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ABSTRACT 

The amplification characteristics of seismic motion are determined by the ground structure. In design 

practice, the ground is assumed to be horizontally stratified. However, the actual ground forms irregular 

sedimentary structures and the propagation direction of the seismic motion in the soil changes in a 

complicated way. Thus, the actual amplification factor of seismic motion is dramatically different from the 

value assumed in design practice. This phenomenon is called the multidimensional effect. The present 

study targeted at a seismic observation point in Tottori Prefecture, Japan, and estimated the irregular 

ground structures based on the microtremor observation results. With this ground structure model, Finite 

Element Analysis (FEA) was conducted and the amplification factors were compared with those 

determined assuming horizontal stratification. When there is no ground nonlinearity, the multidimensional 

effect of the ground was more notable in points with thick sedimentary strata, where the peak 

amplification factor according to the FEA was 1.9 to 3.6 times larger than when horizontal stratification 

was assumed. In points with thin sedimentary strata, the peak amplification factor ratio was 2.1–2.4. First-

order peak frequency was different between cases with irregular ground structures and with horizontal 

stratification. Furthermore, when the nonlinearity of the ground was evident, the multidimensional effect 

on the peak amplification factor was not as noticeable as when the ground behaved linearly. The peak 

magnification ratio due to the multidimensional effect was found to be 2.3. The results of this study show 

that the amplification characteristics of the seismic motion considered in design practice are likely to be on 

the dangerous side when the ground is not horizontally stratified. 

Keywords-seismic motion; site amplification factor; finite element analysis; ground nonlinearity  

I. INTRODUCTION  

Seismic motions are determined by the source, path, and 
site amplification characteristics. Site amplification 
characteristics display the property of seismic motion being 
amplified as it propagates through sedimentary grounds, and its 
amplification factor varies by frequency. When the ground has 
horizontal stratification and the seismic motion is a vertical 
incident to the ground, site amplification characteristics can be 
theoretically calculated based on parameters such as the 
thickness and the shear modulus of each stratum. Such 
characteristics are simplified in design practice, where the 
ground type is classified based on the average S-wave velocity 
of the top 30m (Vs30) [1–3] and the natural period of the 

shallow subsurface [4], and the amplification factor is 
determined for each ground type. 

There are two problems with such simplification of site 
amplification characteristics. First, grounds consist of shallow 
and deep subsurfaces, yet in a simplified assessment, only the 
influence of the shallow subsurface is considered. The deep 
subsurface has high rigidity and does not exhibit nonlinear 
characteristics even during a massive earthquake. In contrast, 
the shallow subsurface has relatively low rigidity, impacted by 
nonlinearity during massive earthquakes. The boundary 
between the two is the engineering bedrock, whose S-wave 
velocity is 300m/s or higher. The amplification factor for the 
seismic motion is much higher for the deep subsurface than for 
the shallow subsurface [5–7]. Even points that are classified in 
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the same ground type in design practice present notable 
variations in the amplification factor of seismic motion. 
However, in the classification based on the amplification 
characteristics of the deep subsurface, such variations are 
reduced [8]. Even if the deep subsurface is considered, the 
theoretical amplification factor calculated with the assumed 
horizontal stratification is extremely smaller than the one 
assessed by spectral inversion [9–11] using seismic records [6, 
7]. The actual ground structure does not have horizontal 
stratification and the thickness of each stratum changes in a 
complex manner for each location. Therefore, changes in the 
propagation direction of the seismic motion in the ground are 
complex. As the wave motions are superimposed in the ground 
in a complex manner, the amplification factor observed on the 
ground surface becomes notably different from the theoretical 
value calculated with the assumption of horizontal 
stratification. This phenomenon is called the multidimensional 
effect. When the seismic response is evaluated with a one-
dimensional (1D) model based on the horizontal stratification, 
there are notable errors compared to the observed seismic 
motion [12]. Yet, only a few studies have examined the actual 
impact of the multidimensional effect of the ground on the 
amplification factor of the seismic motion. For example, some 
studies considered a simple two-layer structure with an inclined 
bedrock, and examined the difference in the seismic response 
on the ground surface using two-dimensional (2D) models [13, 
14]. Another study prepared a 2D model for a multi-layer 
irregular ground and examined the differences in amplification 
characteristics [15]. Since the site amplification characteristics 
dramatically vary by location [16], site amplification 
characteristics must be accurately evaluated for each point. 

