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WAVE IMPEDING EFFECT BY BURIED RIGID
BLOCK AND RESPONSE REDUCTION OF
DYNAMICALLY EXCITED PILE FOUNDATION

Hirokazu TAKEMIYA* and Jian-qun JIANG™**

Presented here is a verification of the effect of a buried block (termed as “wave imped-
ing block™), when compared with a trench-cut measure, in reducing the response of a
machine foundation in soft soils supported by piles and of the nearby soils. An annular
type block whose depth is determined based on the wave cut-off phenomenon is de-
vised to surround the piles. Steady state harmonic response is investigated for the hori-
zontal, vertical and rocking exertion in the frequency range of interest. The numerical
computation is conducted by the finite element method for an axisymmetric model
under axisymmetric/anti-axisymmetric loading conditions.
Key Words . wave impeding effect, FEM, transmitting boundary, ring pile analysis

1. INTRODUCTION

Machine foundations transmit vibrations through
ground to the nearby field, causing disturbance to
it. Conventionally, the counter-measures have
been devised to reduce the ground-transmitted
vibration from the source through installation of
barriers in the form of trenches. For the 2-
dimensional problem, the wave screening effect by
such measures are investigated theoretically by the

finite element method by Lysmer and Waas (1972)"

and by the boundary element method by Beskos,
Dasgupta and Vardoulakis (1986)”. Installing a
concrete wall was proposed by Haupt (1986)” and a
wall of air cushions by Winkenholm and Agren
(1986)”. Recently, an idea has been put forth by
Chouw, Le and Schmid (1991)” to build a rigid
block in the ground at a proper depth, depending
on the frequency range below the cut-off frequency
of wave propagation in the surface layer above it.
Based on the investigation for a surface rigid
footing, they reported its effectiveness and con-
cluded it was a better engineering practice than
cutting trenches. The cut-off frequency is deter-
mined from the shear wave velocity for horizontal
motion and from the pressure wave velocity for
vertical and rocking motions, from which the depth
of the rigid block placement is properly deter-
mined. The transient response has recently been
dealt with by Takemiya and Fujiwara (1993)%, by
performing extensive parameter studies in time
domain to prove such impeding phenomenon.
Machine foundations in soft soils are usually
supported by piles. In the case of end-bearing piles,
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the presence of a rigid base has opposite directional
effects depending on the frequency range con-
cerned ; in the frequency range below the cut-off
frequency no wave transmission occurs, while in
the frequency range above it the resonance
possibility comes out due to the layer’s eigenmodes
as Chouw and Schmid (1991)” showed. The
through understanding of wave transmission and
impeding leads to an advanced rational design
procedure for the foundation. Herein, attention is
focused on such pile foundations for the develop--
ment of a response reduction system with a
modified design and construction of the wave
impeding block. For this theoretical investigation,
the finite element approach with use of transmit-
ting boundary at the side of the model is used and
the steady state response is presented herein. From
the convenience of treating the 3-dimensional wave
field, the axisymmetric 3-dimensional model is
employed for axisymmetric and anti-axisymmetric
harmonic loading on the foundation. The elaborate
transient response analysis has been conducted in
the authors’ companion paper (1993)%.

From the seismic design point of view, the
effective foundation input motions and the nearby
soil surface response are also important. These are
evaluated herein for incident SV waves at the
eigenfrequencies of the soil medium in order to
measure the effect of the above wave impeding
block since the rigidity of the block works for
reducing the seismic input motion whereas the
inertia may induce some resonance.

2. FORMULATION

Applying the substructure concept to the analysis
of piles and nearby soils, one may superimpose the
pile stiffness on to that of the soils for the
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interaction system. However, since the free field is
used for the latter analysis, due care should be
taken to evaluate the reduced piles stiffness by that
of soils. The same holds true in assembling the

taken into account for the mtemal energy d1551pa—
tion in addition to the radiating wave horizontally
towards infinity. The axisymmetric arrangement of
piles is assumed for the model. Pile tips are built in
to a presumed rigid bedrock and the pile heads are
perfectly connected to a rigid body footing. The
infinitely extending side region of the soil is
replaced by the so-called transmitting boundary
element based on the surface wave propagation
(generalized Rayleigh and Love waves) in the
concerned layer (Kausel and Roesset, 1975)”. Only
some essence of the formulation is presented here
from the work by Takemiya (1986)" to make the
procedure clear.

