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Abstract: The effect of the influence regularity of site saturation and water level on the coherency
loss between spatially varying earthquake ground motions (SVEGMs) in a vertical direction is not
yet clear. Therefore, taking an onshore-offshore site as an example, the influence regularity of site
saturation and water level on the coherency loss of SVEGMs in a vertical direction was studied, in
which the saturation degree of the whole site (SD), the groundwater level (GWL), and the thickness
of the surface water layer (WLT) were considered. Under each case mentioned above, a large number
of vertical in-plane SVEGMs were synthesized and then correspondingly, the mean lagged coherency
loss and phase angle of coherence function were obtained, and a series of comparisons were carried
out to shed light on the varying trend of the value of lagged coherency loss and phase angle, with
predefined parameters. The results showed that SD, GWL, and WLT possess significant effects on the
varying trend of the coherence function of vertical SVEGMs.

Keywords: coherency loss; spatially varying earthquake ground motions; water saturation; water
layer; influence regularity

1. Introduction

The simulation technology of SVEGMs greatly facilitates the seismic study of extended
structures, e.g., tunnels, dams, and bridges [1-6]. For the seismic analysis and earthquake-
resistant design of offshore platforms and sea-crossing bridges etc., onshore earthquake
records or artificial waves are usually used as inputs due to the lack of offshore records and
seismic motions simulation methods applicable to offshore sites. However, the pore-water
saturation of the soil layer and the seawater layer may strongly affect the amplitudes
of vertical in-plane motions [7]. Thus, many researchers have studied the influence of
the surface water layer, or site saturation, on the ground motions and proposed several
methods to generate offshore SVEGMs. Bureau [8] and Feng [9] indicated that the depth
of the seawater is significant to the offshore vertical response. Crouse and Quilter [10]
explained why the water layer can greatly suppress the vertical site response at the resonant
frequencies of P-waves in the water layer. Boore and Smith [11] found that the water layer
does not have a significant effect on the horizontal components of motion, but will produce
a significant reduction in the vertical components of motion near the resonant frequencies
of the P-waves in the water layer. Diao et al. [12] conducted a theoretical analysis of the
effect of seawater on incident plane P-and SV-waves at the ocean bottom. Li et al. [13]
derived an offshore transfer function model and then developed a method simulate seafloor
seismic motions. Considering the effect of the soft soil layer and soil saturation on site
transfer function, Fan et al. [7] presented a new method to study the effect of the seawater
layer on vertical in-plane motions. Shi et al. [14] proposed a new method of modeling
spatially varying ground motion due to the ice-seawater layer, where the effects of water
saturation on vertical ground motion were considered. Zhang et al. [15] presented a
comprehensive and rational approach of synthesizing three directional spatially correlated
earthquake ground motions, which took into consideration the effect of Poisson’s ratio of
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water saturation on soil. Li et al. [16] established a modeling and simulation method for
three-dimensional spatially correlated ground motion at multiple onshore and offshore
sites in which hydrodynamics and one-dimensional wave propagation theory were utilized
to construct the transfer function. Liu et al. [17] reported a simulation method of spatially
variable seismic underground motions in saturated double-phase media with overlying
water excited by an SV-wave. Considering a saturated alluvial valley site, He et al. [18]
developed an effective simulation method for multiple-station spatially correlated ground
motions on both the bedrock and the surface. The achievements in this scientific field
have contributed to the seismic analysis or earthquake-resistant design of many important
large scale offshore structures (e.g., Unocal Platform Irene, Southern California, USA;
Hong Kong-Zhuhai-Macao Bridge, Southern Guangdong, China). However, the influence
regularity study of the saturation and the surface water layer on the coherency loss between
vertical SVEGMs is not included in the abovementioned works and has not received wide
attention, and the understanding level of this effect is low. Revealing the effect of the
influence regularity of saturation and the surface water layer on the coherency loss function
can strengthen the understanding of hazards resulting from SVEGMs, and, for a certain
project, the influence regularity study of saturation and surface water layer can contribute
to summarizing the coherency loss model. It can then facilitate the fast generation of
numerous SVEGMSs, generating significant meaning for the three-dimensional seismic
analysis, reliability analysis, and earthquake-resistant design of large off-coast structures.

Moreover, to facilitate the seismic analysis and earthquake-resistant design of onshore-
offshore extended structures which are usually located in sites with irregular topography,
many have paid attention to the effect of irregular topography [19-21] and site condi-
tions [22-25] on the coherency loss of SVEGMs. In the works mentioned above, however,
the influence of water saturation, water level, or surface water layer were scarcely consid-
ered, and at the same time, the influence regularity of water saturation or water level on
the coherency loss between SVEGMs is not clear.

