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1. Introduction 
 

The majority of seismic design codes, such as Eurocode 

8 (2004) and ASCE 7-10 (2011), typically characterize 

earthquake action as a pseudo-acceleration response 

spectrum with a damping ratio of 5% (Zhao and Zhang 

2017, Zhang and Zhao 2021b). Similarly, ground motion 

prediction equations for the pseudo-acceleration response 

spectrum are also typically developed at a damping ratio of 

5% (Douglas 2003). In reality, however, structural systems 

can have damping ratios greater than 5%, such as structures 

with energy dissipation devices or isolation systems. For 

such cases, the damping modification factor (DMF) is 

necessary to modify the 5%-damped response spectrum to 

obtain spectral values for other damping ratios for seismic 

design. Researchers have worked extensively on DMF over 

the past few decades and have put out a wide variety of 

formulations. Newmark and Hall (1982) conducted the first 

study of DMF based on a small number of earthquake 

records in the United States before 1973. They developed a 

DMF formulation applicable for damping ratios less than 

20%. This formulation consists of three parts: the 

acceleration-, velocity-, and displacement-sensitive regions. 
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This formulation has been used in many later seismic 

design standards, such as ATC-40 (1996) and FEMA-273 

(1997). Using 206 strong ground motion records from 

Japan, Kawashima and Aizawa (1986) developed a DMF 

formulation that is applicable for damping ratios between 

5% and 10%. Ashour (1987) developed a DMF formulation 

by analyzing 6 structural periods and 11 damping ratios 

using real and synthetic earthquake motions. In each of the 

DMF formulations mentioned above, a single parameter, 

i.e., the damping ratio, is included. Similarly, several DMF 

formulations that only include the damping ratio have been 

developed using various earthquake databases (Bommer et 

al. 2000, Tolis and Faccioli 1999). 

Numerous investigations have discovered that the DMF 

is also influenced by the natural period of the structure in 

addition to the damping ratio, including Wu and Hanson 

(1989), Lin and Chang (2003), Atkinson and Pierre (2004), 

and Cardone et al. (2009). Surana et al. (2019) constructed 

a DMF formulation taking into account the structure’s 

natural period and damping ratio based on 203 horizontal 

acceleration records collected between 1986 and 2001 from 

the Indian strong-motion database. Lin et al. (2005) 

proposed a DMF formulation that takes the structural period 

and damping ratio into account based on 216 ground 

motions recorded at firm sites in California. Likewise, many 

DMF formulations that take structural period and damping 

ratio into account have been developed using various 

earthquake databases (Baizid and Malek 2018, Benahmed 

2018, Castillo and Ruiz 2014, Daneshvar and Bouaanani 
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2017, Fernandez-Davila and Mendo 2020, Mollaioli et al. 

2014, Sadek et al. 2000). 

Numerous research conducted recently discovered that 

DMF also depends on a variety of other factors, including 

site conditions, magnitude, distance, ground-motion 

duration, type, etc., in addition to structural period and 

damping ratio. Lin and Chang (2004) constructed a DMF 

formulation considering site conditions based on site 

classification using 1037 acceleration records of ground 

motions in the Pacific Earthquake Engineering Research 

Center (PEER). Similarly, Lin (2007) constructed a DMF 

formulation that takes site conditions into account based on 

site classification using 338 acceleration records from the 

Chi-Chi earthquake in Taiwan. Zhou and Zhao (2020) 

developed a DMF formulation considering site conditions 

using 4695 ground motion records from 136 subduction 

slab earthquakes in the Strong-motion Seismograph 

Networks (K-NET, KiK-net) of Japan (NIED 1995). In 

addition, Palermo et al. (2016) proposed a simple DMF 

formulation that incorporates the ratio between the 

structural period and the site-predominant period. 

Additionally, Li and Chen (2017) used the K-NET and KiK-

net database’s thousands of earthquake recordings to 

construct a DMF formulation that takes magnitude and 

epicentral distance into account. Bommer and Mendis 

(2005) and Cameron and Green (2007) pointed out that the 

ground-motion duration also affects DMF. This conclusion 

is confirmed by Stafford et al. (2008), who also developed a 

DMF formulation taking into account the ground-motion 

duration. Rezaeian et al. (2014) further validated the 

significant impact of ground-motion duration on DMF 

based on seismic records from the NGA-West 2 project 

database. Conde-Conde and Benavent-Climent (2019) also 

developed a formulation that takes the ground-motion 

duration and site conditions into account based on 880 far-

field accelerograms recorded in Europe. Anbazhagan et al. 

(2016) used 410 horizontal motions to thoroughly 

investigate the effects of all the aforementioned parameters 

on the DMF, including magnitude, hypocenter distance, site 

condition, damping ratio, structural period, and ground-

motion duration. Hatzigeorgiou (2010) also studied the 

effects of artificial earthquakes on DMF. Khoshnoudian et 

al. (2014) used a set of 91 pulse-like near-fault ground 

motions to study the impacts of inertial soil-structure 

interaction on DMF subjected to such ground motions. Pu et 

al. (2016) studied the effects of pulse-like ground motions 

and developed DMF formulations for displacement, 

velocity, and acceleration spectra. Sheikh et al. (2013) used 

a variety of simulated ground-motion records to investigate 

the effects of earthquake shaking level, source-to-site 

distance, soil plasticity index, and bedrock rigidity on the 

DMF. Greco et al. (2018a) developed a method for 

estimating DMF using the random vibration theory and 

investigated a number of parameters that may affect DMF. 

