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1. INTRODUCTION
1.1 Introduction

Soil deposits in the offshore environment are located at some depth in the water and
are saturated with fluid. The dynamic load applied to submerged soil generates the
transient pore-fluid motion relative to the skeleton for the transient redistribution of pore
fluid. This occurs in various degrees depending on loading rate, soil permeability,
pressure gradient and boundary conditions. The dynamic response behavior of submerged
soil is affected by such pore fluid behavior and thus is extremely complex. The water body
above the soil deposits also may affect the dynamic response of soil. At the present time,
however, it is not well understood how and how significantly those factors associated with
the offshore environment affect the dynamic response of soil deposits and offshore pile

foundations.

The objectives of the research are 1) to develop an efficient numericam method, the
thin layer element solution, for the dynamic response analysis of saturated soil deposits and
2) to examine the effects of the offshore environment on the dynamic response of soil
deposits and pile foundations. This report contains 1) formulation of the thin layer element
solution developed for the dynamic response analysis of saturated soil deposits, 2)
numerical results computed by the developed formulation, 3) and discussions of the
offshore environment effects on the dynamic responses of soil deposits and pile
foundations. Both the two-dimensional plane strain conditions and the three-dimensional

conditions in the cylindrical coordinates are considered in the study.

The results reported herein are a part of the study to develop a rational numerical

model of pile foundations for seismic response analysis of pile-supported offshore



structures. The study is being conducted with the collaboration from the Port and Harbor

Research Institute, Japan Ministry of Transport.

1.2 Methods for Dynamic Response Analysis of Fluid-Filled Porous
Medium

Analytical studies are useful to understand the complex dynamic response behavior
of saturated soil. Biot (1962) has made a framework in the formulation of dynamic
response of a fluid-filled elasto-porous medium . This formulation has been generally used
for dynamic response analysis of submerged soil and evaluated typically by either analytical
solutions obtained by solving the differential equations or the numerical finite element
method. Considerable difficulty exists in obtaining analytical solutions of Biot's equation
in general and thus the solutions have been developed only for very simple conditions (e.g.
Biot, 1956; Jones, 1961; Deresiewics, 1960; Foda and Mei, 1982). Those conditions are
generally far from those commonly encountered in the real situation. The finite element
method has been applied for the numerical evaluation of Biot's equation (e.g. Ghaboussi
and Wilson, 1973; Prevost, 1982; Simon et al., 1986; Zienkiewicz et al., 1977). Contrary
to the former approach, this approach can account for complex geometry and
inhomogeneity without increasing the degree of difficulty and amount of computation.
However, compared with the finite element scheme applied to a single-phase medium, the
computation effort increases sui)stantially due to the additional degrees of freedom
associated with pore fluid. The thin layered element method has been developed by
combining the finite element method and analytical solution, to compute the responses by
using Rayleigh wave modes (Kausel and Roesset, 1975; Lysmer and Waas, 1972; Tajimi
and Shimomura, 1976). This approach requires a computation effort far less than the
regular finite element approach and yet has a capacity of accommodating complex

conditions far more than the analytical solution approach. Since a large computation effort



is generally required in the dynamic response analysis of a two-phase mixture by the
regular finite element method, this approach appears to be very attractive for such analysis.
However, the thin layer element method does not appear to have been applied to a fluid-

saturated porous medium in the past.



2. GOVERNING DIFFERENTIAL EQUATIONS

Cylindrical and Cartesian coordinates are considered as shown in Fig. 2.1. Stress
and strain vectors and force and displacement vectors are arranged as follows:
stress and strain vectors (xx, zz, xz) (1, 90, zz, rz, 10, z6)

(x, z) (r, z, 9)

force and displacement vectors

Then the operator L, which relates the strain vector with the displacement vector through €
=Lu,is
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and also the Laplacian operators V are defined as



(2.1b)

The soil medium is assumed to be an elastic porous medium saturated with pore
fluid. The displacement of the pore fluid relative to the displacement of the solid skeleton is

defined as

w=nlU-u) 2.2)
where n = porosity; w = vector containing relative displacements of fluid; u = vector
containing displacements of solid skeleton; and U = vector containing the average
displacements of the fluid over a unit area of the mixture perpendicular to the
displacements. The total normal stresses acting on a unit area of mixture is

G = (1-n)o; - mnt =" - mnx (2.3)

where Og = vector containing a normal stresses acting on the solid skeleton averaged over
the unit area; G = vector containing total normal stresses ; ¢' = vector containing effective

normal stresses; T = pore fluid pressure; and m = (1,1,0)T.