Therefore, taking an onshore-offshore site as example, the influence regularity of site
saturation and water level on the coherency loss of vertical SVEGMs was studied in the
present paper, where the SD of the whole site, GWL, and WLT were taken into account.
Under each circumstance mentioned above, a large number of vertical in-plane SVEGMs
were synthesized based on the one-dimension wave propagation theory [26], and the mean
lagged coherency loss and phase angle were estimated; then, the varying trend of lagged
coherency loss and phase angle with SD, GWL, and WLT was obtained.

2. Materials and Methods

The transfer function in the one-dimension wave propagation theory [26] was uti-
lized to describe the amplification and filtering effects of soil on the incident wave. The
formulas for estimating the P-wave velocity of a porous medium, proposed by Yang and
Sato [27], were employed to represent the effect of water saturation on the site amplification.
The establishment method of the dynamic-stiffness matrix of the water layer, derived by
Li et al. [13], was adopted in the study case with WLT to facilitate the establishment of the
total dynamic-stiffness matrix of site under water. Based on the methods or parameters
mentioned above, the transfer function of target site considering the saturation, or surface
water layer, can be established. Then, the auto/cross-power spectral density function
(PSDF) on site surface can be derived [4,6]:

Sjj(w) = |Hj(iw)[*Sg(w) j=1,2,...n, )

and
S]k(l(/J) = H](lw)H]?(ZCU)Sg(CU)’Y]/k/(d]/k/, ZCLJ) ],k = 1,2, ...n, (2)

respectively, where H; and Hy are the transfer functions at simulation points j and k, respec-
tively; superscript ‘@’ denotes the complex conjugate; Sq(w) is the ground motion PSDF at
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the base rock; -y (d ikt iw) is the coherency loss function between bedrock motions, which
is related to the separation distance dj and w.

By using the classical spectral representation method [19] in combination with Jennings
window, non-stationary SVEGMs can be generated by

n N
fi(t) = 2a(t) 21 21|u]-x(wy)|\/Ecos[wyt —Op(wy) +®xy] j=12,...n (3
x=1y=
wy=yAw y=12,...N 4)
Ao =28 )
Im([Ujy (wy)]

0jx(wy) = tan™ ! (o7 —7) ©6)
ey Re[U]-x(wy)]

with Aw denoting the bandwidth and N the number of frequency intervals. w, represents
an upper cut-off frequency beyond which the elements of the power spectral density
matrix (PSDM) may be assumed to be zero for any time instant. Ujy (wy, t) is an element
of the matrix obtained through the decomposition of PSDM. @y, is a random phase angle

uniformly distributed in [0, 27t]. a(t) is a modulating function in time.
The filtered Tajimi-Kanai model [28] is utilized to describe the PSDF on the bedrock:

wh w4 +4 é’Z w2 w2
Sslw) = — 0 2% 2g22gg22250 @

(w}r —w?)” + (2wsw(y) (wf — w?)” +4fGwiw

where w¢ and ¢ are the central frequency and damping ratio of the Tajimi-Kanai PSDF;
wy and (y are the central frequency and damping ratio of the high pass filter; and S is the
scaling factor. According to Bi and Hao [19], wg = 107trad/s, ¢ = 0.6, wy =057, §f =0.6
and Sy = 0.0034 m?/s3. These parameters correspond to a ground motion time history
with a duration 20 s and peak ground acceleration (PGA) 0.2 g. The Sobczyk model [29]
is selected to describe the coherency loss between the ground motions at points j’ and k’
as follows:

Vi (iw) = exp(—‘de]%k,/Ve) ~exp(—iwdyy cosa/Ve) j, k' = 1,2/,3 (8)

where = 0.0005 is used herein [29]; « is the incident angle of the incoming wave to the
site; Ve is the apparent velocity which is set to 1800 m/s, according to the bedrock property
and the specified incident angle. The Jennings window is employed to model the temporal
non-stationarity of simulated ground motions, which has the following form

(t/t1)? t<t
a(t) = 1 1 <t<t 9)
exp[—c(t — )] t>t

where t, t, and c are set to 6, 10, and 0.5, respectively.

