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Abstract—The basic idea of seismic barrier is to protect an area occupied by a building or a group of buildings 
from seismic waves. Depending on nature of seismic waves that are most probable in a specific region, differ­
ent kinds of seismic barriers are suggested. For example, vertical barriers resembling a wall in a soil can protect 
from Rayleigh and bulk waves. The F E M  simulation reveals that to be effective, such a barrier should be (i) 
composed of layers with contrast physical properties allowing “trapping” of the wave energy inside some of 
the layers, and (ii) depth of the barrier should be comparable or greater than the considered seismic wave 
length. Another type of seismic barrier represents a relatively thin surface layer that prevents some types of 
surface seismic waves from propagating. The ideas for these barriers are based on one Chadwick’s result con­
cerning non-propagation condition for Rayleigh waves in a clamped half-space, and Love’s theorem that 
describes condition of non-existence for Love waves. The numerical simulations reveal that to be effective the 
length of the horizontal barriers should be comparable to the typical wavelength.
D O I: 10.1134/S1063771011030109

IN T R O D U C T IO N

Methods of Seismic Protection
G enerally , c u rre n t app ro ach es fo r p reven ting  fail­

u re  o f  s truc tu res due  to  seism ic ac tiv ity  c a n  be  divided 
in to  two groups: (i) app ro ach es fo r crea tin g  seism ically  
stab le  s truc tu res an d  jo in ts ; th is  g roup  co n ta in s  differ­
e n t m e th o d s ensuring  e ith e r  active o r  passive p ro te c ­
tion ; an d  (ii) app ro ach es fo r crea ting  a  k in d  o f  seism ic 
b a rrie r p reven ting  seism ic waves from  tran sm ittin g  
wave energy in to  a  p ro te c te d  reg ion .

W hile  th e  first g roup  inc ludes a  lo t o f  d ifferen t 
eng ineering  ap p roaches an d  so lu tions, th e  second  one  
co n ta in s  very few studies; see T akahashi e t a l. (2001) 
an d  m o re  recen t w orks by  M o tam ed  e t al. (2008), 
K usakabe e t al. (2008). T h e  p ro p o sed  resea rch  belongs 
to  th e  second  group .

face ap p aren tly  transfo rm s th e  elastic h a lf-sp ace  in to  
viscoelastic  one. To be  effective, perio d ic  im p erfec ­
tions shou ld  have m ag n itu d e  an d  p e rio d  com parab le  
to  th e  m ag n itu d e  an d  w avelength  o f  p ropaga ting  R ay­
leigh  wave (Sobczyk  1966, M arad u d in  & M ills 1976, 
M arad u d in  & S h en  1980).

Possible Types of Wave Barriers
T h e  co n sid ered  seism ic barriers ca n  be  o f  two types: 

vertical, a im ed  to  reflect, trap , an d  dissipate  m o st o f  
th e  seism ic wave energy; an d  h o rizo n ta l, based  o n  
C hadw ick  an d  S m ith  (1977) an d  Love (1911) th e o ­
rem s, an d  a im ed  to  p reven t ce rta in  types o f  seism ic 
waves from  propag a tio n ; see, F ig . 1a.

Yet a n o th e r  in te resting  a p p ro ach  is to  c rea te  a 
“ ro u g h ” surface o f  th e  h a lf-sp ace  to  fo rce  th e  p ro p a ­
gating  Rayleigh wave sca tte r by  caves an d  swellings; see 
Fig. 1b, w here  p a r t o f  a  free surface w ith  th e  sinuso idal 
roughness is p ic tu red . In  th is  respect, th e  ro u g h  su r-