The equilibrium condition of forces acting on the soil skeleton in a unit volume of

soil is described as

1-mL o, + (1-n)p,b + nk'w = (L-n)p,i (2.4)



sl

where w = dw/dt; ii = 02u/ot2; b = body forces per unit mass; pg = density of a unit

volume of the solid material in the skeleton; and
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(2.5)

The equilibrium condition of the forces acting on the pore fluid domain in a unit volume of

soil is given by

nVx - K 'nw + npb = hW+ np;ii (2.6)

where pg = density of unit volume of pore fluid. Combining Egs. 2.4 and 2.6, the

equilibrium condition of the pore fluid and solid skeleton mixture is expressed as

Lo+ pb = pii + p W 2.7

where p = density of unit volume of mixture = (1-n)ps + nps. Since linear elastic

conditions are considered, body forces will be neglected hereafter.



The rate of the fluid stored in a unit volume mixture is equal to the summation of the
rate of volumetric strain in the solid frame, the rate of change due to compression of the
solid by pore fluid pressure, the rate of change due to compression of the solid by the
effective stresses, and the rate of change due to compressibility of the flnid. According to

Simon et al. (1984), this is expressed as
* T -1
Vw=-ome+Qn (2.8)

where € = strains; o and Q = material property parameters defined later in Eq. 2.10; and

(2.9)
The parameters o and Q are defined as
K 1
a=1--% and Q'=l,4an 2.10
K, K, K, (2.10)

where K = elastic volumetric modulus of solid; K¢ = volumetric modulus of fluid; and Kgq
= elastic volumetric modulus of solid skeleton. The strains in a soil mass result from
deformation of skeleton and deformation of solid particles. The former and latter are
caused respectively by the particle-particle contact pressure and all around pore pressure.

Therefore, the strains of a gross soil mass are expressed by



-1 p1s
= a1
£ DG+-§-I—(~S—HI (21)

where D = elastic stiffness matrix of soil skeleton. Substituting Eq. 2.11 into Eq. 2.3 and

Dm = 3K4m, the total stresses, G, can be correlated with € and 7.

Dm
GmD£+(m—':_,;"f(‘“)1t=D£+a1tm (2.12)
]

After substituting n in Eq. 2.8 into Eq. 2.12 and using € = Lu, Egs. 2.8 and 2.12 result in

the expressions of the stresses ¢ and porewater pressure T as

{g} } [(D +o?’Qmm )L aQmV J {u} o1

aQm' L QV* w

The operations inside the matrix on the right hand side of Eq. 2.13 result in
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(2.14)

Using r and ¢ defined in Eq. 2.13, Egs. 2.6 and 2.7 can be rewritten in the

following matrix form after using the relationship € = Lu :

i

M{W} - C{':v} * K{a} = {g} 2.15)

where

PPy 0 0 L*(D +a2QmmT)L aQL*mV*
M = C = -1 = *
Pr PN 0 k aQVm'L QVV
(2.16)
Operations inside K result in
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L*'mV'=Vm'L =VV* =

L*'mV'=VmL =VV’=
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3 SOLUTIONS BY THIN LAYER ELEMENT METHOD
3.1. Plane Strain Conditions in Cartesian Coordinates

