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Abstract Peak ground acceleration (PGA), frequency content and time duration are three fundamental

parameters of seismic loading. This study focuses on the seismic load frequency and its effect on the underground

structures. Eight accelerograms regarding different occurred earthquakes that are scaled to an identical PGA and

variation of ground motion parameters with ratio of peak ground velocity (PGV) to PGA, as a parameter related

to the load frequency, are considered. Then, concrete lining response of a circular tunnel under various seismic

conditions is evaluated analytically. In the next, seismic response of underground structure is assessed numerically

using two different time histories. Finally, effects of incident load frequency and frequency ratio on the dynamic

damping of geotechnical materials are discussed. Result of analyses show that specific energy of seismic loading

with identical PGA is related to the seismic load frequency. Furthermore, incident load frequency and natural

frequency of a system have influence on the wave attenuation and dynamic damping of the system.
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1 Introduction

Geotechnical structures exposed to dynamic load-

ing is now more of a concern for the designer than it

used to be 20 or 30 years ago, because the application

range of these structures has been more developed, in-

cluding embankments, earth dams, retaining walls,

slopes, tunnels, caverns and foundations. Dynamic re-

sponse of geotechnical structures has traditionally been

attended, for design purposes, in an ‘equivalent static’

approach. This was based on magnification of verti-

cal applied load or specifying of equivalent horizontal

load. It is obvious that this method involves an in-

sufficient accuracy because of different characteristic

of static and dynamic loads. Nowadays the availabile

software being able to deal explicitly with dynamic

analysis of realistic structures with many degrees of
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freedom makes this type of analysis be a part of design

structures.

By definition, dynamic load is a type of load that

changes in the direction or quantity of force during op-

eration time. Based on the mentioned definition, almost

all loads in nature are dynamic, because those are time

dependent. In many cases, however, the variation of load

magnitude occurs in a slow rate and it can be supposed

as a static load. There is not a certain loading rate or

frequency as a threshold to distinguish the static and

dynamic loading, because a load varies slowly or is fast

only in relation to the period time of structure (Kappos,

2002).

Effect of dynamic loading frequency on the res-

ponse of geotechnical materials has been considered in

some of studies. Jafari et al. (2004) studied the me-

chanical behavior of rock joints under cyclic loading

and showed that continuous reduction of shear strength

takes place with frequency increasing. Wang et al.

(2007) considered the closure of rock joint under dy-

namic loading with different frequencies and indicated

that normal displacement of joint with special asperity
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decreases with loading frequencies increasing. Numer-

ous studies have been performed to investigate the ef-

fect of loading rate on the deformation mode of rock

materials. Results have revealed that decreasing of the

loading rate generally causes rock deformation mode to

change from brittle to ductile deformation mode (Sano

et al., 1981; Lajtai et al., 1991).

Frequency does not play an important role in as-

sessing the shear strength of intact rocks, as shown by

Burdine (1963), Haimson and Kim (1972) and Ray et

al. (1999). Further, Chen et al. (2005) considered the

dynamic response and failure behavior of rocks subject-

ed to dynamic loading with the frequency ranging from

0.5 to 5 Hz and found that the obtained strain rate

increases with the increase of load frequency.

In this study, some fundamental considerations re-

garding the seismic load frequency and its effect on the

wave attenuation, stress distribution and stability of un-

derground structure were performed.

2 Ground motion parameters

Ground motion parameters are a number of effec-

tive classical parameters which are derived from seismic

accelerograms. The parameters are key issues in charac-

terizing earthquake damage in structures (Alvanitopou-

los et al., 2010). In the recent years, many studies ha-

ve been performed to analyze the earthquake motion

records. Douglas (2003) reviewed the attenuation equa-

tion and showed that little agreement has been reached

in the past 30 years of ground motion estimation rela-

tion studies. Strasser and Bommer (2009) evaluated a

dataset of earthquake records with large value of PGA

(peak ground acceleration)>1g or PGV (peak ground

velocity)>100 cm/s and interoperated them. They tried

to classify causative physical processes according to a

uniform nomenclature. Alvanitopoulos et al. (2010) pre-

sented new crucial characteristic seismic parameters

which provide information pertinent to the damage indi-

cators of the structures. Baruah et al. (2011) investigat-

ed ground motion parameters for Shillong-Mikir plateau

of northeastern India. They presented empirical rela-

tions for ground motions as a function of earthquake

magnitude, fault type, source depth, and velocity char-

acterization of medium and distance.