In the present study, focus was given on a seismic 
observation point in Tottori Prefecture, Japan, and site 
amplification characteristics that consider the impact of deep 
subsurface at the target point were calculated by using the 
seismic records observed at that point and in the surrounding 
areas. Microtremor observation was concucted in the target 
area to estimate the ground structure around the target point. 
Then, 2D Finite Element Analysis (FEA) was conducted for 
the estimated ground structure, and the impact of the irregular 
sedimentary structures of the ground on the amplification factor 
of the seismic motion was discussed. To the best of our 
knowledge, no previous studies have discussed the 
multidimensional effects in the conditions of both linear and 
nonlinear responses of the ground, however, this study 
discusses these effects in both conditions. 

II. TARGET POINT AND THE GROUND 

STRUCTURE 

A. Site Amplification Characteristics of the Target Point 

The case study was conducted at a point in Tottori 
Prefecture from the strong-motion seismograph networks K-
NET of Japan [17], namely the point TTR004 (Figure 1). With 
K-NET, S-wave velocity structure down to 20m at a seismic 
observation point is obtained with P-S logging [18]. The 
seismic observation point for TTR004 was moved in 2003, and 
site amplification characteristics for the current observation 
point have not been obtained so far. Thus, we used seismic 
records for TTR004 and three K-NET observation points 

around TTR004 for which site amplification characteristics 
have been calculated through spectral inversion (TTR002, 
TTR005, and TTR006) to assess the site amplification 
characteristics of TTR004. Since earthquakes of higher 
magnitude (M) have more complex source characteristics, we 
only studied earthquakes between 4.2 and 6.0 M. To avoid the 
impact of nonlinear response of the shallow subsurface, we 
used the records with Peak Ground Acceleration (PGA) of 
1m/s

2
 or lower. Since seismic records with low acceleration can 

have poor Signal-to-Noise Ratio (SN ratio), based on the -2 

rule [19], we selected records with good SN ratio, greater than 
0.2Hz. Under the aforementioned conditions, we prepared a set 
of records for 10 earthquakes. Site amplification characteristics 
at TTR004 were calculated with (1) based on the spectral ratio 
of seismic record [20]. 

    
    

exp / ( )( )
( ) ( )

( ) exp / ( )

RT T
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f r Q f VsO f r
G f G f

O f r f r Q f Vs






   


 (1) 

where G(f) represents the site amplification characteristics, O(f) 
is the observed seismic motion, r is the hypocentral distance, 
Q(f) is the quality factor along the propagation path, VS is the S-
wave velocity along the propagation path (3.55km/s in this 
study based on [21]), and f is the frequency. Subscripts R and T 
indicate reference and target points (TTR004), respectively. Q 
is an index that expresses anelastic attenuation with frequency 
dependence, which varies by each area [22, 23]. In this study, 
Q was calculated with (2) based on [24]: 

  0.38152Q f f      (2) 

 

 

Fig. 1.  Target point. 

Figure 2 shows the calculated site amplification 
characteristics. The thin gray line represents site amplification 
characteristics from individual records, while the red line 
represents the average. For reference, the site amplification 
characteristics of TTR004 obtained from the seismic 
observation records of the previous location through spectral 
inversion are represented by the blue line. At the previous 
location, the amplification factor was approximately 1 to 4 and 
did not show any notable difference based on frequency. 
However, at the present point, it shows a large amplification 
factor of 22.7 at 1.3Hz. Though the distance between the 
previous and the present seismic observation point is only 
1.3km, the site amplification characteristics are notably 
different, therefore, site-specific assessment of amplification 
factor is extremely important. 
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Fig. 2.  Site amplification characteristics for TTR004. 

