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Saturation Effects of Soils on Ground Motion at Free
Surface Due to Incident SV Waves

Jun Yang, M.ASCE?

Abstract: A study is presented of saturation effects of subsoil on seismic motions at the free surface of a half space due to an inclined
(SV) wave. By treating the soil as a partially water-saturated porous medium that is characterized by its degree of saturation, porosity
permeability, viscosity, and compressibility, a theoretical formulation is developed for the computation of free-surface amplitudes in both
the horizontal and vertical components, which are defined as a function of the degree of saturation, the angle of incidence, and th
frequency. Numerical results are presented using typical sand properties. It is shown that even a slight decrease of full saturation may lec
to a substantial influence on the free-surface amplitudes in both the components and the amplitude ratios between them, and this influen
is dependent on the angle of incidence. Significant phase shift between the horizontal and vertical components may also occur due to th
slight change in saturation. At small incident angles, partial saturation of subsoil generally may cause a greater vertical-to-horizontal ratic
compared with a fully saturated model. It is suggested that one may need to carefully take into account the saturation condition in the
interpretation of field observations on seismic ground motions.
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Introduction land reclamation as evidenced by the Kobe case mentioned
above. For this reason, there exists a need to clarify the effects of
Significant amplification of vertical motion was observed by a partial saturation on seismic ground motions, in both the horizon-
borehole array at a reclaimed island, Kobe, Japan, during thetal and vertical components. In particular, it is of interest to study
Kobe earthquake of 1995. A persuasive mechanism that is anthe influence of saturation on the amplitude ratios between the
alternative to the common explanation related to diffraction ef- two components, since the results may provide some useful im-
fects has been proposed for this observatiyang and Sato pications to the site evaluation technique generally known as
2000a. Both analytical modeling and numerical simulation have (Nakamura and Ueno 1986which is based on the interpre-
shown that partial saturation of soils may strongly affect vertical (atjon of field observations on both the horizontal and vertical
ground motion, suggesting the importance of saturation condi- components of microtremors and has recently drawn much atten-

tior:as in the infterpret:;tion of f.ie:ld otI)servl?tions. ed that Soil tion in engineering practicée.g., Konno and Ohmachi 1998
ecause of ground water, it has long been recognized that soils Recently, a preliminary analysis of the seismic reflection at a

may be appropriately regarded as a fully water-saturated porousporous soil interface between two half spaces as affected by the

material. A theory for describing the wave propagation in satu- degree of saturation has been condudiéahg and Sato 2000b

;?gdhggfgjnrcv?gé? V;':CSOS%?;:;?:‘U”)éoerf]fcbr:'asgiig gr): d(BEfOG h sicghe results showed that the degree of saturation indeed may cause
(e.g., Deresiewicz a¥1d Skglak 19639 Stoll 1977- Zienkieg\l/vicg aynd a significant influence on the reflected amplitudes at the interface

Shiomi 1984; Philippacopoulos 1989: Morochnik and Bardet in some situations. In this paper, a problem corresponding to an

1996: Yang and Sato 1988n reality, however, partial saturation inclined (S\() wave incident_ at the _free surface of a homogene(_)us
of subsoil may occur in certain situations due to fluctuating water Nalf space is analyzed. This physical model has been appreciated

tables, flooding, or recharge of groundwater. The situation of par- {0 be of fundamental importanctKnopoff et al. 1957; Der-
tial saturation is a typical case for marine sedimeSils et al. ~ ©€Siewicz and Rice 1962; Chen etal. 1981; Sharma and Gogna

1991); also it may exist frequently in offshore sites constructed by 1993- The objective of this study is to clarifit) how the degree
of saturation affects the free-surface amplitudes in both the hori-
lalexander von Humboldt Fellow, Institute of Geotechnical Eng- zontal ar,‘d vertlcgl component&?) what is the performance of
ineering, Technical Univ. of Berlin, Gustav-Mayer-Allee 25, D-13355 the amplitude ratios between the two components as affected by

Berlin; formerly, JSCE Sr. Researcher, Disaster Prevention Researchthe saturation; anB) how the degree of saturation influences the
Institute, Kyoto Univ., Kyoto 611-0011, Japan. E-mail: jun.yang@ oscillation behavior of soil particles at the free surface. The un-
grundbau.tu-berlin.de derstanding that is gained is of interest not only at the theoretical
Note. Associate Editor: James L. Beck. Discussion open until May 1, |evel but also in the engineering applications as mentioned previ-
2003. Separate discussions must be submitted for individual papers. Toously.
extend the closing date by one month, a written request must be filed with
the ASCE Managing Editor. The manuscript for this paper was submitted
for review and possible publication on April 28, 2000; approved on April

