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Abstract. Significant discrepancies exist between strong motion records and the actual incident
wave field across frequency bands, impacting wave propagation analysis accuracy. This paper
proposes a frequency-domain adjustment method (AWIM) to derive realistic incident wave fields
from recorded motions. The method constructs site-specific frequency adjustment curves by
analyzing the steady-state response of soil layers to harmonic excitations using wave propagation
theory and recursive calculations of reflection/transmission across layers. Results reveal that soft
soil sites exhibit strong frequency-dependent effects: low-frequency waves undergo significant
amplification (nearly twice the incident wave amplitude), while high-frequency waves show
complex interactions — distinct bands experience notable amplification or attenuation.

Keywords: wave propagation, seismic wavefield, site response, strong motion records, incident
wave.

1. Introduction

For one-dimensional seismic response analysis, the main approaches include the Vibration
Input Method (VIM) based on structural dynamics theory [1], the Wave Input Method (WIM)
grounded in wave propagation theory [2], and the Finite Element Method (FEM) that uses
numerical discretization to solve wave motion equations [3]. Among these, the wave input method
(WIM) is particularly effective for analyzing multi-layered soil media and complex seismic wave
fields [4]. It treats seismic waves as disturbances propagating through soil layers and calculates
their propagation and response using transfer matrices [5] or wave equations. However, a key
challenge arises when using borehole or bedrock acceleration records as input for WIM. These
records represent a total wave field, including both incident and reflected waves, rather than the
idealized incident wave field required for accurate wave propagation analysis. This discrepancy,
especially prominent in low-frequency displacement responses, significantly limits the accuracy
of site response analysis using conventional WIM. To address this issue, we propose a frequency-
domain adjustment method (AWIM) to derive realistic incident wave fields from recorded
motions.

2. Incident wave adjustment method
2.1. One-dimensional wave propagation analysis
The assumptions based on this paper are: one-dimensional layered medium, SH wave, linear
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elasticity, top free surface, and semi infinite substrate. Some parameters of soil involved are shown
in Table 1.

Fig. 1 illustrates the wave propagation path in a one-dimensional soil system. In this study,
each soil layer is treated as a homogeneous medium, with its density, shear wave velocity,
thickness, and single wave propagation time in the soil layer denoted as p;, vs;, h;, and T;
(i =1,2,...,n), respectively. As shown in Fig. 1(c), when a shear wave propagates from the ith
layer to the (i + 1)th layer, its reflection coefficient is denoted as f; ;; when propagating from the
ith layer to the (i — 1)th layer, the reflection coefficient is denoted as 3, ;. The relation between
above coefficients is given by:

B =B, = PiVsi — Pi+1Vs,i+1
—P2i+1 = P1i = )
PiVsi t Pi+1Vsi+1

(1

For the ground surface (the nth layer), it is assumed to be a perfect reflector. And for the
bottommost layer of soil (the 1st layer), it is assumed to have no reflection.

Table 1. Soil parameters of numerical model
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Fig. 1. Schematic diagram of the wave propagation model in soil

Time

According to Fig. 1(c), the shear wave propagation from the bottom of the soil layer upward
can be derived, including the wave responses at the top and bottom of each soil layer. The response
at the top of the current layer and the transmitted shear wave into the upper layer can be expressed
as:
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Pr(NT) = pr(NT) = (1 + Byy) ijlexp( — (2j = D&EWT)(BriB2)  Musjoa, 2

where, u,;_; represents the shear wave in the soil layer that has shifted by (2j — 1)t; phases
relative to the incident wave uy; N denotes the number of reflections of the shear wave in the soil
layer, &; and w represent the damping ratio of the ith soil layer and the first-order angular
frequency of the soil, respectively.

The reflected shear wave transmitted into the next soil layer p;, is:

paVe) = (14 BB )

19Xp( — 2j&0T) (BriBri) uy;. 3)

The response at the bottom of the current soil layer p,; is:
Pra(NTi) = uo + pra(NT). “4)

Similarly, as the shear wave propagates downward from the top of the soil layer, the dynamic
responses at both the top and bottom interfaces of each sublayer can be formulated as follows.