B. Estimation of the Ground Structure through Microtremor 
Observation 

We observed the microtremors around TTR004. From the 
observation result, we calculated the spectral ratio for the 
horizontal and vertical components of microtremors (H/V 
spectrum). When surface waves are dominant in microtremors, 
the H/V spectrum can be considered to be the same with that of 
the surface waves. Since the surface waves with vertical 
components are Rayleigh waves, their H/V spectrum can be 
considered the one of Rayleigh waves [25]. The peak 
frequency of the H/V spectrum of Rayleigh waves is quite 
consistent with the first-order peak frequency of the 
amplification characteristics of seismic motion [26]. Thus, the 
H/V spectrum is useful as a basis for estimating the ground 
structure for the microtremor observation points. By assuming 
the S-wave velocity structure of the ground, the theoretical H/V 
spectrum for the fundamental-mode Rayleigh waves can be 
calculated [27]. Thus, from the perspective of minimizing the 
residual difference between the H/V spectrum and the H/V 
spectrum of the fundamental-mode Rayleigh waves, the S-
wave velocity structure of each point can be estimated. 

 

 
Fig. 3.  Microtremor observation points. 

Figure 3 shows the observation point locations and the peak 
frequency of the H/V spectrum as well. The microtremor 
observations were conducted in the area 2.0km in east–west 
and 1.5km in north–south. The peak frequency of the H/V 
spectrum range between 1.0 and 6.5Hz, showing a notable 
difference in location. This indicates that the ground structure 
shows notable difference between locations. Figure 4 shows the 
target survey line for FEA along with the peak frequency of the 
H/V spectrum. A-H in the Figure are analytical target points of 
the FEA discussed below, where D refers to TTR004. The 
survey line width was 600m and the peak frequency was 
distributed over a wide band of 1.2–3.0Hz as shown below, 

indicating that even in a narrow range around TTR004, the 
ground structure rapidly changes. 

 

 

Fig. 4.  FEA target survey line. 

To calculate the H/V spectrum of the Rayleigh waves, 
thickness, S-wave velocity, P-wave velocity, and density of 
each stratum are necessary. By combining the S-wave velocity 
distribution for the top 20m at TTR004 and that distribution at 
the depth from J-SHIS [28], the S-wave velocity structure 
down to deep subsurface can be set. Regarding the S-wave 
velocity of the top 20m, we also referred to [29]. P-wave 
velocity and density can be calculated with [30]: 

SV31032.07.1     (3) 

SP VV 100           (4) 

where  is the density (t/m
3
), VS is the S-wave velocity (m/s), 

and VP is the P-wave velocity (m/s). 

The ground model was adjusted so that the peak 
frequencies for the H/V spectrum of the fundamental-mode 
Rayleigh waves and microtremors would be consistent. For 
four microtremor observation points on the target survey line of 
FEA, we changed the thickness of each stratum based on the S-
wave velocity structure of TTR004, so that the peak frequency 
of the H/V spectrum of the microtremors and that of the 
Rayleigh waves would be consistent. The red line in Figure 5 
denotes the H/V spectrum of microtremors and the blue line 
shows the H/V spectrum of Rayleigh waves. As for the 
northern edge of the FEA observation line, we were unable to 
conduct microtremor observation. Therefore, we postulated the 
peak frequency to be 1.9Hz, which is the mean peak frequency 
of the H/V spectrum at the two closest points. For the points 
other than the S-wave velocity structure estimation points, we 
assumed that the strata thickness would transform linearly, and 
estimated the ground structure for the target survey line for 
FEA. Figure 6 and Table I show the obtained ground structure. 
The thickness of the strata deeper than Vs = 800m/s was 
constant, while the thickness of the strata with Vs = 400m/s 
changed dramatically depending on location. Furthermore, 
strata with low rigidity of Vs = 190m/s were assumed to be 
limited to the areas A to E, located on the north side of the 
survey line. Figure 6 also shows the FE mesh. The point C is 
the point in where the sedimentary strata are at their thickest, 
while the point G is where they are thinnest. The bedrock depth 
difference between the two points was 14m. 