In order to account for the effect of saturation, in the present
study, the soil is more appropriately yet simply modeled, based on

8, 2002. This paper is part of thiournal of Engineering Mechanics the concept of homogeneous pore fluid and Biot's theory of two-
Vol. 128, No. 12, December 1, 2002. ©ASCE, ISSN 0733-9399/2002/12- phase porous media, as a partially water-saturated porous medium
1295-1303/$8.08$.50 per page. that is characterized by its degree of saturation, porosity, perme-
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10000 ¢ : 1 1 : Table 1. Properties of Typical Sand Used in Computation
5 . Upper limit at full saturation Quantity Notation Value
Z 1000 L. 1 | | L Bulk modulus of solid skeletofiMPa) Ky 86.7
4 £ Bulk modulus of solid graingGPa Ks 36
E Bulk modulus of wateGPa Ky 2.2
g 100 : L 200kp= 7777777 Lame constant of solid skeletdiviPa) " 40
.g ‘ | i 53 ‘ Permeability(m?) Kk 1071
2 : . 150kPa Fluid viscosity(Ns/n?) M 1073
8 I P a;=100kPa ‘ Density of graingkg/nr) Ps 2650
E 10 E | N\ Porosity n 0.4
= ;
[¢4] »
r I ] ] il
1 Theoretical Formulation

0.9 0.92 0.94 0.96 0.98 1

Degree of saturation, S i
* ' Apparently, one key difference between the fully water-saturated

Fig. 1. Influence of saturation on bulk modulus of pore fluid soil and partially saturated soil is pore fluid. For the partially

saturated soil, pore fluid is a mixture of water and air and the

relative proportions of constituent volumes can be characterized

by the porosityn and the degree of saturati@ as

ability, viscosity, and compressibility of solid and fluid constitu- v vV

ents. A theoretical formulation is developed for the computation n=—2 sr:l (1)

of displacement amplitudes in both the horizontal and vertical Vi Vv,

components, which are defined as a function of the degree ofin which v, andV,,=volumes of pores and pore water, respec-

saturation, the angle of incidence, and the frequency. Numericaltively andV,=total volume. One typical case of partial saturation

results are presented and discussed using typical sand propertiess when the degree of saturation is sufficiently highg., higher
than 90% so that the air is embedded in pore water in the form of
bubbles. For this special case, the concept of homogeneous pore
fluid may apply to Biot's theory of two-phase porous me@iot

1600 1956, and the bulk modulus of the homogeneous flidcan be
\\ P-1 wave approximately expressed in terms of the degree of saturation as
7 1200 + - (Verruijt 1969
£ 500 I 1
8 AN = 1-5 @)
2 N — +
> 400 |- N Kw  Pab
in which K, = bulk modulus of pore water anul,,= absolute pore
o pressure. As shown in Fig. 1, even a very small amount of air in
6 T soil can drastically reduce the bulk modulus of pore fluid and this
P2 wave influence is dependent on the absolute pore pressure. Introducing
_ Eq. (2) into Biot’s theory, the governing equations can be given in
g 4 =~ terms of displacements as
€ i
> \\ ) ) 9%u 92w
% ) . pVau+ (At a M-H.L)Ve-i-otMVCZpW-i-hW 3)
> ™
\\\
0 ground surface: free of stress and free draining
180
8 120
E
g
2 60 i b
S wave
0 I
0.00001  0.0001 0.001 0.01 0.1

Air proportion (1-Sr)

Y,
Fig. 2. Effect of saturation on velocities of compression and shear
waves in typical sand at frequency of 1 Hz Fig. 3. Physical model considered

1296 / JOURNAL OF ENGINEERING MECHANICS / DECEMBER 2002

J. Eng. Mech., 2002, 128(12): 1295-1303



Downloaded from ascelibrary.org by University of Hong Kong on 11/05/20. Copyright ASCE. For personal use only; all rights reserved.