The response at the bottom of the current soil layer p;;, and the transmitted shear wave into the
next soil layer p;; are expressed as:

N
ph(Nt) = pfy(Nt) = (1 + ﬁz,i)z_ 1eXp( = (2j = D&Gwt) (BriB2i) " uzja. ®)
]:
The reflected shear wave transmitted into the previous soil layer py, is:

P (NTy) = (1 + ﬁl.i)ﬁZ.i Z

1exp( — 2j&wT) (BriBai) M uy;. (6)

The response at the top of the current soil layer p}, is:

p;u(NTi) =Uy + pt_u(NTi)- N

To improve computational efficiency, this study sets the condition that wave propagation is
terminated when the amplitude decays to less than 0.05 % of its original value due to damping.
This threshold is expressed as (By;B2,;)" = 0.05 %. Based on this threshold, the number of

1g0.05%  -33
18(B1,iB2)  18(B1iB20)’
equations, the propagation of shear waves in the soil and the responses of each soil layer can be
calculated using a recursive method.

reflections N of the shear wave in the i th soil layer is N > By using above

2.2. Model validation

To assess the accuracy of the proposed model, a 500-meter soil column was extracted from a
semi-infinite space and discretized into 1-meter elements. The soil properties were defined as a
density 0f 2200 kg/m? and a shear wave velocity of 200 m/s. A unit pulse shear displacement wave
was introduced vertically upward at the base of the column, as shown in Fig. 2(a). Based on one-
dimensional wave propagation theory, the shear wave reaches the midpoint of the column at
1.25 seconds (250/200 = 1.25), arrives at the top at 2.5 seconds (500/200 = 2.5), and is amplified
by a factor of two due to the free surface at the top. The wave then reflects off the top surface and
propagates downward, reaching the midpoint again at 3.75 seconds (750/200 = 3.75) and the base
at 5 seconds (1000/200 = 5). After 7.0 seconds (1000/200+2 = 7.0), the shear wave completely
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exits the base and propagates to infinity. Following this, the displacement of each part of the model
is calculated to be zero. The horizontal displacement response solutions at the bottom, middle, and
top of the model are illustrated in Figs. 2(b) and 2(c) for damping coefficients of 0 and 400 kg/m?/s,
respectively.
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0.2 0 0
0 0.5 ‘ ‘ 0.5 ‘ ‘ .
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time(s) Time(s) Time(s)
a) Incident wave b) Undamped soil column response  ¢) Damping soil column reaction

Fig. 2. Model validation case
2.3. Incident wave adjustment method

For single-layer or multi-layer soils, when the frequency of the incident wave satisfies a
specific multiple (or ratio) relationship with the natural frequency of the soil, the phase difference
between the reflected and incident waves can cause amplification or attenuation of the wave field
amplitude. Therefore, by analyzing the response of the site to harmonic excitations of different
frequency, a specific frequency adjustment coefficient for the site can be obtained.

To determine the frequency adjustment coefficient of the soil, assume the soil layer thickness
is h, the shear wave velocity is v;, the density is p, and the damping ratio is &. A set of sine waves
with different frequencies (amplitude set to 1) is input at the bottom of the soil layer. Based on
wave theory and using the method described in above Section 2.1, the response at the bottom of
the soil layer to the harmonic excitations of different frequency is calculated. The specific steps
are as follows

(1) Determine the reflection and transmission coefficients . The reflection coefficient at the
top of the soil is defined § = 1, indicating total reflection.

(2) Time delay and propagation process. The time delay t for the seismic wave propagation
through the soil layer is determined by the layer thickness h and the shear wave velocity vy, i.e.,
T = h/v,. The time delay determines the duration for both the reflected and transmitted waves to
propagate through the soil layer, which in turn affects the frequency response characteristics.

(3) Input sine waves with different frequency. To study the response of a single-layer soil, a
set of sine waves with different frequencies is chosen as the input wave. The expression for the
input wave is given by:

X (t) = sin(2nf;t), t€][0,T], (8)

where f; is the frequency of the input wave, and T is the total duration of the wave. After analyzing
a large number of examples, it is recommended that the total duration T should be at least ten sine
wave periods to ensure the calculation accuracy. And to prevent the propagation time of high-

frequency sine waves from being too short, we will increase the total duration by two seconds. In

(2+10tp 1))

summary, T should satisfy as T = , where 2 represents two seconds of increase, and

L
10t, f; represents ten sine wave periods. The number of time steps n should meet the requirement
that each sine wave is divided into a or more parts:

. a(2 + 10t,f;)

B fiTmin

: )
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where t,, is one-quarter of the inherent period of the soil, which can be simplified as t,, = Y, %,
Tmin 1S the minimum propagation time of soil wave for each layer, and a is the number of time
steps in one cycle of the sine wave. In the equation, n is dimensionless, and the algorithm is more
stable when a = 20.