0.1 1 10
0.1

1

10

1 10
2

frequency (Hz)

si
te

 a
m

p
li

fi
ca

ti
o
n
 f

ac
to

r



Engineering, Technology & Applied Science Research Vol. 13, No. 3, 2023, 10834-10842 10837  
 

www.etasr.com Nagao & Ma: The Impact of the Ground Irregular Sedimentary Structure on the Seismic Motion … 

 

  

  

Fig. 5.  H/V spectrum. 

 

Fig. 6.  The ground structure and FE mesh. 

TABLE I.  STRATUM THICKNESS 

Stratum no. Vs (m/s) A B C D E F G H 

1 180 1 

2 270 4.6 5.4 6 6 5 4 4 4.5 

3 200 1 

4 280 9.3 9.6 10 10 9 8 8 9.5 

5 190 5.3 7.8 10 6 0.5 0 

6 400 16 19.2 22 20 11 10 2 7.8 

7 800 10 

8 1100 32 

9 1400 45 

10 1700 37 

11 2100 46 

12 2700 88 

13 3100 – 

A - H are locations shown in Figure 6. Unit: m. 

 

C. Seismic Response Analysis 

To examine the multidimensional effect, we performed 2D 
FEA for the ground shown in Figure 6. The FEA model has 
width and height of 600m 320m, respectively. The width of the 
FEA model was set as the width at which the seismic responses 
of the output points (i.e. A and H) at both ends were unaffected 
by the model lateral boundary. The FEA code used was FLIP 
[31]. The FE mesh height was set such that the seismic motion 
up to 10Hz could be propagated. The boundary conditions 

were: during the self-weight analysis, the bottom boundary was 
fixed and the side boundaries were horizontally fixed while 
vertically free. During the dynamic analysis, side and bottom 
boundaries were viscous boundaries. The shallow subsurfaces 
linearly respond during small earthquakes. However, they 
could become nonlinear during a massive earthquake. Site 
amplification characteristics shown in Figure 2 are those where 
there is no impact of the ground nonlinearity. On the other 
hand, deep subsurfaces do not exhibit nonlinear characteristics 
even during a massive earthquake. Thus, deep subsurfaces 
were modeled with linear planar elements while shallow 
subsurfaces were either modeled with linear planar elements or 
elements that can consider the nonlinearity of the ground. 
Regarding the linear planar elements, the Young’s modulus 
was calculated as: 

2

SG V           (5) 

 2 1E G        (6) 

where G is the shear modulus (kPa),  is the density (t/m
3
), VS 

is the S-wave velocity (m/s), E is the Young’s modulus (kPa), 

and  is the Poisson’s ratio (= 0.33). 

Hysteresis damping was set as in (7) [31] and was 
expressed with Rayleigh damping. Rayleigh damping is 

expressed with (8). In this study, we set the parameters  and  
such that, in the range of 1–5Hz, where the peak frequency of 
amplification characteristics exists, the residual sum of squares 
of (7) and (8) would be minimum. 

5.333

66.77SV
 


         (7) 

2 2

 



           (8) 

where  is the damping constant, VS is the S-wave velocity 

(m/s),  and  are the parameters that multiply the mass matrix 

and rigidity matrix respectively, and  is the angular frequency 

(= 2f ). 

When considering the nonlinearity of the ground, we 
employed multi-spring elements that can assess responses 
during principal stress axes rotation [32] for layers of  
Vs = 400m/s or less. For the nonlinearity of the ground, we 
used the hyperbolic model below [33]. 

00
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    (9) 

where Gm is the shear modulus, G0 is the initial shear modulus, 

 is the shear strain, and m is the shear strength, which is 
calculated by (10) [34]. Shear modulus Gm of the ground at 
each depth is calculated with the reference shear modulus and 
the reference effective confining pressure using (11) [35]. The 
reference bulk modulus Kma is calculated with (12). 

m=m' sin            (10) 
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where Gma is the reference shear modulus, m' is the effective 

confining pressure, ma' is the reference effective confining 

pressure that corresponds to the reference shear modulus, is 

the shear resistance angle, and  is the Poisson’s ratio. 