PGA is usually used to describe the intensity of

ground motion in conventional seismic hazard analyses

(Kavazanjian et al., 1985). However, PGA that is calcu-

lated by attenuation relations is not enough criteria for

determination of “design base earthquake” time history

because, in addition to PGA, seismic loads frequency

and duration of strong ground motion affect the earth-

quake intensity.

Table 1 presents ground motion parameters of

eight occurred earthquakes (Seismosoft, 2011; PEER

Database, 2005). In all of the time histories, PGAs are

scaled to 0.5g to evaluate the effect of load frequency

and time duration on the ground motion parameters.

Table 1 Scaled ground motion parameters of different earthquakes

Earth- Original Scaled PGV PGD PGV

PGA
/s

arms Td Ia SED ASI Tp arms×
quake PGA/g PGA/g /(cm·s−1) /cm /(cm·s−2) /s /(m·s−1) /(cm2·s−1) /(g·s) /s /Td

Chi-Chia 0.78 0.5 73.752 87.574 0.15 57 40 1.997 13888.2 0.374 0.58 2280

Chi-Chib 0.69 0.5 82.57 75.561 0.168 61 40 2.298 15119.77 0.465 0.58 2440

Corralitos 0.69 0.5 20.342 3.451 0.041 92 8.45 1.106 244.675 0.397 0.28 777

Emeryville 0.25 0.5 75.066 20.443 0.153 105 20.53 3.468 8231.086 0.356 0.68 2155

Friulli 0.47 0.5 35.164 7.708 0.072 72 20 1.577 677.345 0.432 0.26 1440

Hollister 0.13 0.5 32.165 4.362 0.066 85 15 1.679 510.193 0.547 0.4 1275

Sakaria 0.57 0.5 80.129 33.867 0.163 112 20 3.847 5614.157 0.495 0.28 2240

Tabas 0.90 0.5 13.823 2.59 0.028 96 6.56 0.94 99.91 0.142 0.04 629

Note: a. Longitudinal component; b. Transversal component. PGA, PGV, PGD denote respectively peak ground acceleration,

peak ground velocity and peak ground displacement. arms denotes root mean square of acceleration time history, Td denotes

time duration of strong motion, Ia means Arias intensity, SED means specific energy density, ASI denotes acceleration spectrum

intensity, and Tp denotes predominant period.

As shown in Table 1, although the time histories

are scaled to an identical PGA, the other ground mo-

tion parameters are different. This is because frequency

contents and time durations of time histories are dif-

ferent. Whereas ground motion velocity computed by

integral of motion acceleration, the ratio of PGV/PGA,

can be used as an index of earthquake frequency con-

tent. In other words, the ratio of PGV/PGA is known
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as a function of load frequency, so that for a simple

harmonic motion with frequency of f , the ratio will be

1/2πf .

Arias intensity (Ia), specific energy density (SED)

and root mean square of acceleration time history (arms)

are defined as

Ia =
π

2g

∫ Td

0

a2(t)dt,

SED =

∫ Td

0

v2(t)dt,

(1)

(2)

and

arms =

√
1

Td

∫ Td

0

a2(t)dt, (3)

where a(t) represents the acceleration time history and

Td is time duration of strong motion in acceleration

record (Kavazanjian et al., 1985; Arias, 1970).

Variation of arms, Arias intensity and SED with

the ratio of PGV/PGA are depicted in Figures 1a–1c.

Figure 1a shows that arms has no significant relation-

ship with the ratio of PGV/PGA, while Arias intensity

and SED have a significant relationship with the ratio

of PGV/PGA. This finding infers that Arias intensity

and specific energy of time histories with identical PGA

is related to the frequency content of the seismic load.

Therefore, PGA has generally a strong limitation on the

measurement of seismic intensity.

Figure 1c shows that increasing of PGV/PGA in-

creases the value of SED. The work-energy equation for

one-dimensional motion confirms the result of Figure

1c, so that dynamic loads energy has an inverse relation

with load frequency or has a direct relationship with the

ratio of PGV/PGA (Ghazvinian et al., 2010). Whereas

the time duration of considered time histories is differ-

ent, there is no significant relationship between arms and

PGV/PGA, but the correlation between arms× Td and

the ratio of PGV/PGA is reasonable (Figure 1d).
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Figure 1 Variation of ground motion parameters ratio of PGV/PGA with RMS acceleration (a), Arias

intensity (b), specific energy density (c), and arms×Td (d).