1 T h e  a r t i c le  is  p u b l i s h e d  i n  t h e  o r ig in a l .

Roufle surface

Direction of propagation

Fig. 1. ( a )  V e r t ic a l  a n d  h o r i z o n t a l  s e i s m ic  b a r r ie r s .  
(b )  R o u g h  s u r f a c e  a c t i n g  a s  s e is m ic  b a r r i e r  a g a i n s t  R a y ­
le ig h  w a v es .
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In practice, such a rough surface can be achieved 
by a series of rather deep trenches oriented transver­
sally to the most probable direction of the wave front. 
Some of obvious deficiencies of this method are: (i) its 
inability to persist the surface waves other than Ray­
leigh waves; (ii) protection from Rayleigh waves trav­
elling only in directions that are almost orthogonal to 
orientation of the trenches; and (iii) high sensitivity to 
the frequency of travelling Rayleigh waves. These 
shortcomings made an idea of exploiting a rough sur­
face as a kind of protective barrier, unrealizable.

Vertical Barriers

Fo r bulk waves the most effective vertical barrier 
would be an empty trench, or a trench filled in with a 
lighter material than the ambient soil. For such a bar­
rier most of the wave energy would be reflected, as is 
shown on Fig. 2a. However, propagating Rayleigh or 
Love wave will simply overflow an empty trench, as 
Fig. 2b shows. Thus, to be effective against the most 
dangerous types of seismic Rayleigh and Love waves, 
the vertical barrier should be of a more elaborate type. 
Possible structures of vertical barriers will be discussed 
later on.

Horizontal Barriers

Horizontal barriers can be constructed by modify­
ing properties of the outer layer preventing the corre­
sponding surface wave from propagation.

In practice, modifying physical properties of the 
outer layer can be achieved by reinforcing ground with 
piles or “ soil nails” ; see papers where reinforcing was 
studied for increasing bearing load of the soil 
(Blondeau 1989, De Buhan et al. 1989, Abu-Hejleh 
et al. 2002, Eiksund 2004, Herle 2006).

I f  distance between piles is sufficiently smaller than 
the wave length, then a reinforced region can be con­
sidered as macroscopically homogeneous and either 
transversely isotropic or orthotropic depending on 
arrangement of piles. O f  course, homogenized physi­
cal properties of the reinforced medium depend upon 
material of piles, distance between them, and their 
arrangements.

For stochastically homogeneous arrangement of 
piles and the initially isotropic upper soil layer, the 
reinforced soil layer becomes transversely isotropic 
with the homogenized (effective) characteristics that 
can be evaluated by different methods:

Voigt hom ogenization yields the upper bound for 
effective characteristics (Bensoussan, Lions, Papani­
colaou 1978):

C e f f e c t i v e  _  ( 1  - f )  C s o i l  +  f C p i l e s ’  (1)
where C *  are the corresponding elasticity tensors and 
f  is the average volume fraction of piles.

(a)

(b)

Fig. 2. (a )  F u l l  r e f le c t io n  o f  a n  i n c id e n t  b u lk  w a v e  f r o m  a n  
e m p ty  t r e n c h .  (b )  F lo w  o f  R a y le ig h  w a v e  a r o u n d  a n  e m p ty  
t r e n c h .

R euss hom ogenization. This method is related to 
constructing the homogenized inverse tensors:

^ e f f e c t i v e  _  ( 1  —  f ) S s o i l  +  f S p i l e s  (2)

yields the lower bound, where S *  are the correspond­
ing compliance tensors. In the case of pile reinforce­
ment these two methods give too broad “ fork” and 
thus, are not reliable.

TWo-scale asym ptotic expansion m ethod. Much 
more accurate results give the two-scale asymptotic 
expansion method (Bensoussan, Lions, Papanicolaou 
1978, Sanchez-Palencia 1983):

C e f f e c t i v e  =  ( 1  -  f ) C s o i l  +  f C p i l e s  +  K  ’ (3)

where K  is the corrector that is defined by solving the 
special boundary value problem for a typical periodi­
cal cell. It is interesting to note that taking the correc­
tor K in Eq. (3) as the null tensor we arrive at Voigt 
homogenization (1).