Zhang and Zhao (2020) calculated the DMF and 

systematically investigated the impacts of magnitude, 

epicentral distance, and site conditions on the DMF using a 

source-based Fourier amplitude spectrum (FAS) model 

based on random vibration theory. Similar to this, many 

DMF formulations that consider site conditions, magnitude, 
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Fig. 1 Distributions of (a) Hypocenter depth and magnitude 

and (b) Epicentral distance and magnitude of selected 

seismic records 

 

 

distance, and ground-motion duration and type have been 

developed using various earthquake records (Akkar 2014, 

Daneshvar et al. 2016, D´avalos et al. 2022, Greco et al.  

2018b, Greco et al. 2019, Hao et al. 2011, Hubbard and 

Macroeidis 2011, Nagao 2015, Papagiannopoulos et al. 

2013, Piscal 2018, Zhou et al. 2014, Zhao et al. 2019). 

Although the aforementioned studies demonstrate that 

the DMF is influenced by seismological parameters like 

magnitude and distance, the existing codes do not provide 

these parameters, making it impossible to directly apply 

formulations including these parameters to seismic design. 

This study’s goal is to develop a DMF formulation that can 

be directly used in seismic design and that takes the effects 

of site conditions, distance, and magnitude into account. 

The structure of this paper is organized as follows. In 

Section 2, 16660 ground motions recorded in 338 sites were 

chosen from the Strong-Motion Seismograph Networks K-

NET and KiK-net. In Section 3, the effects of magnitude, 

epicentral distance, and site conditions on DMF were 

explored. In Section 4, regression analysis is performed to 

develop a DMF formulation that incorporates the effects of 

site conditions, distance, and magnitude. The formulation 

developed by this study is contrasted with formulations 

from earlier investigations in Section 5. Finally, the 

conclusions are outlined in Section 6. 

 

 

2. Strong ground-motion records 
 

To study the effects of magnitude, epicentral distance, 

and site conditions on DMF and construct a DMF 
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formulation, earthquake data were selected as much as 

possible to comprehensively cover cases considered in 

seismic design, while ensuring a balance in dataset size in 

terms of magnitudes, distances, and site conditions. A total 

of 16660 ground-motion accelerations from 8330 seismic 

records recorded in 338 sites in K-NET and KiK-net were 

chosen. The selected seismic records cover a wide range of 

magnitude, epicentral distance, and site conditions. The 

epicentral distance ranges from 10 km to 200 km, while the 

magnitude ranges from 4.0 to 9.0. The average shear-wave 

 

 

velocity in the upper 30 m, Vs,30, of the stations varies from 

106 to 1437 m/s, which covers the four site classes (B, C, 

D, and E) defined in the National Earthquake Hazards 

Reduction Program (NEHRP) (2000) and ASCE 7-10 

(2011). Due to a lack of stations belonging to site class A in 

Japan, seismic motions recorded on such sites were not 

included. Additionally, the hypocenter depth of the chosen 

seismic data ranges from 0 km to 196 km, and the peak 

ground acceleration (PGA) ranges from 20.0 to 2599.9 gal. 

Fig. 1(a) shows the distribution of hypocenter depth and 

Table 1 Classification of the selected ground-motion records based on site conditions, magnitude, and epicentral 

distance 

Site Class, Vs,30 (m/s) Number Magnitude, M Number Epicentral Distance, R (km) Number 

B (760,1500] 1516 

4≤M<5.5 999 

10≤R<50 551 

50≤R<100 350 

100≤R≤200 98 

5.5≤M<6.5 357 

10≤R<50 71 

50≤R<100 149 

100≤R≤200 137 

M≥6.5 160 

10≤R<50 20 

50≤R<100 51 

100≤R≤200 89 

C (360,760] 2142 

4≤M<5.5 1288 

10≤R<50 663 

50≤R<100 489 

100≤R≤200 136 

5.5≤M<6.5 509 

10≤R<50 82 

50≤R<100 192 

100≤R≤200 235 

M≥6.5 345 

10≤R<50 51 

50≤R<100 88 

100≤R≤200 206 

D (180,360] 3209 

4≤M<5.5 1939 

10≤R<50 803 

50≤R<100 783 

100≤R≤200 353 

5.5≤M<6.5 904 

10≤R<50 97 

50≤R<100 284 

100≤R≤200 523 

M≥6.5 366 

10≤R<50 52 

50≤R<100 58 

100≤R≤200 256 

E (-,180] 1463 

4≤M<5.5 814 

10≤R<50 414 

50≤R<100 297 

100≤R≤200 103 

5.5≤M<6.5 472 

10≤R<50 62 

50≤R<100 139 

100≤R≤200 271 

M≥6.5 177 

10≤R<50 19 

50≤R<100 34 

100≤R≤200 124 
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(a) (b) 

  
(c) (d) 

Fig. 2 The effect of magnitude on DMF for the cases (a) Site class B, 10 km≤R<50 km, ξ=0.1, (b) Site class B, 10 km≤R<50 

km, ξ=0.3, (c) Site class D, 100 km≤R≤200 km, ξ=0.1 and (d) Site class D, 100 km≤R≤200 km, ξ=0.3 

  
(a) (b) 

  
(c) (d) 

Fig. 3 The effect of epicentral distance on DMF for the cases (a) Site class B, 4.5≤M<5.5, ξ=0.1, (b) Site class B, 4.5≤M<5.5, 

ξ=0.3, (c) Site class D, M≥6.5 and ξ=0.1 and (d) Site class D, M≥6.5, ξ=0.3 
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magnitude of selected seismic records, and Fig. 1(b) shows 

the distribution of epicentral distance and magnitude of 

selected seismic records. 