Tables II and III show the ground parameters used for FEA 
for linear response and nonlinear response, respectively. 

TABLE II.  GROUND PARAMETERS (LINEAR RESPONSE) 

Stratum 

No. 

Vs 

(m/s) 


(t/m3) 

E 

(kPa) 
  

1 180 1.8 152089 0.1 0.002 

2 270 1.8 361212 0.1 0.001 

3 200 1.8 198196 0.1 0.002 

4 280 1.8 408910 0.1 0.001 

5 190 1.8 178872 0.1 0.002 

6 400 1.8 834510 0.098 0.001 

7 800 2.0 3264600 0.1 0 

8 1100 2.1 6475050 0.1 0 

9 1400 2.2 10979200 0.089 0 

10 1700 2.4 16912300 0.073 0 

11 2100 2.4 27279400 0.06 0 

12 2700 2.6 48744500 0.043 0 

13 3100 2.7 67465200 0.041 0 

TABLE III.  GROUND PARAMETERS (NONLINEAR 
RESPONSE) 

Stratum 

No. 

Vs 

(m/s) 


(t/m3) 

ma' 

(kPa) 

Gma
(kPa) 

Kma
(kPa) 

1 180 1.8 6.62 58320 152089 

2 270 1.8 55.13 138510 361212 

3 200 1.8 104.0 76000 198196 

4 280 1.8 184.5 156800 408910 

5 190 1.8 299.8 68590 178872 

6 400 1.8 488.8 320000 834510 

 

 

Fig. 7.  Seismic waveform. 

We used incident seismic waveform at the engineering 
bedrock by deconvolution [37] based on the seismic waveform 
observed at the Hachinohe Port during the Tokachi-Oki 
earthquake in 1968 (Figure 7). The PGA was 2.1m/s

2
 and the 

dominant frequencies were 0.4 and 1.0Hz. The seismic motion 
in the low frequency range has an impact on the nonlinearity of 
the ground [38]. In this study, we used the seismic waveform 
shown in Figure 7 and the 0.1m/s

2
 PGA waveform in order to 

avoid the impact of ground nonlinearity. The evaluated 
amplification characteristics in 2D FEA (hereafter 2D 
amplification characteristics) were the spectral ratio of the 
seismic motion at the ground surface and the input seismic 
motion. When obtaining the spectral ratio, the seismic motions 
were both smoothed with the Parzen Window [39] with a band 
width of 0.2Hz. The output points of FEA are the 8 points, 
from A to H, shown in Figure 6. To discuss the 
multidimensional effect of the ground, we evaluated the 
amplification characteristics under horizontal stratification 
structure (hereafter referred to as the 1D amplification 
characteristics). When the surface ground nonlinearity was not 
considered, the evaluation was performed based on the multiple 
reflection theory. When it was considered, we used 1D FEA 
with the same ground parameters as the 2D FEA. The 
evaluation of the amplification characteristics using the 
multiple reflection theory was expressed with Rayleigh 
damping, with the same values as the linear planar element 
damping in FEA. 

III. RESULTS AND DISCUSSION 

The conditions without an impact of the ground 
nonlinearity where the PGA of the input seismic motion is 
0.1m/s

2
 is discussed first. Figure 8 shows the acceleration time 

history for point C where the thickness of sedimentary strata is 
at its thickest. The 1D and 2D responses are indicated with blue 
and red lines, respectively. Ground surface PGA in 1D analysis 
and 2D analysis were 0.27 and 0.62 m/s

2
, respectively. It is 

noted that the PGA of the 2D analysis was 2.3 times that of the 
1D analysis, indicating the multidimensional effect. As for the 
seismic waveform envelope, while the 1D response was similar 
to the input waveform, the 2D response was different from the 
input waveform, where the maximum response appeared in 
6.94s and the duration of the seismic motion was long. It is a 
result of complex and repetitive seismic-wave incidences and 
reflections on each stratum. 