(4) Frequency adjustment coefficient. After the input wave propagates through the soil layers,
it undergoes multiple reflections and transmissions, and its energy gradually reaches a steady state.
By numerical simulation, the wave response at the bottom of the soil is calculated for different
frequency sine wave inputs, and the steady-state amplitude of the signal is extracted, defined as
the frequency domain amplification coefficient {(f):

|yl
|xin|,

(f) = (10)

where |x;,| represents the amplitude of the input sine wave, and |x,..| denotes the amplitude of
the envelope of the steady-state signal which includes the incident wave. To obtain the steady-
state response, the envelope of the signal is extracted using the Hilbert transform (HT). The result
of the Hilbert transform is given by Env(t) = |x(t) + i * H(x(t))|.

(5) Adjust the strong motion records. The strong motion records are adjusted in the frequency
domain based on the frequency domain amplification coefficient curve. First, motion records are
subjected to a Fourier Transform (FT). Then, the amplitudes of different frequency bands are
adjusted according to the frequency adjustment coefficient curve:

¥ AT@C
Auaj(f) = T(;) (11)

where A,..(f) represents the frequency-domain amplitude of the original seismic record, and
{(f) is the frequency adjustment coefficient mentioned above.

Finally, the adjusted frequency-domain amplitude is restored to the time-domain signal
through the inverse Fourier transform (IFT), resulting in the adjusted incident wave field.

To better explain this method, a single-layer soil body is analyzed in this section, with
parameters h = 20 m, v, = 500 m/s, p = 1914 kg/m?, & = 0.0866. The whole adjustment process
is shown in Fig. 3. Firstly, the response of the soil bottom under different frequency sine wave
input is calculated, and the gray curve represents the bottom response in the response results. The
blue and orange curves represent the sine wave input from the bottom and the reflected wave
transmitted to the bottom, respectively. After the response reaches the steady state, obtain the
adjustment coefficient { corresponding to different sine wave frequencies, such as f; = 1 Hz,
{(2.5Hz)=1.705. By dividing the amplitude of each frequency band of the recorded seismic wave
by the adjustment coefficient of the corresponding frequency band, the approximate incident wave
can be obtained. In the lower right corner of Fig. 3, the whole adjustment process is shown.

The process of obtaining the frequency coefficient curve for the multi-layer soil model is
similar to that of the single-layer soil model. By inputting sine waves of different frequencies as
the initial signal and recursively calculating the reflected and transmitted waves at each layer using
wave theory, the response at the bottom of the soil is obtained. For instance, consider a two-layer
soil system, as shown in Fig. 4(a). Using an incident sine wave with a frequency of f; = 6 Hz as
an example, the calculation and adjustment process is depicted in Fig. 4(c) and Fig. 4(d). After
adjusting the sine wave in the frequency range 0 to 25 Hz, the frequency adjustment coefficient {
for the range 0 to 25 Hz can be obtained, as shown in Fig. 4(b). For a clearer explanation, we have
presented a flowchart of the entire adjustment process, as shown in Fig. 5.

For different reflection truncation tolerances and different damping, the amplification factor
curve will be different. Fig. 5 shows the influence of different reflection truncation tolerances and
different multiples relative to the original damping on the adjustment coefficient by taking the
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multi-layer soil model in the above article as an example.
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3. Conclusions

A frequency-domain adjusted wave input method (AWIM) to bridge the gap between recorded
strong-motion records (total wave field) and the incident wave field required for one-dimensional
site response analysis was proposed. By employing wave propagation theory and recursive layer
calculations, site-specific frequency adjustment coefficients ¢ are derived to effectively link the
incident wave field with the recorded strong-motion data. The advantage of this method is that the
incident wave can be obtained without including the reflected part. The results show that both
single-layer and multi-layer sites exhibit significant amplification effects on low-frequency
incident waves, with amplification factors close to 2. For other frequency bands, the soil shows
complex amplification and attenuation effects. In single-layer soil, these effects display a clear
periodic pattern related to the shear wave velocity of the soil. However, in multi-layer soil, such
periodicity is less evident.
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