In order to study the effect of site conditions on DMF, 

the selected seismic records are grouped according to the 

average shear-wave velocity at the top 30 m depth, Vs,30, 

which is defined as (NEHRP 2000) 

Vs,30=30/[ ∑ (hi/Vi) ]  (1) 

where, hi is the thickness of the i th layer of soil, and Vi is 

the shear-wave velocity of the 𝑖th layer of soil. The KiK-

net provides shear-wave velocities of soil deeper than 30 m, 

however, the K-NET only provides shear-wave velocities of 

soil up to 20 m. For the sites from K-NET, Vs,30, can be 

obtained by (Kanno et al. 2006) 

Vs,30=1.13Vs,20+19.5  (2) 

In Eq. (2), Vs,20 is the average shear-wave velocity at the 

top 20 m depth, which can be obtained by 

Vs,20=20/[ ∑ (hi/Vi) ]  (3) 

According to the Vs,30, these 8330 seismic records were 

divided into four groups: B, C, D, and E. Each group was 

subsequently separated into nine subgroups based on the 

magnitude and epicentral distances to explore the impacts 

of magnitude and distance on DMF, as shown in Table 1. 

 

 

3. Effects of magnitude, epicentral distance, and site 
conditions on DMF 
 

The DMF values of selected ground-motion records in 

the previous section are calculated based on the following 

expression, 

DMF=
PSa (ξ, T0)

PSa (5%, T0)
=

Sd (ξ, T0)

Sd (5%, T0)
  (4) 

where, PSa (5%, T0) and PSa (ξ, T0) represent the 

pseudo-acceleration response spectra at damping ratios of 

5% and ξ, respectively; Sd (5%, T0) and Sd (ξ, T0) 

represent the displacement response spectra at damping 

ratios of 5% and ξ, respectively. The displacement response 

spectra in Eq. (4) are calculated using the direct-integration 

method by Nigam and Jennings (1969). The computations 

take into account 600 structural periods ranging from 0.01 

 

 

seconds to 6 seconds (interval is 0.01 seconds) and 4 

damping ratios (0.05, 0.1, 0.2, and 0.3). Then, the DMF 

values in each group classified in Table 1 are averaged, and 

representative results are displayed in Figs. 2-4. 

As demonstrated in Fig. 2, at long oscillator periods, 

DMF decreases with increasing magnitude, and the 

variation degree increases with increasing the damping 

ratio. However, DMF is essentially unaffected by 

magnitude for short oscillator periods. The dividing point 

being affected by magnitude or not corresponds to the 

minimum value of DMF, DMF(Tmin), where Tmin is the 

oscillator period corresponding to DMF(Tmin). In addition, 
Fig. 3 indicates that the epicentral distance slightly affects 

the DMF when T0≥Tmin, and the effect increases with the 

increase of the damping ratio. The influence of epicentral 

distance on DMF, however, is not governed and is much 

less substantial than that of magnitude. Similar to the effect 

of the magnitude, when T0<Tmin, DMF remains almost 

unaffected by epicentral distance. It can be found from Fig. 

4 that the site conditions slightly affect the DMF when 

T0≥Tmin and the effect increases with the increase of 

damping ratio. The effect of site conditions on DMF is not 

governed and is less substantial than that of magnitude. 

Similar to effects to the magnitude and epicentral distance, 

when T0<Tmin, DMF remains almost unaffected by site 

conditions. 

The mechanism of the effects of magnitude, distance, 

and site conditions on the DMF has been systematically 

discussed by Zhang and Zhao (2020) based on random 

vibration theory. Zhang and Zhao (2020) pointed out that 

trends in the DMF with the variation of the oscillator period 

T0 are mainly controlled by the shape of the FAS, and the 

overall shapes of the DMF and FAS are almost symmetrical 

with respect to the period axis. Since the ground-motion 

FAS varies with the magnitude, distance, and site 

conditions, the corresponding DMF also varies accordingly 

with these parameters. 

Since the dependence of DMF on the magnitude, 

epicentral distance, and site conditions performs differently 

at T0≥Tmin and T0<Tmin, the DMF function forms should be 

different for the two intervals. Therefore, before the 

construction of a DMF formulation, it is necessary to clarify 

the properties of the division point (Tmin, DMF(Tmin)). For 

this purpose, influences of magnitude, epicentral distance, 

and site conditions on Tmin are discussed. Fig. 5 

   
(a) (b) (c) 

Fig. 4 The effects of site conditions on DMF for the cases (a) ξ=0.1, (b) ξ=0.2 and (c) ξ=0.3 
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(a) (b) 

  
(c) (d) 

Fig. 5 The effect of magnitude on Tmin for the cases (a) Site class B, 50 km≤R<100 km, (b) Site class B, 100 km≤R≤200 km, 

(c) Site class D, 50 km≤R<100 km and (d) Site class D, 100 km≤R≤200 km 

  
(a) (b) 

