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ABSTRACT 
     Because ground motion input uncertainty is the source of the greatest uncertainty 
in structural dynamic analysis, selecting appropriate ground motion inputs is a key step 
in getting more accurate analysis results. For time history analysis of complex structures, 
three-directional ground motion inputs are usually used with the ratios of peak ground 
accelerations (PGAs) as constants. It is clear that PGA cannot reflect the time varying 
pattern of amplitude (intensity) of a ground motion. Time varying ratio of amplitude is 
recommended for selection and synthesis of ground motions. For this purpose, a 
piecewise constant function is proposed to describe the time varying ratio of ground 
motions. First, ground motions are rotated to their principal axis by polarization analysis.  
Then, the function parameters are estimated by curve fitting and attenuation rules of 
function parameters are obtained by regression analysis based on a ground motion 
database. Finally, the suggested values of parameters of the piecewise constant function 
are provided, which can be used to adjust of the shape of envelopes when synthesizing 
ground motions. 
 
1. INTRODUCTION 
 
     With the development of numerical analysis and the improvement of computer 
capabilities, it has become very common to conduct three-dimensional dynamic 
response analysis of important or complex structures. For a long time, the research on 
ground motion input has been the foundation of the dynamic analysis and seismic design 
of engineering structures. Among the four major aspects of structural seismic design 
theory, namely, ground motion input, structural modeling, structural dynamic analysis, 
and building seismic design principles, ground motion Input plays an important role in 
determining the final result of the design. For multi-dimensional ground motions, the 
polarization analysis (Jian-Qing 2015) method is a pivotal procession tool. According to 
the different polarization vectors of seismic data in propagation, it can be used in phase 
identification, wave-field separation and denoising, which is the basis for the subsequent 
seismic data processing and interpretation. At present, a lot of research on polarization 
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analysis methods has been conducted. This paper mainly uses the data from the pacific 
earthquake engineering research center (PEER) database for statistical analysis. First, 
ground motions are rotated to their principal axis by polarization analysis. Then, the 
function parameters are estimated by curve fitting and attenuation rules of function 
parameters are obtained by regression analysis based on a ground motion database. 
Finally, the suggested values of parameters of the piecewise constant function are 
provided, which can be used to adjust of the shape of envelopes (Ying 2018) when 
synthesizing ground motions. 
 
2. STRONG MOTION RECORDS  
 

The detailed information on strong motion records gathered in this paper is primarily 
derived from the PEER database. The strong motion records of 5643 stations under 
different earthquakes were filtered to guarantee that the research results were more 
statistically significant, and the selection principles were as follows: 
1) The strong motion records of selected stations all include complete time history 

records of seismic components in three directions, with magnitude ( M ) greater than 
4.0 and PGA greater than 0.2m/s2.  

2) The strong motion records of stations with epicentral distance ( R ) is less than 1km 
will not be considered. 

The statistical distribution of the M  and R  of selected strong motion records, as 

well as the histogram of the larger horizontal ( LPGA ) and vertical peak ground 

acceleration ( VPGA ) of all strong motion records, are shown in Fig. 1. It can be seen that 

about 80% of the recorded epicentral distances are less than 100km and the magnitude 
is between 4.0 and 7.0. About 15% of the recorded epicentral distances are between 
100km and 160km, and the magnitude is between 7.0 and 7.6. Only 5% of the recorded 
epicenters the distance is greater than 160km, and the magnitude is greater than 7.6. On 
the other hand, the PGA of the horizontal component is mostly distributed below 1.5m/s2, 
accounting for about 71%. The PGA of the vertical component is mostly distributed below 
0.75 m/s2, accounting for about 77%. 

 

Fig. 1 Histogram of magnitude and epicentral distance 
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Fig. 2 Histogram of PGA 
 
3. THE CORRELATION OF PGAS AND THE ATTENUATION LAW OF THEIR RATIOS  
 

3.1 Correlation between PGAs  
East-west (EW), north-south (NS), and vertical (UD) components are used to 

categorize strong motion data. In order to investigate whether there is a significant 
correlation between the components, it is necessary to perform a correlation analysis on 

the three components, as shown in Fig. 3. LPGA  (larger horizontal component of PGA), 

SPGA  (smaller horizontal component of PGA) and vertical component peak ground 

acceleration ( VPGA ) correlation scatter plots are shown, and linear correlation and 

logarithmic correlation are considered respectively. Table 1 lists the correlation 
coefficients between the components. It can be seen that there is an obvious correlation 
between the components, and the logarithmic linear correlation degree is slightly higher 
than the linear correlation degree. The correlation between the PGA of each component 

is all Above 75%, the correlation between the vertical component VPGA and the 

horizontal component LPGA is weaker than the correlation between the two horizontal 

components PGA. 