Consider a horizontally layered submerged soil. The displacements of the medium
in the horizontally propagating wave field is expressed in the form of (u(x,z,t), w(x,z,t)) =
(u(z), w(z))ei{ot-hx) in which ® = circular frequency and h = wave number. Thus,
omitting the time factor, the displacements of the jth layer in the wave field are assumed to

be expressed as
uj(x,z) uj(z)
wx2)| = 1| g ) (3.1)

where H(hx) = 4x4 diagonal matrix containing e-ihx: and u; and wj = displacement vectors
containing x and z components in each of uj and wj. Also, using a shape function for
expressing the displacements in the z coordinate, displacements within the j-th layer are

approximately expressed as
uj(x,z) Uj(x)
W, (%,2) =V@ W,(x) (3.2)

where Uj()T = (uj(x,0)T, uj(x,Lj)T)T and Wj(x)T= (wj(x,0)T, wj(x,Ly)T)T; and z = 0 and
L; are respectively the locations of the upper end and lower ends of the jth layer; ; and V(z)

= matrix containing shape function. Thus, we will have

11



uj(z) Uj
w () =V(@ W,
Uj(x) Uj
lw o[ = HOX)| 3y
] J

When continuous linear variations of the displacements are assumed along z, the shape

(3.3)

function matrix V is

kA zZ
V(z>={1- T "ﬁ‘jJI (3.4)

where I = 4x4 identity matrix. It is noted in Eq. 3.4 that the factor (1-z/L, z/Ly) is simply

multiplied to the numbers in I and thus V is 2 matrix with 4 rows and 8 columns.

With Eqgs. 3.1 and 3.4, Galarkin's procedure applied to Eq. 2.15 results in

=
T L;
To o lUil |
Y VR AV | -0 (3.5)
1 Wl

where J = numbers of layers; and K, = [Kdz. The inside of the second summation in Eq.

3.5, S, can be rewritten as
L.
]

| .

S EAARLE
s_gz_[VKij]Wjdz
0
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L L, 3K U.
V'K { }dﬂ v ,_.._JHV{ J}dz (3.6)
(Ja ] i J \u/

}

Substituting Eq. 3.6 into Eq. 3.5 and integrating it with respect to z result in the

characteristics equation in the discretized form such that

y L U.
i
ZI {V‘(K - ioC + @*M - "g—K—JHV - aaV KHV}{W } dz=0 (3.7

=1 0 J

Then, after the elimination of a diagonal matrix H, partial differentiations and integration

result in

i [hzonj +ihp, + YJ{‘I}J‘;} ~0

=1 j

or , this can be rewritten as

(W% + ihp + v]{gv} =0 (3.8)

where U and W = vectors containing respectively uj(z=0) and wj(z=0) of all layers

Aa 0Oa oQa Oa

L 0a Ga Oa Oa

o =—1]0QaQa Qa Oa
' 6 10a 0a 0a 0a

0b (A-2G)b Ob Qb7 [0b (A-2G)b Ob aQb

1/Gb Ob  Ob Ob | {|Gb Ob ~ Ob Ob
Bi=2]0b aQb 0b Qb |-5|0b aQb Ob Qb
Ob Ob  Ob Ob Ob Ob  Ob Ob
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Ge Oc Oc Oc Oa 0a Oa Oa

1 | Oc Ac Oc aQe . L;]10a 0a 0a Oa
Y,=17| 0c Oc Oc 0c | *i®¢ |0a Oa k'aOa |-
i| 0c aQc Oc Qc 0a 0a 0a kh
pa Oa pa Oa
,Li10a P2 Oa pa
co—-g- pa Oa p/na Oa
0a pa Oa pg/na
(39
in which A = A +2G +02Q; and
F31 et Al e
a=iq1 9 b= 1 -1 €C=l.1 1 (310)

Wave numbers, h, and their associated mode shape vectors, (g1, Owl)T, can be
determined by solving the characteristic equation given by Eq. 3.8. Since the fluid
pressure is an all round equal pressure, there is a constraint between the freedoms
associated with wy and w, and thcrefore. the characteristic equation for J layers results in
the number of eigenva.lues equal to 3J conjugate pairs instead of 4]. In order to satisfy the
wave scattering conditions, only those with the plus sign in the imaginary part are selected
among the conjugate pairs. Then, the displacements of the submerged layered-soil is

expressed along x at the nodal points, U(x) and W(x), as

{3&3} imhsx){g}s *i‘fﬂl‘xﬂs{ijs ‘ (3.11)