  
(c) (d) 

Fig. 6 The effect of epicentral distance on Tmin for the cases (a) Site class B, 5.5≤M<6.5, (b) Site class B, M≥6.5, (c) Site class 

D, 5.5≤M<6.5 and (d) site class D, M≥6.5 

0

0.05

0.1

0.15

0.2

0.25

0.05 0.1 0.15 0.2 0.25 0.3 0.35

4 ≤ M < 5.5
5.5 ≤ M < 6.5
M ≥6.5

T
m

in
(s

)

Damping ratio 

site class B

50 km  ≤ R < 100 km

0

0.05

0.1

0.15

0.2

0.25

0.05 0.1 0.15 0.2 0.25 0.3 0.35

4 ≤ M < 5.5
5.5 ≤ M < 6.5
M ≥6.5

T
m

in
(s

)

Damping ratio 

site class B

100 km  ≤ R ≤ 200 km

0

0.05

0.1

0.15

0.2

0.25

0.05 0.1 0.15 0.2 0.25 0.3 0.35

4 ≤ M < 5.5
5.5 ≤ M < 6.5
M ≥6.5

T
m

in
(s

)

Damping ratio 

site class D

50 km  ≤ R < 100 km

0

0.05

0.1

0.15

0.2

0.25

0.05 0.1 0.15 0.2 0.25 0.3 0.35

4 ≤ M < 5.5
5.5 ≤ M < 6.5
M ≥6.5

T
m

in
(s

)

Damping ratio 

site class D

100 km  ≤ R ≤ 200 km

0

0.05

0.1

0.15

0.2

0.25

0.05 0.1 0.15 0.2 0.25 0.3 0.35

10 km ≤ R < 50 km
50 km ≤ R < 100 km
100 km ≤ R ≤ 200 km

T
m

in
(s

)

 Damping ratio 

site class B

5.5 ≤ M < 6.5

0

0.05

0.1

0.15

0.2

0.25

0.05 0.1 0.15 0.2 0.25 0.3 0.35

10 km ≤ R < 50 km
50 km ≤ R < 100 km
100 km ≤ R ≤ 200 km

T
m

in
(s

)

 Damping ratio 

site class B

M ≥ 6.5

0

0.05

0.1

0.15

0.2

0.25

0.05 0.1 0.15 0.2 0.25 0.3 0.35

10 km ≤ R < 50 km
50 km ≤ R < 100 km
100 km ≤ R ≤ 200 km

T
m

in
(s

)

 Damping ratio 

site class D

5.5 ≤ M < 6.5

0

0.05

0.1

0.15

0.2

0.25

0.05 0.1 0.15 0.2 0.25 0.3 0.35

10 km ≤ R < 50 km
50 km ≤ R < 100 km
100 km ≤ R ≤ 200 km

T
m

in
(s

)

 Damping ratio 

site class D

M ≥ 6.5



 

Damping modification factor of pseudo-acceleration spectrum considering influences of magnitude, distance and… 

  

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.05 0.1 0.15 0.2 0.25 0.3 0.35

site class B
site class C
site class D
site class E

T
m

in
(s

)

Damping ratio 

10 km ≤ R < 50 km

5.5 ≤ M < 6.5

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.05 0.1 0.15 0.2 0.25 0.3 0.35

site class B
site class C
site class D
site class E

T
m

in
(s

)

Damping ratio 

10 km ≤ R < 50 km

M ≥ 6.5

 
(a) (b) 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.05 0.1 0.15 0.2 0.25 0.3 0.35

site class B
site class C
site class D
site class E

T
m

in
(s

)

Damping ratio 

100 km ≤ R ≤ 200 km

5.5 ≤ M < 6.5

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.05 0.1 0.15 0.2 0.25 0.3 0.35

site class B
site class C
site class D
site class E

T
m

in
(s

)

Damping ratio 

100 km ≤ R ≤ 200 km

M ≥ 6.5
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Fig. 7 The effects of site conditions on Tmin for the cases (a) 10 km≤R<50 km, 5.5≤M<6.5, (b) 10 km≤R<50 km, M≥6.5, (c) 

100 km≤R≤200 km, 5.5≤M<6.5 and (d) 100 km≤R≤200 km, M≥6.5 
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(c) (d) 

Fig. 8 The effects of magnitude on DMF(Tmin) for the cases (a) Site class B, 50 km≤R<100 km, (b) Site class B, 100 

km≤R<200 km, (c) Site class D, 50 km≤R<100 km and (d) Site class D, 100 km≤R<200 km 
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(a) (b) 

  
(c) (d) 

Fig. 9 The effects of epicentral distance on DMF(Tmin) for the cases (a) Site class B, 5.5≤M<6.5, (b) Site class B, M≥6.5, (c) 

Site class D, 5.5≤M<6.5 and (d) Site class D, M≥6.5 

  
(a) (b) 

 

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.05 0.1 0.15 0.2 0.25 0.3 0.35

site class B
site class C
site class D
site class E

D
M

F
(T

m
in
)

Damping ratio 

100 km ≤ R < 200 km

M ≥ 6.5

 
(c) (d) 

Fig. 10 The effects of site conditions on DMF(Tmin) for the cases (a) 10 km≤R<50 km, 5.5≤M<6.5, (b) 10 km≤R<50 km, 

M≥6.5, (c) 100 km≤R≤200 km, 5.5≤M<6.5 and (d) 100 km≤R≤200 km, M≥6.5 
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demonstrates that although the relationship between Tmin 

and magnitude is not perfectly regular, in most cases, the 

higher the magnitude, the larger the Tmin value will be. 