Table 1 Correlation coefficients of each component PGA 

Parameters Linear Log-linear 

L SPGA PGA−   94.63% 96.08% 

L VPGA PGA−  77.90% 84.96% 

 



The 2021 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM21)
GECE, Seoul, Korea, August 23-26, 2021

 

Fig. 3 Scatter diagram of PGA 
 

3.2 Attenuation law of PGA ratios  
Seismic source, propagation medium and path, and local site conditions are all 

elements that influence ground motion (Boore 2016). As a result, these components are 
incorporated in the standard ground motion attenuation relationship. A matching 
influencing factor is used to measure each factor. It has the following general form, 
 

    1 2 3 4= ( ) ( , ) ( ) ( )Y f M f M R f R f s    
 (1) 

 

Here, Y  represents the ground motion parameter, the magnitude term mainly 

uses the magnitude M , and the distance term is usually represented by the epicentral 

distance R . Consider the influence of factors such as site conditions,   represents 
random error. Most attenuation relationships are empirical formulas based on regression 
analysis of historical data at the moment. Depending on the attenuation formula used, 
the results can be somewhat different. The following are the key reasons: 

(1) The values of ground motion parameters are different. For example, the values 
of the peak value of the horizontal component acceleration are different: take the larger 
one, take two peak vectors, and take the two horizontal component processes or the 
peak values of the vector processes are reflected in the application. 

(2) Differences in site classification, due to the unknown geology and soil conditions 
of the site, the same site may sometimes be classified into different site categories. 

(3) The analysis method and the regression formula are different, and the 
measured data lacks near-field strong motion records of major earthquake levels, which 
leads to large differences in the extrapolation results.  
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(4) There are many factors such as seismic source and medium characteristics that 
have not been considered. 

Different earthquake occurrence timings, site conditions, and propagation media 
and pathways are among the 5643 strong motion data chosen for this study. The 
following attenuation law formula is used to create a more generic attenuation law: 
 

    1 2 3 0 4 5lg lg( ) gY c M c R c R R c T c = + + + + + +
 (2) 

 
Where, the ground motion parameter Y  studied in this paper is mainly the ratio of 

SPGA and the peak value of the acceleration ratio after the polarization analysis. 0R  

represents the near-field control constant, generally taken as 100. gT  represents the 

characteristic period of the site, which can be used to describe the characteristics of the 
site. This paper uses the geometric average of the characteristic periods of the two 
horizontal components to describe it comprehensively in order to reduce the error of 
uncertain factors. When fitting the attenuation relationship of ground motion, this is also 
a method often utilized in the United States. 
 

    L S

g g gT T T=   (3) 

 

Fig. 1 shows the scatter plots of the correlation between S LPGA PGA , 

V LPGA PGA  with M  and R  respectively. Table 2 shows the attenuation coefficients 

based on the regression fitting of Eq. (2). It can be seen that S LPGA PGA  and

V LPGA PGA  have no obvious correlation with M , and the PGA ratio fluctuates around 

a constant. Similarly, according to Fig. 5, it can be seen that there is no obvious 

correlation between S LPGA PGA , V LPGA PGA  and gT  respectively. 

Table 2 Attenuation coefficient of PGA ratio 

Parameters 
1 2 3 0 4 5lg lg( ) gY c M c R c R R c T c = + + + + + +  

1c  2c  3c  4c  5c    

L SPGA PGA  0.0065 -0.0009 0.5276 0.0218 -0.3641 0.1483 

V LPGA PGA  0.0475 -0.0009 -0.8877 0.0609 2.0482 0.2421 
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Fig. 4 Correlation between PGA ratios and M and R respectively 
 

 

Fig. 5 Correlation between PGA ratios and gT  

 