Methods for constructing the corrector within the 
two-scale asymptotic expansion methods are dis­
cussed by Michel, Moulinec, and Suquet (1999), Cec- 
chi and R izzi (2001).
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(c)

(b)

Fig. 3. (a )  R a y le ig h  w a v e  in  a  h a l f - s p a c e .  (b )  S to n e le y  w a v e  o n  t h e  in te r f a c e  b e tw e e n  tw o  c o n ta c t in g  h a l f - s p a c e s .  ( c )  L o v e  w av e  
p r o p a g a t in g  o n  t h e  in te r f a c e .  (d )  R a y le ig h - L a m b  w av es .

T H E  M A I N  T Y P E S  
O F  S U R F A C E  A C O U S T I C  W AVES

In this section we proceed to analyzes of the main 
types of seismic surface waves and conditions for their 
non-existence.

Rayleigh Waves
These waves discovered by Lord Rayleigh (Strutt 

1885) propagate on a plane surface of a halfspace; see, 
Fig. 3a and exponentially attenuate with depth. These 
waves transmit the most seismic energy and lead to 
most severe damage in earthquakes.

One interesting problem associated with Rayleigh 
waves is a problem of “ forbidden” directions of “ for­
bidden” (necessary anisotropic) materials that does 
not transmit a Rayleigh wave along some directions. 
Forbidden materials and forbidden directions have 
been intensively searched both experimentally and 
numerically (Lim  &  Farnell 1968, 1969, Farnell 1970) 
until mid seventies when the theorem of existence for 
Rayleigh waves was rigorously proved (Barnett &  
Lothe 1973, 1974a,b, Lothe &  Barnett 1976, Chad­
wick &  Smith 1977, Chadwick &  Jarvis 1979, Chad­

wick &  Ting 1987). This theorem states that no mate­
rials possessing forbidden directions for Rayleigh 
waves can exist.

Despite proof of the theorem of existence, a small 
chance for existence of forbidden materials remained. 
This corresponded to the case of non-semisimple 
degeneracy of a special matrix associated with the 
first-order equation of motion; actually, this matrix is 
the Jacobian for the Hamiltonian formalism used for 
Rayleigh wave description. However, it was shown 
(Kuznetsov 2003) that even at the non-semisimple 
degeneracy a wave resembling the genuine Rayleigh 
wave can propagate. Thus, for waves propagating on a 
homogeneous half-space, no forbidden materials or 
directions can exist.

Stoneley Waves
These are waves were introduced by Stoneley 

(1924), and analyzed by (Sezawa &  Kanai 1939, 
Cagniard 1939, Scholte 1947). Stoneley waves propa­
gate on an interface between two contacting half­
spaces, Fig. 3b.

In contrast to Rayleigh waves, Stoneley waves can 
propagate only if material constants of the contacting
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half-spaces satisfy special (very restrictive) co n d itio n s 
o f  existence. T hese  co n d itio n s  w ere stud ied  by  C h a d ­
w ick  & B orejko (1994), S engup ta  & N a th  (2001).

I t  shou ld  be  n o te d  th a t fo r th e  a rb itra ry  an iso tro p y  
no  closed analytical re la tions betw een  m ate ria l c o n ­
stan ts  o f  th e  co n tac tin g  half-spaces ensuring  ex istence 
o r  n o n -ex is ten ce  o f  S toneley  waves have b e e n  found  
(2010).

Love and SH Waves
Love waves (Love, 1911) a re  h o rizo n ta lly  po la rized  

sh ea r waves th a t p ro p ag a te  o n  th e  in te rface  betw een  an  
elastic layer co n tac tin g  w ith  elastic ha lf-space ; Fig. 3c. 
A t th e  o u te r  surface o f  th e  layer tra c tio n -free  b o u n d ary  
co n d itio n s  a re  genera lly  considered .