Similarly, it can be seen from Fig. 6 that the fluctuation 

trend of Tmin with epicentral distance is also not always 

regular, but in the majority of situations, the Tmin value will 

be higher the farther away the epicenter is. Fig. 7 

demonstrates that, in most cases, the bigger the Tmin, the 

softer the site is, albeit the relationship between the two is 

not always linear. These results indicate that the Tmin 

formulation can be simply considered as an increasing 

function of the magnitude, epicentral distance, and site 

classes. 

Moreover, influences of magnitude, epicentral distance, 

and site conditions on DMF(Tmin) are also discussed. Fig. 8 

demonstrates that the DMF(Tmin) variation with magnitude 

is relatively small and that the trend is erratic. Fig. 9 

demonstrates that while in some cases (Figs. 9(c) and (d)), 

the variation of DMF(Tmin) with epicentral is more than that 

with magnitude, for the majority of cases, the variation 

degree is still not that high. Similar to this, even if some 

cases (Figs. 10(a) and (b)) show that the effect of site 

conditions on DMF(Tmin) is greater than that with 

magnitude, the maximum variation of DMF(Tmin) with site 

conditions does not surpass 0.2. These results indicate that 

the DMF(Tmin) formulation can be constructed 

independently of the magnitude, epicentral distance, and 

site classes, allowing for some margin of error. 

 

 

4. Proposed DMF formulation 
 

4.1 Parameters reflecting the spectral shape 
 

Since different design response spectra incorporate 

contributions from earthquake data with different 

magnitudes, distances, and site conditions, while the DMF 

varies with these seismological parameters as discussed 

above, DMF values of different response spectra should 

indeed differ even for the same structural periods and 

damping ratios. To consider influences of magnitude, 

epicentral distance, and site conditions on DMF, in 

principle, all of these parameters should be included in the 

DMF formulation. However, the DMF formulation 

incorporating these parameters cannot be immediately 

applied to seismic design because the magnitude and 

epicentral distance are not stated as elements of seismic 

action in current seismic codes. To reflect the effects of 

magnitude and distance, it is important to identify a 

parameter that may be derived from the most recent seismic 

codes. 

Zhang and Zhao (2020) reported that the primary way in 

which magnitude and epicentral distance have an impact on 

DMF is through altering the spectral shape. Craifaleanu 

(2013) investigated several variables for assessing the 

spectral shape, which are expressed as 

Tc
*= λ1

*
λ0

*⁄   (5) 

Tcen
* =√λ2

*
λ0

*⁄   (6) 

𝛺 = √1 −
(𝜆2

∗ )2

𝜆0
∗ ∙ 𝜆2

∗  (7) 

where, λ0
*
, λ1

*
, and λ2

*
 can be obtained using the following 

equations, 

λ0
*
= ∑ Sv,i

2 ·∆Tn
i=1   (8) 

λ1
*
= ∑ Ti·Sv,i

2 ·∆Tn
i=1   (9) 

λ2
*
= ∑ Ti

2·Sv,i
2 ·∆Tn

i=1   (10) 

In Eqs. (8)-(10), Sv is the velocity response spectrum, 

∆T is the period interval of the horizontal ordinate of Sv, 

which was adopted as 0.01 in this paper, Ti  is the ith 

oscillator period, Sv,i  is the velocity spectral value 

corresponding to Ti , and n is the number of periods 

considered in the calculation of Sv. 

Zhang and Zhao (2022a) also proposed another spectral 

shape parameter, p, which is expressed as 

p= PSa(6s) PGA⁄   (11) 

in which PSa (6s) is the value of the pseudo-acceleration 

response spectrum at 6s. 

 
4.2 The DMF formulation 

 

As is known, the DMF value decreases with the increase 

of the structural period when T0<Tmin, and increases with 

the increase of the structural period when T0≥Tmin. In 

addition, according to the analysis results of Section 3, 
when T0<Tmin, the DMF is controlled by the structural 

period and damping ratio, and nearly unaffected by 

magnitude, distance, and site conditions. However, when 

T0≥Tmin, the DMF is not only affected by the structural 

period and damping ratio, but also affected by magnitude, 

distance, and site conditions. Therefore, the DMF 

formulation uses a piecewise function with T0=Tmin as the 

division point. By testing numerous functional forms and 

striking a balance between simplicity and correctness, a 

formulation for the DMF that incorporates impacts of 

magnitude, epicentral distance, and site condition is 

proposed as, 

𝐷𝑀𝐹() = {
1+

DMF(Tmin)-1

Tmin
T0        T0＜Tmin

1-
1-DMF(Tmin)

k0(T0-Tmin)
c
+1

         T0≥Tmin

  (12) 

where, k0 and c are parameters controlling the increasing 

rate of DMF with the period at T0≥Tmin, they are used to 

reflect effects of magnitude, epicentral distance, and site 

condition. Since when T0<Tmin, the DMF is almost 

unaffected by magnitude, distance, and site conditions, Eq. 

(12) is independent of these parameters for T0<Tmin. 

In Eq. (12), DMF(Tmin) is the minimum value of DMF, 

and Tmin is the period corresponding to DMF(Tmin). 

