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ABSTRACT

The damping ratio is an important parameter in dynamic analyses and plays a key role in the
design of building structures. Elastic response spectra are widely used in this design to describe the
earthquake action in specific site classes. 5% damped response spectra are generally used for most
of the conventional structures. However, other types of structures may not have a damping ratio of
5% and can have much lower or much larger damping ratios. The damping ratio is recommended at
about 5% for concrete structures whereas it is estimated at 2% for steel structures. Tall slender
buildings may have much lower damping ratios and low-rise buildings may be designed using much
larger damping ratios than 5%. For these types of buildings, elastic response spectra are modified
to account for different levels of damping ratios. This study proposes the damping modification
factors (DMFs) which are computed using 5% damped response spectra as the benchmark. A strong
ground motion set has been selected for the stiff site class and the displacement, pseudo-velocity,
and pseudo-acceleration response spectra have been computed for single-degree-of-freedom
(SDOF) systems. DMFs have been obtained in terms of these spectra and 3%, 10%, 20%, and 30%
damping ratios have been considered. Variations of DMFs with different damping ratios have been
obtained graphically. It can be seen from the results that DMFs are sensitive to the vibration period
of the SDOF system.
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INTRODUCTION

Damping parameters play a significant role in dynamic analyses and the structural
displacements decrease due to the increase in the damping. A 5% damping ratio is generally used
for concrete structures and this ratio can vary depending upon many factors such as structure types,
energy dissipation devices in buildings, changes in building heights and etc. [1-5]. High-rise buildings
may have lower damping ratios whereas low-rise buildings have generally larger values. The
damping ratio values decrease as the height of the building increases [4-6] and the estimation of the
seismic response of tall buildings requires the damping ratio to be known [7]. In the seismic design
of buildings in the United States, the damping ratio value is commonly recommended as lower than
2.5% for buildings higher than 150 m [7]. In addition to this, seismic energy dissipation devices may
be installed in buildings to increase the damping ratio values and reduce structural damage [8].
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Structures with these seismic energy devices generally have damping ratios above 10% for the first
mode and much larger damping ratios for higher modes [4].

Response spectra are important tools in the seismic design of structures and engineers
generally use 5%-damped pseudo-acceleration response spectra for typical structures. These
spectra define the maximum responses of SDOF systems for specific ground motions. In widespread
engineering applications, the most common method to define the seismic design loads that will affect
an engineering structure is via the use of pseudo-acceleration spectral ordinates [5], and for this
reason, the design acceleration spectra are described in many codes and regulations. In national
and international seismic design codes, 5%-damped earthquake design spectra are usually
generated for a specific territory using data on past earthquake ground motions.

For structural systems having damping ratios different than 5%, damping modification factors
(DMFs) have been defined to estimate the seismic demands. These factors have been developed
to make the conversion between a 5%-damped system and the other system having various
damping ratios [5, 9]. The study to define DMF was first conducted by Newmark and Hall [10] and
this pioneering study pointed out that these factors depend upon the natural vibration period of the
system [5]. After Newmark and Hall's research, their relationship was adopted in ATC-40 [11] and
FEMA 273 [12], [9]. Then, many seismic design codes such as UBC (1997) [13], Eurocode 8 (2004)
[14], ASCE 7-05 (2006) [15], and NTCS-17 (2017) [16] proposed the DMF as a function of damping
ratio. Priestley et al. [17] proposed a revision for the DMF relation in Eurocode 8 (2004) [14] for soll
sites where forward directivity velocity pulse characteristics may be expected [9].

In this study, a total of 20 earthquake ground motion accelerograms are selected from the
NGA-West2 strong ground motion database of the Pacific Earthquake Engineering Research Center
(PEER) [18]. The site condition of the compiled accelerograms is defined in terms of the average
shear wave velocity to the 30-meter depth of subsoil (in terms of Vs3o Velocity). Site class ZD of the
Turkish Building Earthquake Code (stiff soil with 180 m/s<Vs3 <360 m/s) is considered in the
selection of accelerograms [19]. The fault rupture mechanism of the considered accelerograms is
strike-slip and moment magnitudes (My) are in the range of 6 to 7.9. Far-fault records are selected
and the closest distances from the sites to the fault rupture planes (the rupture distances) are
considered more than 15 km (R,p>15 km).