Fig. 6 is the attenuation law of S LPGA PGA  and V LPGA PGA  with M , R  and 

gT  respectively drawn according to the attenuation coefficient of regression fitting. It can 

be seen that the magnitude of V LPGA PGA  basically does not change with the changes 

in magnitude, epicentral distance and characteristic period. The ratio of S LPGA PGA  

can be defined as the mean value 0.78 of the statistics. However, the value of 

S LPGA PGA  is greatly affected by the magnitude and the epicentral distance, and less 

affected by the characteristic period. The overall trend increases with the increase of the 
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magnitude, and gradually decreases with the increase of the epicentral distance. This is 
because the acceleration peak of the vertical component is usually smaller than the 
horizontal component and the velocity peak, which is only 1/3~2/3 of its numerical value, 
and the vertical component is rich in high frequency components and decays faster with 

distance. The average value of S LPGA PGA  statistics is 0.47. Therefore, the ratio of the 

three-component PGA obtained from the statistical analysis of the PGA attenuation law 

is: LPGA : SPGA : VPGA  = 1:0.78:0.47, which is slightly smaller than the ratio of 

1:0.85:0.65 specified in the specification of China. 

 

 

Fig. 6 The attenuation law of PGA ratios 
 
4. PGA RATIOS AFTER POLARIZATION 
 

The previous study did not consider the influence of the transformation of the 
principal axis of motions on PGA ratios when studying their attenuation laws. This section 
discusses the use of polarization analysis to determine the principal axis of the three-
dimensional ground motion signal, the polarization analysis of the three-component 
signal of the ground motion, finds the spatial coordinate system orthogonal to the 
principal axis, and the PGA attenuation law of the three components of the ground motion 
in the new coordinate system research.  
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The time-varying ellipse representation method, the vector form of the three-
directional ground motion signal ( )X t  is expressed as: 
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The analytic signal of ( )X t+
is as follows: 
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The vector ( )X t+
representation of the analytic signal describes three separate 

signal components. In order to reflect the internal relationship of the three components, 
the joint form of the three signals is described as a modulation ellipse whose properties 
change with time in space: 
 

    
( )

3 1 3

( )

( ) ( ( )) ( ( )) ( ( )) ( )

0

i t

a t

X t e J t J t J t ib t   +

 
 

= −
 
  

 (6) 

 

1J  and 3J  are rotation matrices around the x- and z-axes in the following forms: 
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Eq. (6) describes the real-valued signal as the trajectory of an ellipse whose 

amplitude, ellipticity and direction all change with time in space. For each solution of the 
analytic signal, one can be designated as an ellipse. Similarly, the ellipse can be 
described by the root mean square amplitude ( )t  and the ellipticity ( )t : 

 

    
2 2 2 2 2( ) ( ) ( ) 2, ( ) 2 ( ) ( ) ( ) ( )t a t b t t a t b t a t b t = + = +  (8) 

 
where, ( )a t , ( )b t , ( )t , ( )t , ( )t , and ( )t  are the semi-major axis, semi-

minor axis, angle of polarization, angle of nutation, phase angle, and precession angle 
of the ellipse, respectively. 
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Fig. 7 Schematic diagram of space ellipse 
 

 

Fig. 8 A strong motion record and its polarization analysis 
 

The tangent value tan  of the angle between the principal axis and the vertical in 

the modulation ellipse of the three-directional ground motion signal can approximately 

represent the ratio RV RLPGA PGA  of the vertical component to the horizontal principal 

component PGA (Campbell 2016). Similarly, the PGA ratio RS RLPGA PGA  of the 

horizontal minor direction component and the main direction component can be 

approximated by the tangent tan (tan 1)  of the horizontal included angle between the 

principal axis and the EW direction. Therefore, the PGA ratios of the three components 

can be simplified by tan  and tan .  

Table 3 and Fig. 9 show the results of fitting the attenuation relationship of PGA 
ratios after polarization using the attenuation formula Eq. (2). 

It can be seen that the PGA ratios after polarization analysis are more stable and 
do not vary with M, epicentral distance, or characteristic period. The three-component 
ground motion has a PGA ratio of 1:0.80:0.63. It can be seen that this is very close to the 
ratio specified in some codes, implying that the polarization analysis of the three-
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component ground motion can more accurately extract the ratio of the three components, 
and that the polarization analysis method takes into account the three-direction 
earthquake, allowing the characteristics of ground motion to be more comprehensively 
reflected. 
 
