Based on the comparisons, it can be stated that the DRF values provided by EC8
are more biased and the difference between the target and code based DRF values
increases as the soil becomes softer, such as RMSE > 0.2 and MAE > 0.2 for soil
classes B and C for DRFa. Accordingly, it is thought that code-based definitions
should be refined to consider important parameters that affect DRFs.

It should be noted that, although the number of selected records recommended by EC8 is
satisfied, the required number of records complying with the code-based record selection
recommendations and complying with the near- and far- fault earthquakes were not
adequate. Due to the insufficient number of ground motion records, only 15 earthquake
records could be selected, for which DRF values were evaluated. However, in future
studies, complying code-compatible records other than near- and far- field ground motions
could be considered to increase the number of sets including seven or more ground
motions to make further evaluations of code-based DRF values.
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