24 Normalized by the amplitude
due to vertical SV wave

€
£
8 18 +
S
2 $=99% S$=95%
3
8
S 12 -
5
2 $,=100%
k]
[
3
£ 06 |
Q
15
<
0 L . L s
0 15 30 45 60 75 90
1.2 . . B
Normalized by the amplitude
due to vertical SV wave
09

06 | 5~100%

N

Amplitude of vertical displacement

$,=95%
03 T S=99%
0 . ‘ . . .
0 5 3 45 60 75 90

Angle of incidence (degree)

Fig. 4. Effect of saturation on displacement amplitudes in horizontal

and vertical components at frequency of 1 Hz
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whereu and w=respectively, the displacement vectors of solid

skeleton and pore fluid with respect to solid phase;divu and

{=—divw denote, respectively, the volumetric strain of the solid

skeleton and the increment of fluid contemt=fluid viscosity
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Fig. 6. Influence of absolute pore pressure on free-surface

amplitudes at frequency of 1 Hz

and k= permeability (with units of nf); p=total density anch;

=density of pore fluid)\ and p.=Lame constants of solid skel-
eton; andx andM = parameters accounting for the compressibil-

ity of grains and fluid, they can be given as

K K2
a=1-2 M=_——2

K, M Kg—K, Ka7Ks

1+ n(Ej—l” (5)

Amplitude ratio V/H

Amplitude ratio V/H
FS

Angle of incidence (degree)

Fig. 5. Effect of saturation on amplitude ratios V/H at frequency of 1 Hz
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in which g= gravitation acceleration at which the permeability is
measured.

The relationships between stress, pore pressure, and strain en-
tering into the governing equations are as follows:

k=k' (6)

Gij=)\68ij+2p¢sij*a8ijpf (7)
pi=M{—aMe (8)
&ij=3(u; j+u; ) )

where oj; =total stress;p;=pore pressure, and;;=Kronecker
delta.
With the aid of Helmholtz resolutiorie.g., Biot 1956; Der-

Fig. 7. Influence of absolute pore pressure on amplitude ratios at €Siewicz and Rice 1962the governing equations can be conve-
frequency of 1 Hz

whereK; and K= bulk moduli of solid grains and skeleton, re-
spectively andK;=bulk modulus of pore fluid, being related to

niently solved to yield two compression wavé®rein referred to

as P-1 and P-2 waves, respectiyeiyd one shear waueeferred

to as the S wave All the three waves are frequency dependent
and attenuated, and the influence of saturation on each of them is
different. Fig. 2 shows the velocities of the three types of waves
for a typical sand as a function of air proportion<{$,), for the

the bulk modulus of pore water, absolute fluid pressure, and de-frequency of 1 Hz. The properties of the typical sand are given in
gree of saturation as described in E2).

It should be noted that in the formulation is different from
the permeability coefficienk’ (m/s that is usually used in soil

mechanics and they are related by

-
N

4
©

Amplitude of horizontal displacement
[=] =)
w (o]

0.9

a4
=}

Amplitude of vertical displacement
[=)
w

Angle of incidence (degree)

S,=100%
/ f=10 Hz
i f=1Hz
f=0.1 Hz f
0 15 30 45 60 75 90
Angle of incidence (degree)
S$,=100%
f=10 Hz
f=1Hz
/ f=0.1 Hz
0 15 30 45 60 75 90

Table 1. It can be seen that the velocity of the P-1 wave decreases
substantially with even a slight decrease below full saturation.
The velocity reaches maximum at full saturation, about 1,470
m/s, while it dramatically drops to 355 m/s when the degree of
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Fig. 8. Angle-dependent displacement amplitudes at three different frequencies
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saturation is 99.8%. For the S wave, as expected, the influence of
saturation is negligible. The velocity of the P-2 wave also reduces

with decreasing saturation although it is generally very small at

low frequencies due to viscous coupling between solid and fluid

phases.

The boundary-value problem under consideration is shown in
Fig. 3. An inclined SV wave with incident angke and angular
frequencyw, is incident to the free surface of a half space that is
made up of partially saturated soil. As a consequence, three re-
flected waves are generated. Referring to the coordinate system,
the wave fields in the region af>0 can be conveniently ex-
pressed in terms of potentials as follows:

SV waves:

Vs=[Bs1 expliqsz) + By exp(—iq32) JQ(x,t)  (10)
U =[83Bs expiqaz) +83Bsx exp(—iqsz) QX L) (11)
P waves:
¢s=[As1 eXp(—i012) + A eXp(—i022) JA(x,t)  (12)
@1=[81As1 XA —i012) +8,As; €XP( —1022) [ (X,1) (13)
where Q(x,t)=exdi(ot—px)] and i=—1; 8;, 8,, and 3,
=amplitude ratios of potentials related to solid and fluid phases in

porous soil, which can be determined (@ang 1999

(N 2p+a®M)12—pw?