According to the results of Section 3, variations of 

DMF(Tmin) with magnitude, distance, and site conditions are 

small for most cases, and the variation trends are irregular. 

To simplify, DMF(Tmin) is considered a function of the 
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Fig. 11 Variation of the DMF(Tmin) with the damping ratio 

 

 

Fig. 12 Variation of the period Tmin with spectral shape 

factor p 

 

Table 2 Values of a and b corresponding to different site 

classes 

 B C D E Total 

a 0.0008 0.0017 0.0012 0.0017 0.0055 

b 0.8569 0.7009 0.8074 0.9107 0.567 

 

 

damping ratio, which is regressed based on the least square 

method, 

DMF(Tmin)=0.22/(ξ
0.53

)  (13) 

According to Fig. 11, Eq. (13) appears to perform well 

on the general trend. Additionally, the maximum relative 

error is limited to 22%, and relative errors for 79% of the 

results are less than 10%. 

Since Tmin is slightly affected by magnitude and distance 

for most cases, Tmin is considered as a function of spectral 

shape factor reflecting effects of these parameters, and it is 

also regressed based on the least square method, 

Tmin=4.52p+0.27  (14) 

In Eq. (14), the spectral shape factor p is used. In reality, 

the four spectral shape factors, Tc
*, Tcen

* , Ω, and p were all 

tested in the construction of DMF formulation, and the 

spectral shape factor p performs best, which will be detailed 

below. Although Fig. 12 shows a large scatter in Tmin, its 

effect on the final results of DMF is limited as can be seen 

in Section 4.3. 

In Eq. (12), the parameters k0 and c control the 

increasing rate of DMF with the structural period for 

T0≥Tmin. Their values are determined by best-fitting the 

 
(a) 

 
(b) 

 
(c) 

Fig. 13 Comparison of k0 values obtained by Eq. (15) with 

observed results 

 

 

DMF results in each group shown in Table 1, using the 

function form of Eq. (12) at T0≥Tmin based on the least 

square method. Since the parameters k0 and c are affected 

by magnitude, distance, and site conditions, k0 and c are 

considered as functions of the spectral shape factor p. In 

addition, it is found that the damping ratio also affects k0 

and c, therefore, k0 is regressed as 

k0=
a

pb×ξ
  (15) 

where, a and b are regression coefficients, their values 

corresponding to different site conditions are shown in 

Table 2. Fig. 13 compares the k0 values produced by Eq. 

(15) with observed results. It is observed that Eq. (15) 

performs exceptionally well in k0 prediction. In addition, the 

values of c corresponding to different spectral shape factor 

p values, site conditions, and damping ratios are shown in 

Table 3. 

 

4.3 Comparison with results of real seismic records 
 

The DMF values are calculated using Eq. (12) and 

contrasted with those from actual seismic recordings to 
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ascertain the proposed formulation’s correctness. Some 

representative comparisons are shown in Fig. 14. For the 

majority of situations taken into consideration in this study, 

Eq. (12) provides a good overall estimation of DMF. The 

relative errors by the proposed DMF formulation at each 

structural period are calculated and the results from 0s to 6s 

are averaged. In addition, the other three spectral shape 

factors, Tc
*, Tcen

*  and Ω were also tested in the construction 

of the DMF formulation, the representative average relative 

errors for cases of ξ=0.1 were listed in Table 4. It is found 

 

 

that the relative error using spectral shape factor p is 

minimal compared with those using the other three spectral 

shape factors for most cases, relative errors of 94% results 

are smaller than 5%, and the maximum average relative 

error is limited to 7%. 

 

 

5. Comparison with previous formulations 
 

The DMF results computed by Eq. (12) are contrasted 

Table 3 Values of c corresponding to different spectral shape factor p values, site classes and damping ratios 

Site classes lnp 
c 

ξ=0.1 ξ=0.2 ξ=0.3 

B 

-6.57 0.72 0.90 0.95 

-6.68 0.88 1.03 1.18 

-6.70 0.84 1.10 1.20 

-4.95 0.80 1.00 1.05 

-5.21 0.52 0.75 0.86 

-5.03 0.36 0.71 0.84 

-4.07 0.50 0.72 0.78 

-3.85 0.46 0.72 0.78 

-3.71 0.55 0.80 0.88 

C 

-6.27 0.84 1.12 1.24 

-6.50 0.76 1.02 1.16 

-6.39 0.96 1.28 1.42 

-4.66 0.92 1.32 1.42 

-4.72 0.70 0.98 1.08 

-4.71 0.28 0.76 0.88 

-3.63 0.46 0.78 0.98 

-3.46 0.40 0.72 0.80 

-3.29 0.48 0.88 0.96 

D 

-5.94 0.82 1.24 1.38 

-5.86 0.74 0.98 1.15 

-5.88 0.78 1.12 1.32 

-4.35 0.80 1.12 1.32 

-4.44 0.38 0.84 0.96 

-4.51 0.34 0.84 1.04 

-2.94 1.12 1.32 1.38 

-3.13 0.48 0.80 0.94 

-2.91 0.56 0.98 1.16 

E 

-5.12 0.76 1.02 1.14 

-5.17 0.84 1.12 1.25 

-5.06 1.07 1.46 1.67 

-3.89 0.76 1.12 1.20 

-3.88 0.46 0.80 0.92 

-3.75 0.52 0.92 1.08 

-3.11 0.52 0.88 1.02 

-2.48 0.48 0.80 0.88 

-2.45 0.60 0.94 1.08 
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with the DMF results achieved by the DMF formulations of 

Benahmed (2018), Conde-Conde and Benavent-Climent 

(2019) as well as ASCE 7-22 (2022). The DMF formulation 

of Behnamed (2018) was constructed through nonlinear 

regression analyses of four sets of seismic records from 

PEER, which is a function of structural period and damping 

ratio. 