Table 3 Attenuation coefficient of PGA ratios after polarization 

Parameters 
1 2 3 0 4 5lg lg( ) gY c M c R c R R c T c = + + + + + +  

1c  2c  3c  4c  5c    

RL RSPGA PGA  -0.0040 -0.0001 0.0232 0.0386 0.7000 0.0480 
 

RV RLPGA PGA  -0.0046 -0.0006 0.1052 -0.0004 0.1594 0.1229 
 

 

 

 

Fig. 9 The attenuation law of PGA ratios after polarization analysis 
 
5. AMPLITUDE RATIOS OF SEGMENTAL GROUND MOTIONS 
 

The correlation of PGAs and the attenuation law of PGA ratios were explored in the 
preceding two sections. Despite the fact that this approach can roughly explain the 
relative relationship between the three components, the following issues remain: 
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(1) During the earthquake, the ground motion's principal axis is in a time-varying 
mode and may not coincide with the two directions reported by strong motion records. 
As a result, it is more reasonable to consider the principal axis' time-varying property 
throughout the earthquake process. 

(2) Because the three components of ground motion do not always reach their 
maximum value at the same time, the method of estimating ground motion input by 
modifying the PGA ratio ignores the relationship between the three components in the 
earthquake process. 

(3) Obviously, the ratio of the amplitudes of the ground motions in the initial stage, 
the main shock stage, and the attenuation stage of the ground motion differs significantly, 
thus segmentation is more realistic. 

The amplitude characteristics of the seismic acceleration record ratio are studied 
further in this section in order to fully understand the relative magnitude relationship 
between the various components in the earthquake process, combined with the 
polarization analysis method. Here for the simplicity of presentation, we will denote the 
amplitude of the ground motion after the acceleration record has been polarized as 

i

RLPGA ,
i

RSPGA ,
i

RVPGA ( 1,2,3)i = . On the other hand, when studying seismic acceleration 

records in sections, the concept of 70% energy relative duration commonly used in 
engineering is used to divide strong motion records into three sections, namely, the 
beginning stage of the earthquake, the main shock stage, and the attenuation stage. The 
70% energy duration is defined as the following: 
 

    
1 2

2 1

2 2

0 0
1 2

2 2

0 0
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( ) ( )

d

T T

T T
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I T I T

a t dt a t dt
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= = = =
 

 

 (9) 

 

Here, ( )a t represents the acceleration time history, dT  represents the energy 

duration, 2T  represents the time corresponding to 85% of the energy, and 1T  

represents the time corresponding to 15% of the energy. To keep the time segments of 
the two horizontal component ground motions consistent, the polarization analysis 
method is used to calculate the horizontal component ground motion's instantaneous 
amplitude, that is: 
 

    
2

2 2 1
( ) ( ) ( )

2
a t t X t += =  (10) 

 

Then use Eq. (9) to calculate 1T  and 2T , so as to obtain the PGA ratio of the three 

components of the ground motion in each period of time, that is, tan  and tan  

defined above. When the peak characteristics of the PGA ratio were studied, this paper 
also studied the ratio of ground motion amplitude and the attenuation law of magnitude, 
epicentral distance and characteristic period in each period of time. The research results 
show that the ratio of each segment of ground motion amplitude and M , R  and have 
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no obvious correlation. In order to better reflect the ratio characteristics of the segmented 

ground motion amplitudes, the relationship between 
i i

RS RL

S L

PGA PGA

PGA PGA
(

i

RSLPGA ),

S LPGA PGA ,
i i

RV RL

V L

PGA PGA

PGA PGA
(

i

RVLPGA ) and V LPGA PGA  is obtained by segmental fitting 

according to the nonlinear least square method. The Least-absolute-residuals fit method 
is used to minimize the absolute residuals between the fitted function and the actual data, 
so as to reduce the influence of data points with larger dispersion. The selected fitting 
function model is in the form of a power function, as shown below: 
 

    * bY a X=  (11) 

 

where Y represents
i

RSLPGA or
i

RVLPGA , and X represents S LPGA PGA or 

V LPGA PGA . Fig. 10 and Table 4 show the results of segmented fitting. It can be seen 

that the nonlinear regression method can effectively fit the significant negative correlation 
between the ratio of the ground motion amplitude, and at the same time, it can ensure 
that the predicted value and the actual value are within the acceptable range of the 
residual value and standard deviation.  