§= §=1

and thus the displacements within the j-th layer as
u.(x,z) 3l . o .
{ ] } =V@)) e n, { “J} (3.12)
wi(x,2) o Pojly
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where (¢uT, ¢wT)sT = s-th eigenvector in which ¢y and dw = vectors of size 27 ; ¢yj and
Owj = vectors containing the values at the locations corresponding the jth layer in ¢y and
Ow, respectively; hg = s-th eigenvalue; and o = s-th mode participation factor. Then,

using Eqgs. 2.13 and 3.12 together with Eq. 3.4, the stresses and pore fluid pressure at the

middle of the j th layer are
o.(x, 0.5H;) 3] {¢ } 37 0 .
] . -ihx uj -ihex u (3 13)
=-iA. > h - B. .
{‘th(x, 0.5Hj)} ' J; € M ¢wj Jge ns{¢wj}
where
A A 0 00QaQ 0 0
A 1| A2GA2G0 0 aQ aQ 0 ©
) 0 0 GG 0 0 0O
aQ oQ 0 0 Q Q 0 O

(3.14)
0 0 (A20) (A2G)0 0 aQ -aQ
1 00 A A0 0 e —aQ
iTL.|G-G 0 o 0 0 0 o
7100 o -0 0 0 Q X

A vertical cut is considered at x=0 in a layered soil. After substituting Eqs. 3.4 and

3.12 into Eq. 2.12, the nodal forces acting on the vertical cut of the jth layer for x>0 can be

obtained as
B B (60,2
sz = - VT{TJ(ZJ' (O,Z)} dZ
P‘J'l:j 0 Kj(O,Z)
37 Oy } 37 {¢uj }
=iE. Y h + F. (3.15)
' '3; s') S{¢ij s Jgns q)wzj s

15



bt ]

where Pyj = (ij(zaO),ij(FLj)T; Pyj= (sz(z=0),sz(z=Lj))T; Pp =
(Prj(z=0),Prj(z=L;))T; and

H.| Aa 0a aQa 2 1
E =—| 0a Ga Oa with a=[ ]

i 6 L[oQa 0a Qa 12
1|:{)b (A-2G)b aQb] ' .1
=L1|Gb Ob Ob ith b=[ }
Fi=Zlob ob Qb e 1
(3.16)
‘Therefore those of the entire layered system for x>0 are
3% 37 0 31 (4
I { '} { "}
{PZ} 1E2hs;r]s 0w S+Fz~qs Oy s
7 5=1 s=1
or
Py
P.r—Tn (3.17)
Py

where 1 = vector with a size 3J containing s at the s-th location; and I” = 3] x 3] matrix in

which the s-th column is

q)ll ¢I.l
ihE) s+F oud. (3.18)

Given external loads at x=0, Qx, Q; and Qg, the participation factors, ¢, can be

determined from Eq. 3.17 with (Px, Pz, Pn) = (Qx, Qz, Q‘,l'l:)/2 and (PX, PZ, P’t) = (QXs

16



Q.. Qp) for the soil medium extending respectively through -co <x< +o0 and 0 €x< +e,
With those participation factors, the displacements can be determined from Eq. 3.11 and

the stresses and pore pressure from Eq. 3.13.