In case of the concentric piles layout in plan
view, the pile-soil-pile interaction may well be
interpreted by the Fourier series expansion for the
response description. Normally, a limited Fourier
terms are used so as to meet the displacement
compatibility for the footing motion. Specifically,
for the vertical motion of a rigid footing, the #=0
axisymmetric term ; for the coupled sway along the
x-axis and rocking motion about the y-axis of a
rigid footing, the =1 symmetric term about the x-
axis.

The FEM modeling is performed by solid
elements for the nearby soil and by the beam
elements for the piles. The interaction between
these elements are taken into account at the nodes
only, demanding the nodal displacement compati-
bility and the corresponding forces equilibrium.
The internal forces of piles is presumed to follow as
mentioned above along the azimuth around the
axisymmetric footing center.

The governing equation of motion of nearby soils
is established in the cylindrical coordinates by
expanding displacements and the forces into the
Fourier series along circumferential direction.

Ulr,0,2)=2H;(0) U3 (r,z)
+ZHE(0) Uf (1,2) wooveeeree (1)

P(r,0,2)=§H7f(6)P£(r,z)
HZHE () PE(7,2) ooveeeeenees (2)

in which the Fourier amplitude vectors U, (7,6,2),
P,(r,0,z) with superscript “s” stand for symmetric
Fourier components and “g” for anti-symmetric
ones, the displacement and force vectors are

U(r,0,2)=(u, us u)"

P(r,0,2)=(p, po pI7
and the variation H,(8) along the circumferential
direction is prescribed by the diagonal matrices of

H;(0)=diag.(cosnf —sinnf cosnf)

.......................................... (S.b)
The finite element discretization is conducted by
the conventional isoparametric assumption, lead-
ing the governing equation for the Fourier
amplitudes as

—_ 2 (a) ; (a) (@)
[~ Mst +ioCst, +Ket| U= Pes,

or DS USD = P& evevrnnneiiiiiiiin (6.b)
where D%, defines the dynamic stiffness of D%,

— 2 A sa) sla) (@) (a)
WMo nHiwCsf) nt+ Ko » with Msa(tal)n, Sotin

and K&% , being the associated mass, damping and
stiffness matrices, respectively ; w is the frequency
concerned.

The pile’s equation, on the other hand, needs
rotation angles in addition to displacements for
describing the deformation and the associated
forces including moments.

Ulr,60,2)=(u, uo tt; @ Pp O)Tovvvveen (7)

P(r,0,2)= (py po p. M, My M) (8)

The corresponding Fourier expansion in this case
becomes as

[u(r,ﬁ,z)]:Z[H,f(ﬁ) ”ui(r,z)]
O(r,0,z)] = H ()1 \Ds5(r,2)
+Z[H,§’(0) Huz<r,z>}
" H; (01 @i (r,z2)
{p(r,ﬂ,z)]zz[H,f(ﬁ) szw,z)}
M(r,0,z)] ™= Hz (01 M5 (r,z)

‘+Z[H:(0) Hp::(r,z)}
" H:(0)] \Mg(r,2)

........................................... (10)

The governing equations of piles for ‘the Fourier
amplitudes can be obtained by the conventional
finite element procedure based on the beam theory
and are expressed in a similar form with Eq.(6).
Therefore, for respective Fourier terms, the nodal
displacement compatibility and the nodal force
equilibrium constitute the pile and soil interaction
equation.

(DSP+RYUSPD=P5D e, (11)
in which D;® defines the total dynamic stiffness of
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pile-soil system within finite element domain, and
the R, impedance matrix of the lateral infinite soil
domain on transmitting boundary that is estimated
through three dimensional thin layer element
method.

The foundation motion Ur at a reference node
(master node) is expressed in the Cartesian
coordinates. The transformation is therefore
executed through 75, as a rigid body to the
displacements at nodes of the soil-foundation
interface (slave nodes). Thus, Eq.(11) results in

PL9=(D*O+R ), U

= (DSDHR ) fTE@Up cevveeemvveenns (12)
in which (D +R),,, defines the dynamic stiff-
ness after condensing out the degrees of freedom in
(D*®+R ), except those at slave nodes ; P3% is
the corresponding condensed driving force.

Furthermore, the soil-foundation interface nodal
forces including the moment in the cylindrical
coordinates are also transformed into those for the
master node of the foundation in the Cartesian
coordinates

PF=ZCYn(TnSTPsS,n+ T,?TP?,,,) ..... seesssennas (13)

with a,= 27 for n=0 and oterwise. It follows from
Eqgs.(12), (13) that we get the equilibrium equation
of the footing as

[Zad LT (D°+R) e n T3+ TT (D*+R) ., n T}

—~ WP Mpl Up= Py Pyeevvveeeereneeenee (14)
in which P, is the effective input force due to the
kinematic interaction with soils through seismic
wave incidence and P, is the force to exert
directly from the superstructure.