3. Numerical Example

In this section, the information from the study cases and the parametric study con-
ducted herein is introduced first, and then relevant results are analyzed. Three cases
(numbered as case-1, case-2, and case-3) were considered in this study: case-1 evaluates the
parametric study with varying SD, case-2 examines the varying GWL, and case-3 investi-
gates the varying WLT. Based on these three cases, the effect of SD, GWL, and WLT on the
coherency loss between vertical SVEGMs was investigated. Figure 1 shows the diagram
of the study cases performed, where p is medium density, » the Poisson’s ratio of the soil
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30m
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skeleton, G is the shear modulus, ¢ is the damping ratio, n is the porosity, P is the absolute
fluid pressure, Kw is the bulk modulus of water, and S, is the saturation degree. Besides,
herein, the bulk modulus of the solid skeleton is K}, = 8.67 x 107 Pa; the bulk modulus of
solid grains is Kg = 3.6 x 1010 Pa. Specific cases involved are summarized in Table 1, and
fundamental information of simulated seismic motions is shown in Table 2. Simulation
points, j and k, with a horizontal spacing distance of 100 m, are set. For every single
parameter in each case, 1000 simulations were performed to calculate the mean lagged
coherency loss and phase angle of the coherence function between the ground motions.
Note that the case with 95% SD in case-1 is equivalent to that with GWL = 0 m in case-2,
and the case with GWL = 30 m in case-2 is equivalent to that with WLT = 0 m in case-3.

(a) 100 m

Water layer

Figure 1. Diagrams of site conditions for: (a) the case with varying SD; (b) the case with varying

GWL; (c) the case with varying WLT at point k (not to scale).

Table 1. Study cases performed.

No. of Case Soil SD/% GWL for the Whole Site/m WLT at Point k/m
Case-1
(the case with varying SD) 100/98/95/90/0 ) )
Case-2 above GWL: 95
(the case with varying GWL) under GWL: 100 0/10/20/30 )
30 0
Case-3 above water layer surface: 95 40 10
(the case with varying WLT at pointk) under water layer surface: 100 50 20
60 30

Table 2. Fundamental information of simulated seismic motions.

Sampling

Incident Angle  Total Duration Upper Cut-Off Frequency PGA Frequency

No. of Sampling Points

60° 20s 25Hz 02g 100 Hz

2048
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The amplitudes of the transfer functions for all cases are shown in Figure 2. From
Figure 2a, it can be found that as the SD increases, the amplitude of the transfer function
decreases, and the predominant frequency shifts toward the high frequency end; especially
when the SD increases from 98% to 100%, the amplitude decreases sharply. This is consistent
with the results of Yang and Sato [27], which verifies the reliability of the results in this
paper, to some extent. Moreover, by observing the transfer functions in Figure 2b,c it can
be found that: (i) for site j, the vertical motion is amplified until the site is fully saturated;
(ii) for site k, when the water table is under the site surface, the vertical motion is amplified;
in contrast, when there is a water layer on the surface (the water table is above the surface),
the vertical motion is suppressed at a certain frequency point. Therefore, the state of full
saturation (i.e., SD = 100% in case-1, the GWL = 30 m for site k in case-2, or the WLT =0 m
for site k in case-3) is the critical state of amplification and suppression. In other words,
when the site is incompletely saturated, amplification can be observed; when the site is
fully saturated, vertical motion would be slightly suppressed; and when the site is fully
saturated and under a water layer, the vertical wave would be significantly suppressed.
Therefore, the state of saturation is the turning point. The resonant frequency of P-wave, f;;,
in the water layer can be defined as [13]

C*w

fn:nm, =1,35... (10)
in which d denotes the depth of water layer, ¢, the wave speed of the P-wave in the water
layer, and 6} the inclined angle of the P-wave. For the numerical example in the present
paper, when d = 20 and 30 m, the corresponding first-order resonant frequencies of the
water layer are 21.81 and 14.54 Hz, respectively. Then, from Figure 2c, it can be found that
the transfer functions are suppressed near 21.81 and 14.54 Hz, respectively, which verifies
the validity of the results of this paper, to some extent again.

(a) (b) (©)

pointj

Saturation degree point; Groundwater level pointj Thickness of water layer
920%|1 [ #i —— Om |
0% |1 i

Om 20 m |
30m {

-------- 100 %
4 — 98%

20m

— 10m

A O\

point k point k& point k

\ )/} v
o0 5 10 15 20 250 5 10 15 20 250 5 10 15 20 25
Frequency [Hz] Frequency [Hz] Frequency [Hz]

Amplitude of transfer function

Amplitude of transfer function

Figure 2. Amplitude of transfer function for varying: (a) SD; (b) GWL; (c) WLT.