3 Seismic behavior of undergro-

und structures

As mentioned before, the ratio of PGV/PGA rep-

resents the frequency content of seismic load. Power et

al. (1996) proposed the value of PGV/PGA at surface

in rock and soil based on the source to site distance and

earthquake magnitude (Table 2).

As shown in Table 2, the value of PGV/PGA in-

creases with decreasing of the shear wave velocity in

the site sediment. Furthermore, earthquake magnitude

and distance to source has a direct relationship with the

ratio of PGV/PGA.

3.1 Lining deflection under seismic loading
When seismic waves propagate in the direction per-

pendicular to tunnel axis, ovaling deformation may oc-

curr (Wang, 1993). Ovaling deformation is one of the

most significant influences on the tunnel lining, e.g.,

lining deflection, under seismic loading (Penzien, 2000).

Figure 2 depicts a schematic view of ovaling deforma-

tion in a circular tunnel. Wang (1993), Penzien (2000)

and Hashash et al. (2001) evaluated ovaling deforma-

tion of underground tunnel under seismic tunnel. Ratio
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of PGV/PGA has been utilized in the proposed method

and its influence on the maximum free-field shear str-

ain of rock or soil medium is considered (Hashash et

al., 2001). In this section, importance of PGV/PGA on

the seismic response of tunnel lining under seismic load-

ing is investigated. For this purpose, assuming full-slip

interface, lining deflection, Δdlining, of a circular tunnel

under various seismic conditions (Table 2) is considered.

Table 2 Ratios of PGV/PGA at surface in rock and soil for various earthquake magnitude and source distance (Power
et al., 1996)

Sediment types MW
PGV/PGA/(cm·s−1· g−1) for difference source to site distance d

0<d<20 20<d<50 50<d<100

Rock 6.5 66 76 86

vS≥750 m/s 7.5 97 109 97

8.5 127 140 152

Stiff soil 6.5 94 102 109

200<vS<750 m/s 7.5 140 127 155

8.5 180 188 193

Soft soil 6.5 140 132 142

vS≤ 200 m/s 7.5 208 165 201

8.5 269 244 251

Tunnel before 
wave motion

Tunnel during
wave motion

Shear wave front

d

Figure 2 Schematic view of ovaling defor-

mation in tunnel (Wang, 1993).
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Figure 3 Variation of lining deflection with

the ratio of PGV/PGA.

Figure 3 indicates the effect of PGV/PGA ratio

on the Δdlining. The result of this figure is related to a

tunnel lining of concrete support with 30 cm thickness,

24 MPa yield strength and 24 GPa Young’s modulus.

The radius and depth of tunnel are assumed 4 and 20

meters, respectively.

Figure 3 shows that lining deflection increases

with the value of PGV/PGA increasing. Lining deflec-

tion has an exponential relationship with the ratio of

PGV/PGA. This finding can be confirmed by the re-

sult of previous analyses that are depicted in Figure 1c

because the specific energy of seismic load has a direct

relationship with PGV/PGA.

3.2 Numerical modeling
In this section, effect of seismic load frequency on

the underground structures was considered numerically.

For this purpose, a railway tunnel in the south of Iran,

which is located at a depth of 20 meters, was considered

as a case study. Geomechanical properties of the tunnel

surrounding rock mass are included such as deformabil-

ity coefficient of 1.3 GPa, a Poisson’s ratio of 0.25, a

cohesion of 200 KPa, a friction angle of 25◦, a tensile

strength of 24 KPa and a density of 2.7×103 kg/m3.

Two separate time histories with different specifications

are used for dynamic analysis. The first one is related

to Chi-Chi earthquake in Taiwan of China with local

magnitude of ML7.3 which is recorded in a soil media.

The focal depth of this earthquake is 7.5 km. Also the

distance of earthquake record station from epicenter is

2.5 km (Wang et al., 2001). Figure 4a shows this time

history with peak ground acceleration 0.78g. The sec-

ond time history is related to Avaj earthquake in Iran

with MW6.5 that is recorded in the Avaj seismogra-

phy station. Avaj station is located in the rock-bed and

28 km distance from the epicenter. Focal depth of this

earthquake is 7 km (BHRC, 2008). Figure 4b shows this

time history with peak ground acceleration 0.5g. Fourier
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amplitude spectra of both earthquakes which indicate

frequency content of those time histories are also shown

in Figures 5a and 5b.