In  th e  case o f  b o th  isotropic layer an d  h a lf-sp ace  th e  
co n d itio n s  o f  ex istence derived by  Love are:

Sc'-'layer < cS
halfspace ’ (4)

S
w h ere  c* are  th e  co rrespond ing  speeds o f  th e  tra n s ­
verse bu lk  waves. A t v io lating  co n d itio n  (4) no  Love 
wave ca n  p ropagate . F o r th e  case o f  b o th  an iso trop ic  
(m o n o c lin ic ) layer an d  a  ha lf-sp ace  th e  co n d itio n  o f  
ex istence is also k n own (K uznetsov  2006a).

S H  waves resem ble  Love waves in  po la riza tio n , b u t 
differ in  absence  o f  th e  co n tac tin g  ha lf-space . A t th e  
o u te r  surfaces o f  th e  layered p la te  d ifferen t b o u n d ary  
co n d itio n s  ca n  be fo rm u la ted  (K uznetsov  2006b). In  
co n tra s t to  g en u in e  Love waves, th e  S H  waves exist a t 
an y  co m b in a tio n  o f  elastic p roperties o f  th e  co n tac tin g  
layers.

Besides Love an d  SH  waves a  co m b in a tio n  o f  th e m  
ca n  also be  considered . T h is co rresponds to  a  h o r iz o n ­
tally  po la rized  wave p ropaga ting  in  a  layered system  
consisting  o f  m u ltip le  layers co n tac tin g  w ith  a  h a lf­
space. A nalysis o f  co n d itio n s o f  p ro p ag a tio n  fo r su ch  a 
system  ca n  be  d o n e  by applying e ith e r  transfe r m a trix  
m e th o d  (T h o m so n  1950, H askell 1953), kn o w n  also as 
th e  T h o m so n —H askell m e th o d  due  to  its o rig inators; 
o r  th e  g lobal m a trix  m e th o d  m ain ly  developed by 
K n o p o ff  (1964).

A t p re sen t (2010) n o  closed  analy tica l co n d itio n s  o f  
ex istence fo r th e  co m b in ed  Love an d  SH  waves p ro p a ­
gating  in  an iso tro p ic  m u ltilayered  system s are know n; 
however, these  co n d itio n s  c a n  be  o b ta in ed  n u m e ri­
cally  by  apply ing  tran sfe r o r  g lobal m a trix  m ethods; 
see (K uznetsov  2006a,b; D je ran -M aig re  & K uznetsov  
2008).

D iffe ren t observations show  th a t g en u in e  Love an d  
th e  co m b in ed  L ove-SH  waves along  w ith  R ayleigh an d  
R ayleigh—L am b waves p lay  th e  m o st im p o rta n t ro le  in  
transfo rm ing  seism ic energy  in  earthquakes (e.g., 
A gnew  2002, B raitenberg  & Z ad ro  2007). B ut, as we 
have seen , th e re  is a  relatively  sim ple (a t least fro m  a 
th eo re tica l p o in t o f  view) m e th o d  fo r s topp ing  Love 
an d  th e  co m b in ed  Love an d  S H  waves by  m odifying

th e  o u te r  layer in  su ch  a  way th a t co n d itio n s o f  exist­
ence  (4) are  v io lated .

Lamb and Rayleigh—Lamb Waves
L am b waves (L am b, 1917) are  dispersive waves 

p ropaga ting  in  a  ho m o g en eo u s p la te  an d  ( if  a  p la te  is 
iso trop ic) po la rized  in  th e  saggital p lan e , sim ilarly  to  
p o la riza tio n  o f  th e  g en u in e  Rayleigh waves; see also 
V ictorov (1967). I t  is k n o w n  (L in  & K eer 1992, Ting 
1996) th a t L am b waves c a n  p ro p ag a te  a t any  an iso t­
ro p y  o f  th e  layer an d  a t trac tio n -free , c lam p ed , o r 
m ixed  b o u n d a ry  co n d itio n s im p o sed  o n  th e  o u te r  su r­
faces o f  th e  p la te . T h e  sam e resu lt c a n  be  ex trapo la ted  
to  a  layered p la te  co n ta in in g  m u ltip le  an iso trop ic  
ho m o g en eo u s layers in  a  c o n ta c t (Ting 2002). T hus, 
fo r L am b waves no  fo rb id d en  m ateria ls  exist.