DMF=0.582+0.418×(12.279 − 𝑇)(−3.9×(ξ−0.05))  (16) 

This formulation is suitable for cases with damping 

ratios less than 0.2, so damping ratios of 0.1 and 0.2 are 

considered for the comparison in this Section. The DMF 

formulation of Conde-Conde and Benavent-Climent (2019) 

was constructed using 880 seismic records from Europe, 

which is expressed as 

𝐷𝑀𝐹 = [1 + (√
0.05+𝜉

0.10
− 1)(

𝑇𝑅

𝑇
)𝛼

𝑇−𝑇𝑅
𝑇 ]

−1

  (17) 

 

 

where, TR  and α are coefficients that are obtained by 

nonlinear regression as listed in Table 2 of Conde-Conde 

and Benavent-Climent (2019). Their values corresponding 

to ground-motion duration longer than 16s were adopted, 

because ground-motion durations for most cases used for 

the comparison are longer than 16s. This formulation is 

applicable for T0≤4 s, so only the cases of T0≤4 s are used 

for comparison. 

As can be seen from Fig. 15, the proposed formulation 

can give a better estimation of DMF than the formulations 

of Benahmed (2018), Conde-Conde and Benavent-Climent 

(2019) as well as ASCE 7-22 (2022). In particular, the 

accuracies of DMF results obtained using Eq. (12) are much 

better than those of using the other three formulations for 

the cases with small magnitude (Figs. 15(a), (d), (g), and 

(j)). The results of the proposed formulation are very similar 

to those by formulations of Benahmed (2018), Conde-

Conde and Benavent-Climent (2019), and ASCE 7-22 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 14 Comparison of DMF values calculated by Eq. (12) and those of real seismic records for the cases (a) Site class B, 10 

km≤R<50 km, ξ=0.1, (b) Site class B, 10 km≤R<50 km, ξ=0.3, (c) Site class B, 50 km≤R<100 km, ξ=0.1, (d) Site class D, 

10 km≤R<50 km, ξ=0.1, (e) Site class D, 100 km≤R≤200 km, ξ=0.1 and (f) Site class D, 100 km≤R≤200 km, ξ=0.3 
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(2022) for cases with large magnitudes (Figs. 15(c), (i), and 

(l)). Since formulations of Behnamed (2018) and Conde-

Conde and Benavent-Climent (2019) ignore effects of 

magnitude and distance, their results don’t change with 

magnitude and distance, and perform not that well for the 

cases with small and moderate magnitude. The DMF results 

by the formulation of Behnamed (2018) are very similar to 

those by the formulation of ASCE 7-22 (2022) for all cases. 

Nevertheless, since Eq. (12) is based entirely on seismic 

records from Japan, its accuracy needs to be further 

discussed by including seismic records from different 

 

 

regions in future studies. 

 

 

6. Conclusions 
 

This study systematically examined the effects of 

magnitude, distance, and site conditions on the damping 

modification factor (DMF) and proposed a DMF 

formulation that not only takes these factors into account 

but can also be used directly in seismic design. The results 

of this study contribute to improving the rationality of the 

Table 4 Relative errors of DMF results calculated by Eq. (12) using different spectral shape factors (ξ=0.1) 

Site Class, Vs,30 (m/s) Magnitude, M Epicentral Distance, R (km) p (%) Tc
* (%) Tcen

*  (%) Ω (%) 

B (760,1500] 

4≤M<5.5 

10≤R<50 0.07 2.12 1.15 2.76 

50≤R<100 0.37 2.31 1.73 1.53 

100≤R≤200 0.84 1.77 1.74 0.66 

5.5≤M<6.5 

10≤R<50 1.02 6.25 5.46 6.28 

50≤R<100 1.21 6.51 4.51 5.90 

100≤R≤200 0.06 7.26 2.54 7.63 

M≥6.5 

10≤R<50 0.16 11.84 10.75 10.02 

50≤R<100 0.43 12.82 13.60 10.58 

100≤R≤200 0.35 13.83 15.05 11.88 

C (360,760] 

4≤M<5.5 

10≤R<50 0.86 2.54 0.45 1.38 

50≤R<100 0.65 2.49 0.49 1.24 

100≤R≤200 0.75 2.35 1.88 0.38 

5.5≤M<6.5 

10≤R<50 0.11 3.47 2.40 2.50 

50≤R<100 1.28 4.35 3.46 5.07 

100≤R≤200 1.53 6.99 3.29 9.96 

M≥6.5 

10≤R<50 1.13 11.35 10.15 6.02 

50≤R<100 0.11 10.50 12.73 4.00 

100≤R≤200 0.82 12.30 12.38 5.84 

D (180,360] 