The Fourier amplitude spectrum is computed by

means of fast fourier transformation (FFT) of the input

time history. The Fourier amplitude spectrum shows

how the amplitude of the ground motion is distributed

with respect to frequency (or period), effectively mean-

ing that the frequency content of the given accelerogram

can be fully determined (Clough and Penzien, 1994).
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Figure 4 Time histories of the Chi-Chi (a) and Avaj (Nejati, 2009) earthquakes (b).
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Figure 5 Fourier amplitude spectra of the Chi-Chi (a) and Avaj earthquakes (b).

As shown in Figure 5, frequency contents of the

Chi-Chi and Avaj earthquakes are completely different

from each other. Although both central frequencies are

1.6 Hz, but the Fourier amplitude of low frequencies in

both earthquakes are different.

Initially, both time histories are scaled for PGA eq-

ual to 0.35g in order to examine differences in frequen-

cy contents of both loads. For this purpose the Chi-Chi

time history is multiplied by a coefficient of 0.47. This

coefficient is ratio of 0.35 (target PGA) to the Chi-Chi

accelerogram PGA (0.78). This scaled coefficient only

changes the amplitude of ground motion and not the

frequency. Similarly the Avaj time history is multiplied

by 0.7. Hereby the PGA of both time histories is scaled

to 0.35g. Thus the only difference of these scaled time

histories is their frequency contents. Table 3 presents

ground motion amplitude parameters for both of the

scaled Chi-Chi and Avaj time histories.

As shown in Table 3, in spite of scaling Chi-Chi

and Avaj accelerograms to 0.35g, their peak velocities

and displacements remain different.
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Table 3 Ground motion amplitude parameters for two scaled Chi-Chi and Avaj time histories

Time Scaled Scaled amplitude parameters PGV

PGA
/s

history coefficient PGA/g PGV/(cm·s−1) PGD/cm

Chi-Chi 0.47 0.35 43 22 0.12

Avaj 0.78 0.35 28 5.9 0.08

Horizontal displacement of tunnel wall is deter-

mined after applying Avaj and Chi-Chi time histories

to the numerical model to evaluate the responses and

comparison of the effects of both earthquake loadings

on the studied tunnel. These horizontal displacements

are shown in Figures 6a and 6b, respectively.

It can be noticed from Figure 6 that the horizontal

displacement occurring at the center of tunnel wall due

to the applied Avaj seismic loading is 0.55 cm, where-

as for Chi-Chi seismic loading is more than 3 cm. In

other words, Avaj seismic load, with smaller value of

PGV/PGA ratio, causes less destructive effect on the

structure than Chi-Chi seismic load.

Time/s

x 
di

sp
la

ce
m

en
t/c

m

(a)

Time/s

x
di

sp
la

ce
m

en
t/c

m

(b)

Figure 6 Horizontal displacement of tunnel wall with Chi-Chi (a) and Avaj records (b).

4 Effect of load frequency on the

wave attenuation

Dynamic damping of geotechnical materials is one

of the most effective factors controlling response of ge-

omechanical structures under dynamic loading (Chang,

1989). Wave attenuation in geotechnical materials is a

complex phenomenon that is due to energy loss as a re-

sult of internal friction. Whereas dynamic load frequen-

cy has influence on the stress distribution, then load

frequency could be an effective factor on the wave atten-

uation. The numerical model depicted in Figure 7 was

developed to investigate the effect of load frequency on

the stress distribution and wave attenuation. Harmonic

dynamic loading with constant amplitude and variable

frequency were applied to the left side of this model to

assess the peak particle velocities at points A and B.

Dynamic loading applied to the numerical model is

a harmonic (sinusoidal) stress wave with constant am-

plitude (1.0 MPa) and variable angular frequency (2–

120 rad/s). It should be mentioned that frequency con-

tent of seismic loads is different from harmonic loads,

because seismic loads do not have a certain frequency

and contain a frequency spectrum. However, the effect

of load frequency on the wave attenuation can be bet-

ter explained using simple harmonic loading. Figure 8a

presents the variation of maximum particle velocity at

points A and B versus angular frequency due to dy-

namic loading. It can be inferred from Figure 8a that

any increase in frequency of the input dynamic loading

causes decreasing of peak particle velocity. This fact sh-

ows that any increase in load frequency affects the stress

distribution and wave energy. Hence, the larger the

loading frequency, the lower the load energy will be.