The displacement, pseudo-velocity, and pseudo-acceleration elastic response spectra of
selected earthquakes are computed for 3%, 5%, 10%, 20%, and 30% damping ratios respectively.
In the calculation process, SeismoSpect software is used [20]. DMFs are computed by considering
5%-damped response spectra as the benchmark and DMF relations are obtained depending upon
the natural vibration period of the SDOF system. 3%, 10%, 20%, and 30%-damped DMF graphs are
created by considering the displacement, pseudo-velocity, and pseudo-acceleration response
spectra, and the mean DMFs are indicated in the same diagrams. Variations of DMFs with different
damping ratios are also obtained graphically within the study. These diagrams are constituted for
constant natural vibration periods of T,.=0.5s, 1.0s,15s,20s, 25s,30s,35s,and 40 s
respectively. It can be seen from the results that DMFs are sensitive to the natural vibration periods
of SDOF systems. Additionally, for a specific natural vibration period value, it can also be seen from
the graphs that the mean DMFs generally tend to decrease with the increase in the damping ratio.
This result is consistent with the basic property of the response spectra and it could be defined as
follows: “Response spectra ordinates decrease for the increasing values of damping ratio®.

In this study, DMFs are computed by only using the selected earthquake ground motion
accelerograms recorded at stiff soil sites. More specifically, using a larger number of earthquake
record data one can conclude more exact results about the DMF variation with the natural vibration
period of the constant-damped SDOF system. Nevertheless, within the study, the DMF variation is
investigated on a small scale and one of the important results can be given as the sensitivity of DMFs
to changes in the vibration periods. Various general conclusions can also be drawn from this small-
scale study. For example; if requested, one can directly compute the displacement, pseudo-velocity,
and pseudo-acceleration elastic response spectra of SDOF systems having different damping ratios,
from the DMF relations.
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DAMPING MODIFICATION FACTOR

The damping modification factor in terms of spectral displacement (DMFg) can be generally
defined as [4, 5]:
_ Sd(T'f)

DMFy = Sq(T,&:5%) @)
where Sq(T,¢) is the spectral displacement of a linear elastic SDOF system having the damping ratio
of £and Sq(T,E:5%) is the spectral displacement of the 5%-damped linear elastic SDOF system.
T represents the natural vibration period of the system. The damping modification factor can also be
obtained by using the spectral velocity PSv(T,£:5%) and the spectral acceleration PSa(T,£5%).
In this conversion, the natural frequency an can be used, and multiplying Sq(T, &) by @, one can obtain
PSW(T,d (Equ. (2)). In a similar way, PSa(T,& can be obtained by multiplying Su(T,%) by an?
(Equ. (3)).

_ _PSy(T9)
bMFE, = PSy(T,&:5%) @

PSq(T.$)

DMF, = PSq(T,E:5%) (3)
In these equations, PSv(T,&:5%) and PSa(T,£:5%) represent the spectral velocity and spectral
acceleration of the 5%-damped linear elastic SDOF system (pseudo-velocity and pseudo-
acceleration). Damping modification factors (DMF4, DMFy, and DMF,) in Equations (1-3) are defined
to estimate the seismic demands of structural systems having damping ratios different than 5%.
DMFs are developed to make the conversion between a 5%-damped system and the other system

having various damping ratios such as &[5, 9].

Damping modification factors in different seismic design codes

The study to define DMF was first conducted by Newmark and Hall [10] and this pioneering
study pointed out that these factors depend upon the natural vibration period [5]. This study inspired
scientists in this field and afterward, the adoption of DMFs to many seismic design codes was made
[9]. The DMF in Eurocode 8 can be stated in terms of the viscous damping ratio £ as follows [9, 14]:

_ [
DMF = |72 055 (4)

Priestley et. al suggested a revision for the DMF in Eurocode 8, especially for sites where
forward directivity velocity pulse characteristics might be expected [9, 17, 21-25].
7 0.25
DMF = () (5)
In the Chinese Standard (The Standard Code for Seismic Design of Buildings: GB 50011-
2010), the seismic design response spectra are adjusted for different damping ratios by using the
DMF in equation (6) [26]:

005-¢ - 055 (6)

DMF =1+ > 0.
0.08+1.6¢

In the Japanese Seismic Design Code, the damping correction (modification) factor is defined
in terms of the viscous damping ratio £ as follows [27]:

15 5 0.4 ©)

DMF = (1+108) —

These examples can be increased for DMFs and one can obtain different DMF relations in
terms of the viscous damping ratio & from many different seismic design codes [9]. In Figurel, these
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code-based DMF relations (in Equations 4-7) are presented based on different viscous damping
ratios.
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Fig. 1 — Damping modification factors (DMFs) according to Equations 4-7.