 

 

 

Fig. 8.  Response at point C (linear response). 
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Figure 9 shows the amplification characteristics of each 
point. The blue line indicates the 1D response and the red line 
the 2D response. At points A to D with thick sedimentary 
strata, the difference between 2D and 1D amplification 
characteristics was notable. The peak magnification for 2D and 
1D amplification characteristics ranged from 14.9 to 35.8, and 
from 7.8 to 10.0, respectively. The magnification ratio of both 
was in the range of 1.9 and 3.6. The peak magnification ratio 
was the largest at point C where the sedimentary strata were the 
thickest. At point D, which is equivalent to TTR004, the peak 
magnification of 2D amplification characteristics was 17.6, 
mostly reproducing the peak magnification of site amplification 
characteristics (22.7) shown in Figure 2. In contrast, with 1D 
amplification characteristics, the peak magnification was 8.9, 
not reproducing the actual amplification factor.  

 

  

  

  

  
 

Fig. 9.  Comparison of the amplification characteristics (linear response). 

Regarding the peak frequency, there was a difference 
between 1D and 2D amplification characteristics. With 2D 
amplification characteristics, the first-order peak frequency 
ranged from 1.6 to 1.7Hz, but with 1D amplification 

characteristics, it ranged from 1.4 to 1.8Hz. Thus, in 2D 
amplification characteristics, the first-order peak frequency 
appears at frequencies higher than in 1D amplification 
characteristics, because the seismic response at each point is 
impacted not only by the ground structure immediately below, 
but also by the surrounding ground structures. However, at 
point A, the first-order peak frequency was almost the same for 
both 2D and 1D amplification characteristics. 

For points E to H with thin sedimentary strata, the 
difference between 2D and 1D amplification characteristics 
was limited, even though the multidimensional effect was 
confirmed. In other words, the peak magnification ranged in 
the range of 5.4 to 7.3 and 1.2 to 17.5, respectively, for 1D and 
2D amplification characteristics. The magnification ratio of 
both was in the range of 2.1 to 2.4. The first-order peak 
frequency ranged from 2.2 to 3.4Hz for 1D amplification 
characteristics, though not clear for point E. For 2D 
amplification characteristics, it ranged betweeen 1.6 and 2.5Hz. 
The first-order peak frequency for 2D amplification 
characteristics was lower than that for 1D amplification 
characteristics. This is also a result of the impact of the 
surrounding ground structures on the seismic motion 
amplification characteristics at each point caused by the 
multidimensional effect. 

Next, a case in which there is an impact of the ground 
nonlinearity and the PGA of the input seismic motion is 
2.1m/s

2
 is discussed. Figure 10 shows the acceleration time 

history for point C where the sedimentary strata were the 
thickest. 1D and 2D response are indicated with blue and red 
lines, respectively.  

 

 

 

Fig. 10.  Response at point C (nonlinear response) 

The surface ground experience reduced rigidity and 
increased damping when the ground becamee nonlinear due to 
the strong seismic motion. Thus, the first-order peak frequency 
decreases and the amplification factor also decreases. 
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Therefore, each amplification characteristic is different from 
those of linear response. First, with the ground surface PGA 
with 1D response of 9.92m/s

2
, 2D response was smaller at 

4.95m/s
2
. Due to the multidimensional effect, the superposition 

of the waveform occurred in 2D response, but the PGA became 
smaller than that of the 1D response due to the soil nonlinearity. 
The acceleration of the 1D response reached its maximum in 
4.2s, a response with high frequency. In contrast, in the 2D 
response, the maximum was reached in 5.9s. Similar to the 
linear response, the time for the maximum acceleration 
response of the ground surface was different due to the 
multidimensional effect. Furthermore, with the 1D response, as 
the amplitude of the input seismic motion decreased, the 
amplitude of the ground surface response decreased. After 5s, 
the amplitude decreased dramatically. In contrast, with the 2D 
response, even if the amplitude of the input seismic motion 
decreased, the response would remained larger and the duration 
was long. This is the same as in the linear response. 

 

  

  

  

  
 

Fig. 11.  Comparison of amplification characteristics (nonlinear response). 