Geotechnical material

Dynamic
loading

A                                B

Figure 7 Numerical model of harmonic wave propa-

gation through geotechnical material.
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Figure 8 (a) Variation of maximum particle velocities at points A and B versus angular frequency. (b) The

value of decay factor (DF) versus angular frequency.

Effect of load frequency on the dynamic damping

of the developed model can be evaluated by definition

of a non-dimensional parameter, namely decay factor

(DF), which is defined as (Wang et al., 2010)

DF =
VA − VB

VA
, (4)

where VA and VB represent peak particle velocity at

points A and B, respectively. It should be noted that

Wang et al. (2010) used peak axial stress instead of peak

particle velocity; but, they are proportional to each oth-

er, equation (4) was employed as a DF.

Figure 8b depicts the value of DF versus angu-

lar frequency. As shown in this figure, the value of DF

increases with the angular frequency increasing. This

finding infers that wave attenuation increases with any

increase in the input load frequency. However, the rate

of increment decreases with increase of load frequency.

In addition to the incident load frequency, natural

frequencies of structures have influence on the structure

response (Ghazvinian et al., 2010). In this section, ef-

fect of natural frequency of geotechnical models on the

wave attenuation and dynamic damping of models are

considered. Table 4 presents geomechanical properties

of five models with different natural frequencies. Natu-

ral frequencies of models are determined by applying the

gravity force to the numerical model with zero damp-

ing. Upon applying the gravity force, the model begins

to oscillate and the natural frequency of oscillation with

recording history of vertical displacement in the special

time interval is determinable. The frequency of oscilla-

tion is used as a natural frequency of model.

Table 4 Geomechanical properties of five models with different natural frequencies

Bulk modulus Shear modulus Cohesion Friction Tensile strength Density Natural frequency

/GPa /GPa /MPa angle/◦ /MPa /(kg·m−3) /Hz

17.57 13.18 4.12 36 1.04 2600 13.00

5.56 4.17 1.12 35 0.20 2600 7.20

1.76 1.32 0.34 34 0.05 2600 4.00

0.56 0.42 0.01 32 0.01 2600 2.50

0.35 0.20 0.03 25 0.003 2600 1.60

The developed numerical model (Figure 7) is used

to evaluate the effect of natural frequency on the wave

attenuation. For this purpose, five numerical models are

performed based on the presented data in Table 4. A

sinusoidal stress load with frequency of 4 Hz and ampli-

tude of 1.0 MPa is applied to the model, and the value

of DF in the different geotechnical models, with differ-

ent natural frequencies, are recorded. Figure 9 depicts

the variation of DF with frequency ratio (η), the ratio of

incident load frequency to natural frequency of model.

Figure 9 shows that the minimum value of DF ob-

tains when frequency ratio η=1. In other words, when

the value of incident load frequency is equal to the nat-

ural frequency of model, minimum wave attenuation oc-

curs.

D
F

Frequency ratio

Figure 9 Variation of DF versus frequency ratio.
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5 Conclusion

This study deals with some fundamental consid-

erations regarding ground motion parameters and be-

havior of underground structures under seismic loading.

Analyses revealed that Arias intensity and specific en-

ergy of time histories with identical PGA are related to

the frequency content of the seismic load.

Although arms is a more realistic measure than

PGA for evaluation of earthquake intensity, there is no

significant relationship between arms and PGV/PGA.

This is because time durations of considered time his-

tories are different. However, there is a reasonable rela-

tionship between arms×Td and the ratio of PGV/PGA.

An increment in the ratio of PGV/PGA increases

the value of lining deflection and there is an exponen-

tial relationship between lining deflection and ratio of

PGV/PGA.

Dynamic analysis of an underground structure us-

ing two separate time histories (Avaj and Chi-Chi earth-

quakes) with identical PGA and different frequency con-

tents, presents different responses. Avaj seismic load,

with smaller value of PGV/PGA ratio, causes less de-

structive effect on the underground structure than Chi-

Chi seismic load.

With increasing frequency of incident dynamic

loading to a geotechnical model, peak particle veloci-

ty of model decreases.

Loads with higher frequency attenuate faster than

loads with lower one. The value of DF increases with

the angular frequencies increasing. In other terms, wave

attenuation increases with any increase in the incident

load frequency. However, the rate of increment decreas-

es with increasing of the load frequency.

When a geotechnical model was excited by a dy-

namic load possessing a frequency equal to natural fre-

quency of the model, minimum wave attenuation occurs

in the model.
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