For incident SV plane wave, the displacement at
base nodes is defined as

uy = AT uo

#o=(cosy 0 siny)T

A=e*scosrzy
where u, is unit displacement vector, 7 is incident
angle, ks is wave number and 2z, is the vertical
coordinate of the base nodes. The transform matrix
T5% can be determined by introducing Bessel
functions to represent the plane wave propagation.
Thus the free-field displacements and forces on
lateral transmitting boundary can be calculated by
one dimensional model appropriately, and then the
effective input motion and/or force to foundation
are determined.

3. NUMERICAL STUDIES

The wave transmission in a layer underlain by a
rigid bedrock is mostly executed by the eigenmodes
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Fig.1 Installation of a wave impeding ring block

for body waves and surface waves. In the vicinity of
the source the body waves dominates the soil
response and only the surface waves remain as the
observation distance is increased from the source
because the body waves die out. The eigenvalues
for the former wave propagation are calculated for
the P and SV wave respectively, by

f =t em=1)

v,
2 y=qp @m—1)

m=1,2,
Since our primary focus is placed on the response
of the near field as well as the footing, the wave
cut-off frequency is specified approximately by the
first eigenvalues. The depth H, of a rigid block
installation is therefore determined by

ﬂlr:,s:’['l‘%;, ﬁlc’p=4‘;;b ....................... (17) )

In view of the axisymmetric nature of the model
for analysis, a block to be installed bellow the
foundation is formed annular to encompass the
piles, as illustrated in Fig.1. The pile deformation
is significant at the portion above the so-called 1/8
from the Chang’s formula, causing wave generation
and propagation outwards. From this reason, the
wave impeding block is devised as an annular to
surround piles. Besides, filling in this inside space
with the block material, which bonds the piles
together in effect, is intentionally avoided in view
of the high possibility of concentrated forces at the
pile sections. Fig.2 describes the pile foundation
for analysis. The depth of an annular block is
determined aiming at the wave impeding in the
frequency range below 6 [Hz] for the horizontal
loading and for the vertical loading in the
frequency range between 4 [Hz] and 10 [Hz]. This
requirement comes from the machine foundation
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Fig.2 Pile foundation for analysis

of interest. Simple calculation indicates that for the
S wave the layer resonance frequencies are f,=
1.25, 3.75, 6.25 and 8.75 [Hz] in the ascending
order, then the corresponding wave lengths are 1,
=80, 26.7, 16, 11.4 [m] ; for the P wave f,=3.06,
9.19, 15.31 and 21.44 [Hz] which yield the same
Ax’s. Hence, the location and the dimensions of the
wave impeding block in Fig.3(b) result. Trench cut
is also investigated for the wave screening in order
to compare it with that of the present wave
impeding block. Since there remain some uncer-
tainties for deciding the proper size and distance of
the trench-cut measure, here the depth is chosen
the same as the above block location and the
distance at the far end of it (Fig.3(c)). The material
properties of the soils, piles and buried block are
indicated in Table 1. Fig.4 illustrates the models
for FEM computation without any impeding
measure, with a wave impeding block, and with a
trench.

Fig.5. shows the radial and circumferential
responses at the nearby soil surface due to a
horizontal (z-direction) loading on the rigid
massless footing. Normalized presentation is made
by dividing the soil surface responses by the
horizontal footing displacement. Analysis is made
at the frequencies below and above the cut-off
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(2) Without any wave impeding measure

1 T td rd
[Be=1323 1 H=4m
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BLOCK
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© With wave screening trench

Fig.3 Model for numerical computation

Table1 Material properties of soil, pile and block

oroperty materiall o | pite | block
density P (Umd) 1.8 2.4 24
Poisson ratio v 0.4 0.167 | 0.167
damping ratic P (%) 3 0 0
shear wave velocity Vs (m/s) 100 - 2000
Young's modulus E (kn/m2) - 2.1x107
sectionarea A (m?) - 0.785 -
section moment 1x(=1y) (10Zmd) - 4.91 -
section moment Iz (102md) - 9.82
17
e
7T 8
\ .