Figure 3 gives the mean lagged coherency loss and corresponding mean phase angle of
the coherence function for the generated vertical in-plane motions, where the corresponding
modulus of the spectral ratio between sites j and k are also given (here, spectral ratio is
defined as the ratio between the transfer functions at sites j and k, and the peaks and troughs
of the amplitude curve of the spectral ratio reflect the difference between the transfer
function between sites j and k). As can be seen, the troughs of each lagged coherency loss
function are directly related to the peaks of the corresponding spectral ratios, and due to
the topography effect, the amplitude of the coherency function exhibits additional loss,
which is consistent with previous results [25]. As the SD increases, the lagged coherency
loss for vertical seismic motions gradually approaches that for bedrock motions, indicating
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that the existence of groundwater can make up the extra lagged coherency loss due to the
topography effect. The higher the SD, the higher the P-wave velocity [27] in the medium
and the stiffness of the site in the vertical direction; thus, the amplitude of the transfer
function for sites j and k tends to be simultaneously lower, and the spectral ratio may
decrease. Note that when the site is fully saturated, both the transfer functions at sites j
and k are approximately 1 or slightly lower than 1, indicating that the amplification and
filtering effect of the site on the vertical motion almost vanish, and thus, at this time, the
difference between the seismic waves at sites j and k is mild, and the extra coherency loss is
very small. In other words, the higher the SD, the smaller the extra lagged coherency loss
due to the topography effect.

(@) (b) (©)
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Figure 3. Coherence functions and relevant spectral ratios for varying: (a) site SD; (b) GWL; (c) WLT.

When it comes to water level, the authors analyze relevant results by combining
case-2 and case-3 herein. The extra loss of the lagged coherence function decreases with
increasing water levels, except for the values corresponding to extremely sharp peaks
(corresponding to the P-wave resonant frequency of the water layer) of the spectral ratio
curve. The existence of a fully saturated soil layer dramatically decreases the propagation
time of the vertical wave inner site (cp = 2224.7 m/s in fully saturated soil layer, while
cp = 282.79 m/s in a soil layer with SD = 95%) and then the time delay between sites j
and k, causing the superposition modes of the wave at sites j and k to be similar, and as
thickness of fully saturated soil layer increases, the time delay would become lower and
lower. Therefore, to a certain extent, the extra coherency loss due to irregular topography
can be made up by an underlying fully saturated soil layer, and this phenomenon tends to
be more remarkable as water table becomes higher and higher. At the frequencies where
the vertical motion is suppressed significantly by the surface water layer, the value of
coherency loss is extremely low. This is because around the frequencies where vertical
motion is suppressed significantly by the surface water layer, the frequency content of
the motions at j and k is extremely different. Coherency loss function only evaluates the
difference between motions. Therefore, the larger the difference between the frequency
content of motions, the lower the coherency loss.

As to the phase angle of the coherence function, there is always a remarkable change
(e.g., local bold lines shown in Figure 3c) showing up around the frequency point corre-
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sponding to each peak of the spectral ratio curve, indicating that when the amplitudes of
transfer functions at sites j and k differ greatly, the phase angle of the coherency function
exhibits significant variation. Besides, the curves for the phase angle also gradually shift
towards the high frequency end as spectral ratio varies with increasing SD, GWL, and WLT.
All of the above mentioned indicate that the phase angle of the coherency function is also
directly related to the spectral ratio.

4. Conclusions

In the present paper, the effect of the influence regularity of the site saturation degree,
the height of the groundwater level, and the thickness of the surface water layer on the
coherency loss of vertical SVEGMs was studied based on the 1D wave propagation theory,
the dynamic-stiffness matrix of the surface water layer, and the effect of site saturation
on the amplification of seismic wave. The results showed that (i) generally, the state of
full saturation is the critical state determining whether the vertical motion is amplified
or suppressed, and natural frequencies of spectral ratios increase as SD, GWL, and WLT
increase; (ii) as the site saturation degree and water table increases, the value of the
lagged coherency loss for the vertical seismic motions gradually increases (i.e., gradually
approaches that for bedrock motion), and at the frequencies where vertical motion is
suppressed significantly by the surface water layer, the value of coherency loss is extremely
low; (iii) there is always a remarkable change of phase angle showing up around the
frequency point corresponding to each peak of spectral ratio curve, and the curves of phase
angle gradually shift towards high frequency end as spectral ratio varies with increasing
SD, GWL, and WLT. However, the present results are based on a local homogeneous soil
site, and random soil properties are not considered, which will be taken into consideration
in future work.
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