SELECTED EARTHQUAKE GROUND MOTIONS

A total of 20 real earthquake records are selected from the NGA-West2 strong ground motion
database of the Pacific Earthquake Engineering Research Center (PEER) [18]. Site class ZD
(stiff soil with 180 m/s < Vs30<360 m/s) is considered according to the Turkish Building Earthquake
Code [19]. The fault rupture mechanism of the considered ground motion records is strike-slip.
Moment magnitudes (My) vary in the range of 6 to 7.9 and only far-fault records have been
considered. Selected ground motion records are listed in Tables 1 and 2, respectively. Rss is the
Joyner-Boore distance, Ry is the closest distance to the rupture plane, PGA is the peak ground
acceleration, PGV is the peak ground velocity, PGD is the peak ground displacement, Dgs.g5 is the
significant duration and I, is the Arias intensity. The distribution of PGA of the selected records within
the study is demonstrated in Figure 2 with respect to Ryp.
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Fig. 2 — Distribution of PGA of the selected records with respect to Ryp.
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Tab. 1 - Information on the selected ground motion records (Earthquakes 1-10) [18]

Record  Station Vs30 Site Ris Rrup PGA PGV PGD Das.o5 la

ID Code (m/s) Class (km) (km) (9) (cm/sec) (cm) (sec) (m/s)

Q1 Femdale 51931 2p 9115 9122 0062 4417 1201 222 0
City Hall

EQ2 Femdale 51931 7D 4452 4468 0116 6090 0643 155 0.1
City Hall

EQs EICeNUO 51244 2D 56.88  56.88 0.068  6.438 4.213 37.2 0.1
Array #9

EQa Femdale 51931 2p 26,72  27.02 0172 38242 14593 194 0.5
City Hall

EQs EICeno 51544 2p 121.00 121.7 0.035  3.996 0.920 40.9 0.1
Array #9

EQe EICeNUO 51544 7D 4512 4566 0163 24928 10180  49.3 0.2
Array #9
LA -

EQ7 Holywood 31646  ZD 20042 22242 0012  3.188 1313 263 0
Stor FF
LB -

EQ8  Terminal 217.92  ZD 199.84 199.84 0.011  2.710 1.770  37.9 0
Island
Calipatria

EQO Fire 205.78  ZD 2317 2460 0130 12.834 8553 259 0.1
Station

EQio Coachella 4409 7p 4910 5010 0.118 11.139  3.397  11.1 0.2
Canal #4

Elastic response spectra of the selected earthquakes

Displacement, pseudo-velocity, and pseudo-acceleration response spectra of the selected
earthquake ground motions are obtained within the study by using SeismoSpect software [20].
Viscous damping ratios are selected 3%, 5%, 10%, 20%, and 30%, respectively. As is seen from the
mean spectra in Figure 3, spectral values generally decrease as the damping ratios increase. Using
the natural frequency wn, the pseudo-velocity PSy can be obtained in terms of the spectral
displacement Sy as [28]:

PS, = Syw, (8)
In the same way, the pseudo-acceleration PS, can be determined by using the natural
frequency o and the spectral displacement Sy as:
PS, = S w2 9)
As is known from structural dynamics, the dynamic equilibrium equation of a linear-elastic
SDOF system can be written by [28]:
mii + ¢ + ku = —mii, (20)

where m is the mass, u is the relative displacement, c is the damping coefficient, k is the stiffness
and i, is the acceleration of the ground motion. One can determine the peak displacement from this
equation (Umax: Sq) and the relation between the peak displacement and the natural vibration period
T can be obtained (the displacement spectra). Using Equations (8) and (9), the pseudo-velocity PSy
and the pseudo-acceleration PS, can be determined as in Figure 3.
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Tab. 2 - Information on the selected ground motion records (Earthquakes 11-20) [18]