Fig.4 Finite element discretization

frequency fi,s=6.25 [Hz] for the S-wave propaga-
tion in the soil layer above the block, and the
results are compared among models with the
annular block installation, with a ring trench cut
and without any wave impeding measures. One can
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to horizontal foundation excitation

note that for a frequency range below fiis, a
significant response reduction is attained by the
annular block at the surface above it and the
farther horizontal distance. However, for the
higher frequency range beyond fy, s, the response
amplification occurs as the layer’s first eigenmode
comes in this frequency range. The trench cut, on
the other hand, leads to a substantial wave

screening behind it but a significant unfavorable
increase of response at the soil surface in front of it.
The response feature at the far distance reflects the
surface wave propagation in a horizontal direction :
The radial response yields the generalized Rayleigh
wave propagation while the circumferential re-
sponse gives the generalized Love wave propaga-
tion.

]

49 (1538)



WAVE IMPEDING EFFECT BY BURIED RIGID BLOCK -

AND RESPONSE REDUCTION OF DYNAMICALLY EXCITED PILE FOUNDATION /TAKEMIYA - JIANG

|

FREQUENCY= 4.880 (Hz) |
A = NO IMPEDIMENT |
o WITH BEDBLOCK .
WITH TRENCH

VERTICAL DISPLACEMENT

00 | 1000 | 20.00 | 30,00 | 40.00  50.00 = 60.00  70.00  80.00

FREQUENCY= 7.320 (Hz) |
o NO IMPEDIMENT ]
o WITH BEDBLOCK
s WITH TRENCH R

VERTICAL DISPLACEMENT

] FREQUENCY= 9.180 (Hz) |
° o NO IMPEDIMENT |

WITH BEDBLOCK ]
WITH TRENCH

& °

4 & a

VERTICAL DISPLACEMENT
0

&

-]

8

.00

8.
% 2 FREQUENCY=15.300 (Hz) |
& ° ; s NO IMPEDIMENT |
S 8 o WITH BEDBLOCK |
(2 j » WITH TRENCH 4
I -
35 i
£ .

P
& ° i
> g

%.00 | 10,00 & 20,00 ' 90.00 = 40.00 = 50.00 = 60.00 = 70.00 = ©0.00

RADIAL DISTANCE (m)

Fig.6 Normalized soil surface responses due to vertical
foundation excitation
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Fig.7 Normalized soil surface responses due to rocking
foundation excitation

Fig.6 indicates the vertical response at soil
surface due to a vertical (z-direction) loading on
the massless footing. Normalization is executed by
dividing it by the vertical footing displacement. The
annular block fails in reducing the response of
nearby soil in the low frequency range. The first
eigenfrequency for the natural soil layer is given by

fee,»=3.06 [Hz], which results in amplifying the
response instead. However, as the frequency is
increased beyond this value, the annular block
works for reducing the nearby soil response in the
frequency range below the cut-off frequency fi, =
15.31 [Hz] which is specified by the P-wave
propagation in the soil layer above the block.
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Fig.8 Normalized soil surface responses due to vertical
incident SV wave

Fig.7 gives the vertical response at soil surface
due to a moment loading on the rigid massless
footing. Normalization is taken by dividing the soil
response by the footing rotation multiplied by the
radius. The rocking motion of the foundation is
more concerned with the P-wave than the S-wave
propagation of the soil layer so that the wave

impeding effect of the annular block has the same
tendency with the vertical response due to vertical
loading.

Another important aspect of installing a rigid
block in the soil medium is to what extent the
ground motion of foundation and nearby soil
surface is affected by it in the case of base
excitation when the seismic motion impinges the
bedrock. The effect of the block rigidity works for
reducing the seismic input motion to the founda-
tion, whereas the effect of the mass may induce
some resonance. In this paper, the effective input
motion through the kinematic interaction between
soil and footing is considered for the plane SV
motion. The computation results as normalized by
the free field response are depicted in Fig.8 for the
radial, circumferential components at the eigenfre-
quencies of interest of the soils. It is worth to note
that the installing the block reduces the ground
motion significantly in the radial direction and also
that in the circumferential direction.

4. CONCLUSION

Installation of a rigid block bellow a machine
foundation, whose depth is to be determined in
view of the cut-off frequency of a layer underlain
by a rigid base (in fact the soil thickness above the
block), has been proposed as a promising alterna-
tive measure for a wave impeding system in order
to reduce the nearby soil response. Since the
present study is oriented to a pile foundation at soft
soils, an annular stiff block surrounding piles is
devised. The investigation is conducted on the
axisymmetric 3-dimensional model under the
axisymmetric and anti-axisymmetric loading on the
rigid massless footing. In comparison with cutting
trenches, the numerical computation demonstrates
that the annular block is more effective for
reducing the soil response at nearby soils in the
frequency range below the cut-off frequency.
Installing the above block also reduces the
foundation input motion at the soil resonance
frequencies for incident seismic waves.
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