0 5 %0 45 e 75 90 1 pfwz—ochf (24)
Angle of incidence (degree)
Fig. 10. Angle-dependent amplitude ratios at three different frequen- 5 (A +2p+a?M)13-pw? (15)
cies 2 pro2—aMl3
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wl2—pw? pore pressure$100, 150, and 200 kPa, respectivelirhe fre-

S . . .

d3=—5— (16) quency of the incident wave is also assumed as 1 Hz. The com-

Pt puted amplitude ratios for these three absolute pore pressures are

in whichly,l,=complex wave numbers of the P-1 and P-2 waves shown in Fig. 7. In general, the influence of the absolute pore

in porous soil, respectively, arig=complex wave number of the  pressure is found to be small. A slight discrepancy only exists in

SV wave. the horizontal and vertical amplitudes in a narrow range of angles
The ground surface requires the traction to vanish=a0. In between 20 and 40°.

addition, the surface is conventionally assumed to be free drain-  The results shown previously are obtained at a specified fre-

ing, which leads to the vanishing of the pore pressure. By enforc- quency of 1 Hz. In order to take into account the effect of fre-

ing these boundary conditions one may obtain the reflection andquency on the results, three typical frequendied, 1, and 10

transmission coefficients for the potentials as a function of the Hz) that may represent the low, intermediate, and high frequen-

degree of saturation, incident angle, and frequency. The horizon-cies, respectively, are used in the computation. Fig. 8 shows the

tal and vertical displacements at the surface can subsequently bewo-dimensional amplitudes at the free surface $p#=100 and

given as 99% for the three frequencies. It is to be noted that the amplitudes
U= ( QB Qe — DAL QXL 17 are not normal_lzed by the amplitude due to a vertical SV wave.
x=1(03Bs2~ s~ PA1 = PAL) (X, (7 Obviously, the increase of frequency may cause larger amplitudes

Uu,= —i(pBg+ p+ 1A+ 02As) Q(X,1) (18) in both the horizontal and vertical components almost over the

whole range of angles. However, if these amplitudes are normal-

ized by the amplitude induced by a vertical SV wave, the effect of
Numerical Results frequency will disappear, as shown in Fig. 9. This can also be

observed in the angle-dependent amplitude ratios between the

Effect of Saturation on Angle-Dependent vertical and horizontal components as shown in Fig. 10.

Displacement Amplitudes
Effect of Saturation on Oscillation Behavior

The properties of a typical sand as given in Table 1 are employed ¢ 5, particles

in the numerical examples. Fig. 4 shows the free-surface ampli-
tudes of the horizontal and vertical components of displacementsThe understanding of oscillation behavior of soil particles is use-
as a function of incident angle. The frequency in the computation ful in the interpretation of seismic motion data. By treating the
is taken as 1 Hz and the absolute pore prespiiés taken as the  soil as an ordinary solid medium, Meissri@965 discussed the
atmospheric pressure, 100 kPa. Three degrees of saturation arescillation of soil particles and showed the phase shift between
included to show the influence of saturation. In order to simulta- the horizontal and vertical displacements. How the particle mo-
neously illustrate the influence of incident angle, both the hori- tion is affected by the saturation of subsoil is of interest and
zontal and vertical amplitudes are normalized by the amplitude deserves an investigation. Fig. 11 shows the particle displace-
due to a vertically incident SV wave. It is noted that, for all the ments at the positiorn=0 in the horizontal and vertical compo-
cases of saturation under consideration, the displacement in thenents in the situations of full and partial saturation, which are
horizontal component vanishes at an angle of 45°. Generally, theinduced by a vertical SV wave of 1 Hz. The resultant particle
amplitude of horizontal displacement due to an inclined SV wave motions for these two cases of saturation are also depicted in the
is smaller than that induced by a vertical SV wave when the angle same figure for a better comparison. Corresponding results for the
of incidence is greater than about 40°. However, in a narrow angles of incidence of 15, 30, and 45° are shown in Figs. 12, 13,
range of anglesi.e., between 20 and 3j°a peak forms with a  and 14, respectively.
peak value significantly exceeding one for all cases of saturation.  Fig. 11 indicates that, for a normal incident SV wave, there is
A substantial difference exists in this range between the cases ofno vertical motion in either the fully or partially saturated case,
full and partial saturation. Even a slight decrease of complete and the particle motion is thus in the horizontal direction only.
saturation leads to a sharper peak with a higher-peak value,When the SV wave is incident at an angle of 1bfg. 12, it is
whereas the vertical component at this point is found to form a found that the horizontal and vertical components are almost out
downward cusp. In general, partial saturation may cause largerof phase by 90° in the case of full saturation. As a consequence,
amplitudes in the vertical component but lower amplitudes in the the particle motion is elliptical. However, quite a different feature
horizontal component at small angles of incideificelow about is noticed when the subsoil is not completely saturated, even if
19°). the degree is very slight: the two components of motion become
The results for the amplitude ratios between the vertical and almost in phase, resulting in the particle motion in a linear man-
horizontal components are shown in Fig. 5 as a function of the ner. At this angle, the amplitude in the horizontal component is
angle of incidence. A singularity in the ratios can be observed at also found to be much greater than that in the vertical component
the angle of 45°, this is because the horizontal displacement isfor both cases of saturation.
zero at this point, as shown in Fig. 4. A closer view of the ratios The results for the angle of 3aFig. 13 show that the hori-
beyond the singularity is given in Figs(lband ¢ indicating a zontal and vertical motions are still out of phase at full saturation
notable effect of saturation exists and this effect is also angle and thus the particle motion is elliptical too. But different from
dependent. For instance, when the SV wave is nearly normally the behavior for an angle of 15°, the long axis of the ellipse is