Record  Station Vs30 Site Ris Rrup PGA PGV PGD Das.o5 la
ID Code (m/s) Class (km) (km) (9) (cm/sec) (cm) (sec) (m/s)
EQ 11 Delta 242.05 ZD 22.03 22.03 0.239 26.882 13.624 51.4 3.3
EQi2 EICeNM0 51990  zD 2198 2198 0113 15370 8246 216 03
Array #13
Niland
EQ 13 Fire 212.00 ZD 35.64 36.92  0.108 11.014 5.098 26.4 0.2
Station
EQ 14 Pléﬁ;er 316.64 ZD 30.33 30.33 0.041 3.144 1.204 10.8 0.1
EQ 15 Victoria  242.05 ZD 31.92 31.92 0.121 7.435 2.166 34.3 0.3
SAHOP
EQ 16 Casa 259.59 ZD 39.10 39.30 0.098 7.353 1.542 11.0 0.1
Flores
Rio Dell
EQ17 Overpass 311.75 ZD 76.06 76.26 0.069 8.037 3.603 12.4 0.2
- FF
Rio Dell
EQ 18 Overpass. 311.75 ZD 76.06 76.26 0.169 11.005 3.250 12.3 0.4
E Ground
Rio Dell
EQ19 Overpass. 311.75 ZD 76.06 76.26 0.147 10.965 3.114 10.8 0.4
W Ground
EQ20 T ULt 2198 zD 5168 5169 0039 2755 0656 352 0
- Hayward
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Fig. 3 — The mean elastic response spectra of the selected ground motions [in Tables 1 and 2] for
3%, 5%, 10%, 20%, and 30% viscous damping ratios.
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VARIATION OF DAMPING MODIFICATION FACTORS FOR SELECTED EARTHQUAKE
GROUND MOTIONS

In this study, DMFs have been computed for the selected earthquake ground motions.
5%-damped elastic response spectra have been selected as the benchmark and DMFs have been
computed depending on the natural vibration period of the elastic SDOF system. 3%, 10%, 20%,
and 30%-damped DMFs have been computed by considering the displacement (Sq), pseudo-velocity
(PSv), and pseudo-acceleration (PS,) response spectra, and the mean DMFs have been indicated
in the same diagrams (Figures 4-6). The values of mean DMFs have been presented in Table 3.
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Fig. 4 — The variation of DMF4 (in terms of spectral displacement Sy) for the selected earthquake
ground motions [for & 3%, 10%, 20%, and 30%].

Tab. 3 - Mean DMFs with respect to Sq, PSy, and PSa (for different periods and &)

& 3% & 10% & 20% & 30%

T DMF | DMF | DMF | DMF | DMF | DMF | DMF | DMF | DMF | DMF | DMF | DMF
Sd PSv | PSa Sd PSv | PSa | Sd PSv | PSa Sd PSv | PSa

0.2sec |1.215]1.179(1.177|0.829|0.775|0.838 | 0.643 [ 0.556 | 0.671 || 0.546 | 0.444 | 0.595
0.5sec |1.159|1.177(1.173|0.818|0.816|0.829 | 0.639 [ 0.644 | 0.684 | 0.533 [ 0.530 | 0.613
1.0sec |1.146(1.143(1.138|0.807|0.820|0.822 | 0.625 | 0.658 | 0.682 | 0.521 | 0.567 | 0.635
15sec |1.116(1.148(1.143|0.775|0.819|0.791|0.582 | 0.629 | 0.638 | 0.477 | 0.525 | 0.582
20sec |1.108(1.137(1.132|0.789 (0.822(0.808 | 0.595 | 0.641 [ 0.675 | 0.483 | 0.555 [ 0.625
3.0sec |1.080(1.142|1.137 | 0.806 | 0.865 [0.823 | 0.602 | 0.716 | 0.698 | 0.493 | 0.626 | 0.677
40sec [1.084]1.136|1.130 | 0.817|0.906 | 0.844 | 0.639 | 0.806 | 0.749 | 0.540 | 0.746 | 0.776
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Fig. 5 — The variation of DMFy (in terms of pseudo-velocity PSy) for the selected earthquake
ground motions [for & 3%, 10%, 20%, and 30%].
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Fig. 6 — The variation of DMF, (in terms of pseudo-acceleration PS,) for the selected earthquake
ground motions [for & 3%, 10%, 20%, and 30%].
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Mean DMF variations with respect to natural vibration periods

Mean DMF variations for the selected earthquake ground motions have been given in Figure
7. It can be clearly seen from the graphs that DMFs tend to decrease with the increase in viscous
damping ratio. Mean DMF variations have been presented in terms of the ratios of displacement
(Sq), pseudo-velocity (PSv), and pseudo-acceleration (PS,) response spectra. The damping ratio
effect on DMF values has been observed (Figure 7).
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Fig. 7 — The variation of mean DMFq4, DMFy, and DMF, with respect to the natural vibration periods
and viscous damping ratios of 3%, 10%, 20%, and 30%.