In Figure 11, 1D amplification characteristics are indicated 
in blue and 2D amplification characteristics in red. Regarding 
the peak magnification, the difference between 2D and 1D 
amplification characteristics decreased compared to the case 
without the impact of the ground nonlinearity. The same trend 
can be seen in all points. 2D amplification characteristics had a 
peak magnification that was 1.4 to 2.3 times more than that of 
the 1D amplification characteristics. Same as in the case of 
ground with a linear response, point C with the thickest 
sedimentary strata had the largest peak magnification. As for 
the first-order peak frequency, points A to D with the thick 
sedimentary strata had a less difference between 2D and 1D 
amplification characteristics compared to the linear response. It 
can be seen that the peak magnification was notably different 
between 2D and 1D amplification characteristics at all points. 
The amplification characteristics of seismic motion under the 
multidimensional effect could not be explained with the 
horizontal stratification that is usually assumed in design 
practice. Thus, simplified handling in design practice could 
lead to highly risky decisions. This trend was especially notable 
in points with thick sedimentary strata. 

As a next step, we compare the present results with those of 
previous studies that examined the multidimensional effect 
[13–15]. Regarding the S-wave velocity of the bedrock in 
consideration, in contrast to the present 3100m/s, the past 
studies had values in the range of 800–2000m/s. The previous 
studies did not discuss the multidimensional effect for all deep 
ground structures. While the inclination angle of the bedrock in 
the present study was 20°, past studies considered 30° or 
higher, meaning that they handled conditions where the 
multidimensional effect was more likely to occur. As for the 
nonlinearity of the surface ground, no past study considered 
both linear and nonlinear cases as the present one does. Though 
there are differences in the conditions, the ratio of the peak 
magnification for 2D amplification characteristics that consider 
irregular sedimentary structure of the ground and 1D 
amplification characteristics was in the range of 0.7–1.9 in the 
previous studies. However, in the present study, when the 
ground nonlinearity was not considered, it was as high as 3.6, 
and when it was, it was 2.3 at maximum. Thus, larger 
magnification ratio than past studies was obtained due to the 
multidimensional effect of the ground. The reason for this is 
that, as discussed above, we considered the ground with S-
wave velocity up to 3100m/s. The difference in the peak 
frequency between 2D and 1D amplification characteristics has 
been examined in the past, but the difference in specific 
frequency varies based on the ground conditions. 

IV. CONCLUSIONS 

In the current study, the amplification characteristics of 
seismic motion were analyzed at a seismic observation point in 
Tottori Prefecture, Japan, where the ground structure 
dramatically changes in a narrow area. Then, we compared 
them with the amplification characteristics of a horizontal 
stratification ground structure that is usually considered in 
design practice. The main drawn conclusions are: 

 At points where the ground structure is irregular, the site 
amplification characteristics evaluated using a seismic 
record have a larger peak magnification than that assumed 
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by horizontal stratification. Thus, the amplification 
characteristics of the actual seismic motion cannot be 
explained with the horizontal stratification that is usually 
assumed in design practice. FEA that considers irregular 
ground structure can mostly assess the peak magnification 
of site amplification characteristics based on seismic 
records. 

 When there is no ground nonlinearity, points with thick 
sedimentary strata had higher multidimensional effects, 
where the peak magnification of 2D amplification 
characteristics was 1.9–3.6 times higher than that from 1D 
amplification characteristics. Alternatively, at points with 
thin sedimentary strata, the difference between the two was 
relatively small, e.g. the 2D amplification characteristics 
were only 2.1–2.4 times higher than 1D amplification 
characteristics. As for the first-order peak frequency, with 
irregular ground structures, there is an impact of the 
surrounding ground structures. Therefore, the frequency is 
different from the one acquired when horizontal 
stratification is assumed. 

 When there is ground nonlinearity, the multidimensional 
effect on the peak magnification of site amplification 
characteristics was less notable than when the ground 
behaved linearly. However, at points with thick 
sedimentary strata, the peak magnification of 2D 
amplification characteristics was 2.3 times higher than that 
of 1D amplification characteristics. 
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