M o re  in teresting  fro m  seism ological p o in t o f  view  
are  R ayleigh—L am b waves; see Fig. 3d. T hese  are  d is­
persive waves p ropaga ting  in  a  layered p la te  co n tac tin g  
w ith  a  (hom ogeneous) halfspace. R ayleigh—Lam b 
waves in  iso trop ic  m ed ia  a re  po la rized  in  th e  saggital 
p lan e  defined  by vectors v  (n o rm al to  a  m ed ian  p lane) 
an d  n (d irec tio n  o f  p ro p ag a tio n ), as L am b an d  R ay­
leigh  waves. N eed less to  say th a t R ayleigh— Lam b 
waves a re  m u c h  m o re  d ifficult fo r th eo re tica l studies 
th a n  R ayleigh o r  L am b waves.

S E IS M IC  B A R R IE R S

H ere in , we p re sen t som e results o n  n u m erica l s im ­
u la tio n  o f  p ropaga ting  seism ic waves an d  th e ir  in te ra c ­
tio n  w ith  seism ic barriers. T h e  p resen ted  results w ere 
ob ta in ed  by  th e  exp lic it F E  co d e  im p lem en ted  o n  a 
c lu ste r an d  m etac lu s te r com puters.

Vertical Barriers
T h eo re tica l analysis an d  n u m erica l s im ula tions 

reveal th a t to  effectively p ro te c t fro m  R ayleigh an d  
R ayleigh—L am b waves a  vertical b a rrie r (F ig. 1) shou ld  
satisfy several co n d itions: (i) th e  b a rrie r shou ld  have a 
com p o site  layered s tru c tu re  co m posed  o f  vertical lay­
ers w ith  co n tra s t physica l p roperties; (ii) d ep th  o f  the  
b a rrie r shou ld  be  co m p arab le  to  th e  w avelength  o f  th e  
m o st p robab le  seism ic wave; (iii) th e  p ro te c te d  zo n e  
shou ld  be  com ple te ly  su rro u n d ed  by  a  b a rrie r  to  avoid 
flow ing o f  th e  seism ic wave inside th e  p ro tec ted  zone.

H en cefo rth , a ll th e  n u m erica l s im u la tions are  done  
w ith  A b aq u s/E x p lic it®  C A E  softw are.

F igure 4 dem o n stra tes  a  m ovie fram e re la ted  to  
n u m erica l s im u la tio n  o f  a  p ropaga ting  seism ic R ay­
leigh  wave in te rac tin g  w ith  a  ro u n d -sh a p e d  vertical 
barrier; th e  la tte r  com plete ly  su rro u n d s th e  p ro tec ted  
reg io n . T h e  ra tio  o f  th e  w av e len g th  to  d e p th  o f  th e  
b a rr ie r  w as ta k e n  ~ 0.8 . T h is  c o rre sp o n d e d  to  th e  
re fe re n c e  f re q u e n c y  a b o u t 7 H z  a n d  th e  R ay le igh  
w av e len g th  20 m  (sp eed  o f  R ay le igh  w ave w as se t as 
140 m /s ;  sp eed  o f  th e  tran sv erse  b u lk  w ave w as
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Fig. 4. R o u n d - s h a p e d  c o m p o s i te  v e r t ic a l  b a r r i e r  p r o te c t in g  
f r o m  R a y le ig h  w av es: (a )  3 D  m o d e l ;  (b )  c r o s s - s e c t io n .

(b)

(a)

Fig. 5. 3 D  m o d e l  o f  t h e  h o r i z o n ta l  r o u n d - s h a p e d  b a r r i e r  
in te r a c t in g  w i th  a  lo n g  R a y le ig h  w av e: ( a )  3 D  m o d e l ;  
(b )  c r o s s - s e c t io n  n e a r  t h e  b a r r ie r .