incident at the surfac@with an incident angle of 3 the vertical- now shifted to the vertical direction. The amplitude in the hori-
to-horizontal ratio foIS, =99% can be as large as seven times the zontal component is almost the same with that in the vertical
ratio for S,=100%. component. Again, it is interesting to note that, when the subsoil

To examine the influence of absolute pore pressure on theis not fully saturated, the amplitude of horizontal displacements
results, Fig. 6 illustrates the free-surface amplitudes in both the becomes much larger than that in the vertical component. The two
horizontal and vertical components@t=99% for three absolute ~ components of motion are still out of phase by 90° but the long
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axis of the ellipse is shifted to the horizontal direction. At an
incident angle of 45¢{Fig. 14), the particle motion is found to be

31,8,,83 = amplitude ratios of potentials related to
solid and fluid phases;

along the vertical direction only in both cases of saturation; this is { = —divw, a measure of change in pore fluid
reasonable because there is no horizontal component of motion at amount;
this angle. m = viscosity of pore fluid;

N = Lame’s constants of solid skeleton;
p = total density;
pi = density of pore fluid;
05,V = potentials associated with solid phase of

Concluding Remarks

A study has been described of the saturation effect of subsoil on

. . bulk material;
the.grqund motions at the free surface of a half space induced by o, ¥, = potentials associated with flow of pore fluid:
an inclined SV wave. Based on the concept of homogeneous pore and

fluid and Biot’s theory, a theoretical formulation was presented
for the computation of the two-dimensional free-surface ampli-

® = angular frequency.

tudes that were defined as a function of the degree of saturation,

the angle of incidence, and the frequency.
Numerical results show that even a slight decrease from full

saturation may have a significant effect on the free-surface ampli-
tudes in both the horizontal and vertical components and the am-
plitude ratios between the two components, and this influence is

dependent on the angle of incidence. The oscillation of soil par-

ticles may also be strongly affected by even a slight decrease

from full saturation. In general, partial saturation may cause
larger vertical-to-horizontal ratios at the free surface for small

angles of incidence. The results imply that one may need to care-

fully take into account the saturation condition in interpreting
field observations of ground motions.
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Notation

The following symbols are used in this paper:
e = divu, volumetric strain of solid skeleton;
i = J-1;
K, = bulk modulus of solid skeleton;
K; = bulk modulus of pore fluid;
Ks = bulk modulus of solid grains;
K, = bulk modulus of pore water;
k = permeability(unit: m?);
k' = permeability coefficientunit: m/9;
= wave number of S wave;
[1,1, = wave numbers of P-1 and P-2 waves in
porous soil;
n = porosity;
pap = absolute pore pressure;
S, = degree of saturation;
u = displacement vector of solid skeleton;
V, = total volume of unit;
V, = volume of pores;
V,, = volume of pore water;
w = displacement vector of pore fluid with
respect to solid phase;
o,M = parameters accounting for compressibility of
grains and fluid;
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