From the segmented fitting results in Table 4, it can be seen that the value of b  is 

basically close to -1, which implies that although the ordinate decreases with the increase 
of the abscissa, the value of the product of the ordinate and the abscissa basically 

remains Invariable, that is, the product of 
i

RSLPGA  and /S LPGA PGA is basically 

unchanged, and the following relationship can be obtained: 
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Fig. 10 Fitting the ratio of component ground motion amplitude to the overall PGA 
amplitude ratio after segmentation 

 
Table 4 Summarization of piecewise fitting results 

Period of time Parameters 
* bY a X=  

a  b    

The initial stage 

1(0 ~ )T
 

1

RSLPGA - S LPGA PGA  0.7342 -0.9511 0.1290 
1

RVLPGA - V LPGA PGA  0.7214 -1.0020 0.2563 

Main shock stage 

1 2( ~ )T T
 

2

RSLPGA - S LPGA PGA  0.7588 -0.9114 0.2141 
2

RVLPGA - V LPGA PGA  0.7921 -0.9132 0.4844 

Attenuation stage 

2 3( ~ )T T
 

3

RSLPGA - S LPGA PGA  0.7719 -0.9734 0.0804 
3

RVLPGA - V LPGA PGA  0.7596 -1.0080 0.1555 

 
This means that the ratio of each segment of ground motion amplitude after 

polarization analysis can be approximately determined by the fitting curve in Fig. 10. 
When the x-axis on the fitting curve takes the ratio specified by the specification, the 
product of the horizontal axis and the vertical axis represents the PGA ratio after 
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polarization analysis, the ratio of PGA is calculated. The calculated ratio of the three 
components of the ground motion amplitude in each segment is shown in Table 5. 

It can be seen that Table 5 supports the change law, that is, the ratio of the vertical 
component ground motion amplitude is the largest in the initial stage of the earthquake, 
and the vertical component is the dominant component. In the main shock stage, the 
vertical component is significantly reduced, and the vertical component of the ground 
motion is attenuated. The component and the horizontal component have reached a 
comparable level. This is actually in line with the general perception that when an 
earthquake occurs, the primary wave (P wave) first arrives at the observation point and 
causes the earth's surface to move up and down. Therefore, the vertical ground motion 
component in the initial stage of strong earthquake records dominates. After the shear 
wave (S wave) carrying most of the earthquake energy arrives, it causes horizontal 
shaking of the ground surface, resulting in a significant increase in the horizontal ground 
motion component during the main shock stage. At the attenuation stage of the ground 
motion, the three components of the ground motion are all attenuated to a lower level, 
and the horizontal and vertical components of the ground motion also tend to be 
consistent. Similarly, it can be seen that the ratios of the amplitudes of the three ground 
motion components in the three stages of the earthquake process are significantly 
different. The characteristics of ground motions that cannot be fully reflected by the 
ground motion input can be adjusted only according to the amplitude ratio, which is 
unchanged throughout the entire earthquake process. Therefore, this study proposes a 
method based on the segmental amplitude ratio after polarization analysis. According to 
the relative relationship between the ratio of the ground motion amplitude in each 
segment and the overall PGA ratio, a model of the ratio of the segmental ground motion 
amplitude is obtained (as shown in Fig. 11).  
 
Table 5 Summary table of sectional ground motion amplitude ratio 

Period of time Parameters Ratio 

10 ~ T
 

1 1 1: :RL RS RVPGA PGA PGA
 1：0.72：1.29 

1 2~T T
 

2 2 2: :RL RS RVPGA PGA PGA
 1：0.73：0.42 

2 3~T T
 

3 3 3: :RL RS RVPGA PGA PGA
 1：0.77：0.99 

 

 

Fig. 11 Suggestions for the amplitude ratio of the segmented model 
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2T1T T
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Fig. 12 Envelope functions of ground motions considering the amplitude ratios 
 
6. CONCLUSIONS 
 

Ground motion is the output created on the earth's surface by seismic waves 
propagating through the earth's medium during an earthquake, as well as the excitation 
that induces structure response. The seismic design of structures depends heavily on 
the selection of appropriate ground motion input. 

This paper proposes a method for studying the amplitude characteristics of ground 
motions, which is to first use the polarization analysis method to determine the principal 
axis of the strong motion records, and then separately study the ratios of the amplitudes 
of the ground motions. This study provided a model of the ratio of the amplitude of 
segmented ground motions and suggested values based on a statistical analysis of the 
records of 5643 stations. The horizontal primary direction: horizontal secondary direction: 
vertical ground motion ratio is 1:0.72:1.29 in the initial stage of the earthquake, 
1:0.73:0.42 in the main shock stage, and 1:0.77:0.99 in the ground motion attenuation 
stage. The results of this study can also be used to adjust the shape of envelopes when 
synthetic ground motions are input.  
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