~180m/s); diameter of the protected region was 
120 m. Inside the protected region reduction of the 
magnitude of displacements was more than ten times 
comparing to the outside territory.

Transverse (Horizontal) Barriers

Our analyses revealed that similarly to vertical bar­
riers, the transverse barriers should satisfy several con­
ditions to effectively protect from seismic waves: 
(i) length (horizontal) of the barrier should be compa­
rable to the wavelength; (ii) material of the barrier 
should have larger density than the ambient soil for 
Rayleigh waves; that is in agreement with Chadwick’s 
theorem stating that at the clamped surface of a halfs­
pace, no Rayleigh wave can propagate; (iii) material of 
the barrier should satisfy the opposite Love’s propagat­
ing condition (4) for protecting from propagating seis­
mic Love waves.

Figure 5 demonstrates a movie frame related to 
numerical simulation of a propagating seismic Ray­
leigh wave having a long wavelength and interacting 
with a round-shaped transverse (horizontal) barrier; 
the latter completely surrounds the protected region. 
The ratio of the wavelength to length of the barrier was 
taken one and a half. Inside the protected region 
reduction of the magnitude of displacements was 
about three times comparing to magnitude of dis­
placements at the outside territory.

C O N C L U D I N G  R E M A R K S

Herein, a brief outline of future research directions 
related to creating more efficient seismic barriers is 
given. A  practically important case, when seismic bar­
riers appear to be indispensable, is discussed in the last 
subsection.

ACOUSTICAL PHYSICS Vol. 57 No. 3 2011
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Fig. 6. A  r i n g - s h a p e d  d o u b le  p i le  f ie ld  u s e d  t o  s c a t t e r  s e is ­
m ic  w a v e  en e rg y .

Setting up an Optimization Problem

T o  m a k e  s e a r c h  o f  t h e  o p t i m a l  g e o m e t r i c  a n d  p h y s ­

i c a l  p r o p e r t i e s  o f  t h e  p r o t e c t i n g  b a r r i e r s  m o r e  s y s t e m ­

a t i c ,  s o l u t i o n  o f  t h e  f o l l o w i n g  o p t i m i z i n g  p r o b l e m  c a n  

b e  s u g g e s t e d .  M a t h e m a t i c a l l y  t h e  o p t i m i z a t i o n  p r o b ­

l e m  f o r  m i n i m i z i n g  m a g n i t u d e s  o f  d e f l e c t i o n s  c a n  b e  

w r i t t e n  a s  f i n d i n g  m i n i m u m  o f  t h e  f o l l o w i n g  t a r g e t  

f u n c t i o n  F :

m i n  ( F ( C : ;  p x ;  l x ; h x )

Ci, pi, li, hi ( 5 )

=  ( m a x  m a x [ я ( ю ) m ( x ,  ю ) ] ) ) ,

to eO x e D

w h e r e  C j ,  p x ,  a n d  hl ,  lx  a r e  t h e  e l a s t i c i t y  t e n s o r ,  d e n s i t y ,  

d e p t h ,  a n d  l e n g t h  o f  t h e  b a r r i e r  ( i n  t h e  c a s e  o f  i s o t r o ­

p i c  m a t e r i a l ,  L a m e  c o n s t a n t s  c a n  b e  u s e d  i n s t e a d  o f  

t h e  e l a s t i c i t y  t e n s o r ) ,  ю  i s  t h e  a n g u l a r  f r e q u e n c y ,  Q  i s  a  

s p e c t r a l  s e t ,  «( ю )  i s  t h e  c o r r e s p o n d i n g  s p e c t r a l  d e n s i t y ,  

D d e n o t e s  t h e  p r o t e c t e d  z o n e ,  a n d  m i s  t h e  m a g n i t u d e  

o f  d e f l e c t i o n s  i n  t h e  p r o t e c t e d  z o n e .  T h i s  p r o b l e m  

r e s e m b l e s  o n e  t h a t  i s  u s u a l l y  s o l v e d  a t  f i n d i n g  o p t i m a l  

p a r a m e t e r s  o f  s h o c k  a b s o r b e r s  ( D e n  H a r t o g  1 9 8 5 ,  

B a l a n d i n  e t  a l .  2 0 0 0 ,  2 0 0 8 ) .