Mean DMF variations with respect to viscous damping ratios

In this study, Mean DMF variations for the selected earthquake ground motions have been
presented in terms of viscous damping ratios, too. Once again, it is seen from the graphs that the
mean DMFs tend to decrease with the increase in viscous damping ratios. In Figure 8, mean DMFs
have been indicated for different viscous damping ratios of 3%, 10%, 20%, and 30%. In this figure,
mean DMFs have been presented for all natural vibration periods of the elastic spectra. It can be
seen from the figure that the mean DMF interval is scattered as the viscous damping ratio increases
up to 30%. For the damping ratio of 3%, mean DMFs have been obtained very close to each other
at different natural vibration periods.

DMFq4, DMFy, and DMF, variations with respect to the viscous damping ratios have been
presented in Figure 9, for different natural vibration periods. In this figure mean DMFs have been
considered for natural vibration periods of T,=0.5s,1.0s,1.5s,2.0s,25s,3.0s,3.5s,and 4.0s,
respectively. Generally, for all periods, DMF values computed in terms of the ratios of spectral
displacement, pseudo-velocity, and pseudo-acceleration response spectra (DMFq4, DMFy, and
DMF,) tend to decrease for increasing values of viscous damping ratios (Figure 9). 5%-damped
elastic response spectra have been selected as the benchmark within these computations (as given
in Equations 1, 2, and 3).
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Fig. 8 — The variation of mean DMF4, DMFy, and DMF, with respect to the viscous damping ratios,
and DMF variation according to Equation 4 (Equation in Eurocode 8).
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CONCLUSION

The primary objective of this study is to investigate the damping modification factors, DMFs,
for the selected earthquake ground motion accelerograms recorded at stiff soil sites with shear wave
velocities less than 360 m/s. Computed DMFs modify 5%-damped spectral ordinates to estimate the
seismic demands of structures whose damping ratio is different from 5%. DMFs have been obtained
considering the displacement, pseudo-velocity, and pseudo-acceleration response spectra, and 3%,
10%, 20%, and 30% damping ratios have been considered. DMFs have been computed depending
upon the natural vibration period of the elastic SDOF system, and variations of DMFs for different
damping ratios have also been obtained graphically. It is seen from the graphs that DMFs are
sensitive to the natural vibration periods of SDOF systems, and generally tend to decrease with the
increase in the viscous damping ratio. The following conclusions can be drawn from the results of
this study:

o DMFs have been obtained greater than 1.0 for 3% damping ratio whereas they have been
obtained lower than 1.0 for all damping ratios greater than 5% (for damping ratios of 10%,
20%, and 30%). This is a natural result since DMFs are based on spectral values and since
the displacement, pseudo-velocity, and pseudo-acceleration response spectra ordinates
decrease with the increase in viscous damping ratios. As known, the DMF is the
dimensionless ratio, and generally, 5%-damped spectral values are considered the
benchmark. Therefore, when DMF is computed for structures like 3%-damped systems
whose damping ratio is lower than 5% since the lower 5%-damped spectral value is in the
denominator, the DMF is obtained greater than 1.0.

e For a constant natural vibration period of the SDOF system, it has been observed that the
mean DMFs have decreased as the damping ratio has increased. Generally, between 3%-
and 10%-damped systems, the difference in the mean DMFs has been obtained greater than
that of the others.

e For longer natural vibration periods (especially for period values greater than 1.0 sec),
the mean DMFs of the selected earthquake ground motions have been observed as tending
to be nearly constant. For systems that have shorter natural vibration periods (especially for
periods shorter than 0.3 sec), the mean DMFs have been observed as fluctuating.

¢ Mean DMF variations for the selected earthquake ground motions with respect to the viscous
damping ratios have been obtained as compatible with the code-based DMF relations.

DMFs have been computed by only using the selected earthquake ground motion accelerograms
recorded at stiff soil sites (on a small scale), within this study. More specifically, using a larger number
of earthquake record data one can conclude more exact results about the DMF variation with the
natural vibration period of the constant-damped SDOF systems.
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