4≤M<5.5 

10≤R<50 0.99 3.56 1.78 2.52 

50≤R<100 0.40 2.49 1.57 0.78 

100≤R≤200 1.98 0.71 1.37 1.79 

5.5≤M<6.5 

10≤R<50 0.79 3.72 1.17 4.12 

50≤R<100 1.07 5.71 4.74 6.09 

100≤R≤200 2.03 6.99 2.16 8.67 

M≥6.5 

10≤R<50 0.60 7.41 9.78 0.06 

50≤R<100 0.26 9.52 13.20 3.55 

100≤R≤200 1.34 12.75 12.63 7.79 

E (-,180] 

4≤M<5.5 

10≤R<50 1.58 2.42 0.18 3.21 

50≤R<100 4.03 0.09 1.41 0.78 

100≤R≤200 4.05 0.52 0.90 1.95 

5.5≤M<6.5 

10≤R<50 3.02 5.19 4.71 5.39 

50≤R<100 4.35 7.14 5.42 8.41 

100≤R≤200 4.14 6.50 2.06 9.21 

M≥6.5 

10≤R<50 0.58 7.16 5.05 6.52 

50≤R<100 2.10 14.28 16.01 6.18 

100≤R≤200 2.15 13.74 12.94 8.87 
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Fig. 15 Comparisons of the DMF results calculated by Eq. (12) with those obtained by formulations of Benahmed (2018), 

Conde-Conde and Benavent-Climent (2019), and ASCE 7-22 (2022) for the cases (a) Site class B, 10km≤R<50 km, 

4≤M<5.5, ξ=0.1, (b) Site class B, 10 km≤R<50 km, 5.5≤M<6.5, ξ=0.1, (c) Site class B, 10 km≤R<50 km, M≥6.5, ξ=0.1, 

(d) Site class C, 50 km≤R<100 km, 4≤M<5.5, ξ=0.2, (e) Site class C, 50 km≤R<100 km, 5.5≤M<6.5, ξ=0.2, (f) Site class C, 

50 km≤R<100 km, M≥6.5, ξ=0.2, (g) Site class D, 100 km≤R≤200 km, 4≤M<5.5, ξ=0.3, (h) Site class D, 100 km≤R≤200 

km, 5.5≤M<6.5, ξ=0.3, (i) Site class D, 100 km≤R≤200 km, M≥6.5, ξ=0.3, (j) Site class E, 10 km≤R<50 km, 4≤M<5.5, 

ξ=0.1, (k) Site class E, 10 km≤R<50 km, 5.5≤M<6.5, ξ=0.1 and (l) Site class E, 10 km≤R<50 km, M≥6.5, ξ=0.1 
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DMF formulation and enhancing its applicability in seismic 

design. The main conclusions of this study are summarized 

as follows. 

• When T0<Tmin, the DMF is almost not affected by 

magnitude, epicentral distance, and site condition; when 

T0≥Tmin, the DMF decreases with increasing magnitude, 

and the variation degree increases as the damping ratio 

is increased. When T0≥Tmin, the epicentral distance and 

site conditions have a minor impact on the DMF, and the 

impact grows as the damping ratio increases. The effects 

of epicentral distance and site conditions on DMF, 

however, are not governed and are significantly less 

significant than those of magnitude. 

• The spectral shape factor p performs the best among 

several other spectral shape factors to reflect effects of 
magnitude and distance. The DMF formulation 

incorporating the spectral shape factor can reasonably 

consider the effects of magnitude and distance. 

• By comparing the proposed formulation’s results with 

those from actual seismic data, it is discovered that it 

can provide a good prediction of DMF. And it is 

discovered that the new formulation can provide a 

superior estimation of DMF by comparison with earlier 

formulations. 
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Appendix A 
 

DMF Damping modification factor 

DMF(Tmin) Minimum value of DMF 

T0 Oscillator period 

Vs,30 Shear-wave velocity in the upper 30m 

hi Thickness of the i th layer of soil 

M Magnitude 

PSa Pseudo-acceleration response spectrum 

PSa(5%, T0) 
Pseudo-acceleration response spectrum at a 

damping ratio of 5% 

Sd(5%, T0) 
Displacement response spectrum at a 

damping ratio of 5% 

Tc
* Spectral shape factor expressed by Eq. (5) 

Ω Spectral shape factor expressed by Eq. (7) 

Sv Velocity response spectrum 

λ1
*
 First moment of Sv expressed by Eq. (9) 

k0 
Parameter controlling the increasing rate of 

DMF with the period at T0>Tmin 

a and b Regression coefficients of Eq. (15) 

PGA Peak ground acceleration 

Tmin Oscillator period corresponding to DMF(Tmin) 

ξ Oscillator damping ratio 

Vs,20 Shear-wave velocity in the upper 20m 

Vi Shear-wave velocity of the 𝑖th layer of soil 

R Distance 

PSa(6s) 
Value of the pseudo-acceleration response 

spectrum at 6s 

PSa(ξ, T0) 
Pseudo-acceleration response spectrum at a 

damping ratio of ξ 

Sd(ξ, T0) 
Displacement response spectrum at a 

damping ratio of ξ 

Tcen
*  Spectral shape factor expressed by Eq. (6) 

p Spectral shape factor expressed by Eq. (11) 

λ0
*
 Zeroth moment of Sv expressed by Eq. (8) 

λ2
*
 Second moment of Sv expressed by Eq. (10) 

c Regression coefficients of Eq. (12) 

TR and α Regression coefficients of Eq. (17) 

 