A Barrier Utilizing Concept 
of Scattering Seismic Wave Energy

T h a t  i s  a n o t h e r  t y p e  o f  s e i s m i c  b a r r i e r s .  F r o m  t e c h ­

n o l o g i c a l  p o i n t  o f  v i e w ,  s u c h  a  b a r r i e r  c a n  b e  e v e n  s i m ­

p l e r  a n d  p o s s i b l y  c h e a p e r  t o  c r e a t e  t h a n  v e r t i c a l  o r  

h o r i z o n t a l  b a r r i e r s .  T o  d e m o n s t r a t e  t h i s  c o n c e p t ,  c o n ­

s i d e r  a  r i n g - s h a p e d  p i l e  f i e l d  a s  s h o w n  o n  F i g .  6 .

W h i l e  i n t e r a c t i n g  w i t h  s e i s m i c  w a v e s  e a c h  p i l e  a c t s  

a s  a  s c a t t e r  o b s t a c l e .

A r r a n g e m e n t ,  m a t e r i a l ,  a n d  p r o f i l e  o f  t h e  p i l e s  c a n  

b e  o b t a i n e d  b y  a n  o p t i m i z a t i o n  p r o c e d u r e  t h a t  i s  s i m ­

i l a r  t o  o n e  o u t l i n e d  i n  t h e  p r e v i o u s  s u b s e c t i o n .

Where Seismic Barriers Can Be Most Efficient?
S i m p l e  o b s e r v a t i o n s  r e v e a l  t h a t  d i f f e r e n t  t y p e s  o f  

s e i s m i c  b a r r i e r s  c a n  b e  m o s t  e f f i c i e n t  a t  s o f t  s o i l s  e s p e ­

c i a l l y  s u b j e c t e d  t o  l i q u e f a c t i o n ,  w h e n  m o r e  t r a d i t i o n a l  

s e i s m i c  p r o t e c t i o n  m e a s u r e s  c a n  b e  i n a d e q u a t e .  

I n d e e d ,  b y  d i m i n i s h i n g  a m p l i t u d e  o f  s e i s m i c  w a v e s  

i n s i d e  t h e  p r o t e c t e d  z o n e ,  t h e  c o n s i d e r e d  b a r r i e r s  

s h o u l d  i m p r o v e  s t a b i l i t y  o f  l i q u e f i e d  s o i l s .

H o w e v e r ,  f o r  s u c h  s o i l s  a  m o r e  c o m p l i c a t e d  a n a l y ­

s i s  o f  t r a v e l i n g  w a v e s  i n v o l v i n g  B i o t ’ s  t h e o r y  o f  

p o r o e l a s t i c i t y  c a n  b e  n e e d e d ;  s e e  D e t o u r n a y  E .  &  

C h e n g  ( 1 9 9 3 ) .  I t  s h o u l d  a l s o  b e  m e n t i o n e d  t h a t  

a c c o r d i n g  t o  t h e  g e n u i n e  B i o t ’ s  t h e o r y  a l l  g o v e r n i n g  

e q u a t i o n s  a r e  l i n e a r ,  t h a t  e n s u r e s  v a l i d i t y  o f  t h e  h a r ­

m o n i c  w a v e  a p p r o a c h .

A C K N O W L E D G M E N T S

T h e  a u t h o r  t h a n k s  R u s s i a n  F o u n d a t i o n  f o r  F u n d a ­

m e n t a l  R e s e a r c h  ( G r a n t  0 9 - 0 1 - 1 2 0 6 3 - o f i )  f o r  p a r t i a l  

f i n a n c i a l  s u p p o r t .
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