3.2. Three-Dimensional Conditions in Cylindrical Coordinates

Assuming the out-going cylindrical wave field, the displacements of the j-th layer

are expressed as
{uj(r,e,Z) } Uj (Z)}
= Hhr,0) (3.19)
Wj(l',e,Z) ‘WJ (Z)

where u; and wj = displacement vectors of size 3 containing the 1, z and 8 components;

and
oo Hm(hr) 0
= imd 3.20
H(hr,0) mz=o e L) Hm(hr)J (3.20a)
Hotr) 0 I thr)
H (b =] 0 hH,, (Br) 0 (3.20)
0H 6y 0 H (hr)

where Hy(?) = second kind m-th order Hankel function. With a shape function defined by

Eqg. 3.4, uj(r,0,2) and w(r,0,z) are similarly expressed as

17



uj(r,z,e) U}.(r,(—))
wrz0)| =¥ P W6) (3.21)

in which Uj(r,0)T = (uj(r,0,0)T, uj,L;,0))T and Wj(r,0)T= (w;j(x,0,6)T,
w;(x,L;,8)1)T. With a continuous linear variation of displacements within a layer, V(z) is

identical to Eq. 3.4 but I is a 6x6 identity matrix. Egs. 3.19 and 3.21 lead to
uj(z) Uj
w@|=VOlw.
j i
U,(r.9) U,

Applying the procedure similar to that used for the plane strain problem, the

(3.22)

following discritized characteristics equation is obtained:

U
-[hzw ihB+ yj{w} =0 (3.23)

where o, B and vy are obtained respectively from ¢, B; and Yj- Rearranging the matrices
@, Bj and 7 50 as to correspond to displacement vector (ugj, Uzj, Wrjs Wzj, Ugj, wej)T,

matrices o, Bj and v; are respectively

18



A 0aQo
0 G 0 0
aQ0 QO
w=alp g 00
GO
0 0
0 -(A-2G) 0 -aQ 0 (A_2G) 0 -aQ
G 0 0 0 G 0 0 0
L,| 0 «Q 0 -Q ,)] 0 «Q 0 -Q
B=3lo 0 0 o Mo 0 0 0
0 0 0 0
0 0 0 0
r 0000
KR L [0 88
’Yj:L—c %Q%%% +1(l)—6‘1'“a OOOk"l -
i GO0 00,
00 0 k
P 0 P, O -
0P 0 p
Lj Pe O P¢/n O
coz-—g—a-opfopgn
P P
. PfPf/n_
(3.24)

where a,b and ¢ are 2x2 matrices multiplied to each numbers in the immediately following

matrices and defined respectively as

a=ﬁ }o.J b=ﬁ iJ cx[-lx 'H (3.25)

The expressions of o, B; and vj indicate that the displacements in the 8 coordinate

direction are uncoupled with the displacements in the r and z coordinate directions. Thus,

19



the characteristic equation Eq. 3.22.can be split into the following two independent

equations:
Urz
(B2 + inp™ +~f’){ } =0 (3.262)
w

(hzae + YQJ{UQ} =0 (3.26b)
we '

where Urz = (U, T, U, DT, wrz = (W, T W, T)T; U® = Ug; and WO = Wp.

When the circular cross section of pile is maintained and the lateral displacement of
pile is considered, m in Eq. 3.20a is equal to one. Solving Eq. 3.26 for wave numbers

and their associated mode shapes, the displacements along the horizontal plane at the nodal

points, U(r,0) and W(r,0), are expressed as

rz 0
Ukg) 37 Gy a o { e}
? _ z 1z 0 N H(hr1,6) Oy
{w@ 9)} ;n’s H(hsr,e){q);z}s +s;+1 1

45

Oy
- 2, H(hsr,e){q,w} 3.27)

s=1

where h'Z, ¢y'% and ¢wTZ are determined from Eq. 3.26a and h®, ¢,,° and ¢ are from
Eq. 3.26b; ¢y = (0™ T, 0u)DT; 0w = (0wDT, 0T)T. The displacements within the j-

th layer are

20



u.(1,2,6) 4 0y
wzo)| = V(z)e‘ez T H(hsr) o (3.28)
j Yy 1 Wj

5= g

where

H(h,0) = e®H(h,) (3.29)

Substituting Eq. 3.28 into Eq. 2.13, the stresses and pore pressure at the middle of the

layer are

o, 6, 0.5H) 4] O 4] By
— ie 2 i6 -
(c0, 0.5H) [ = Ase D WA H, ) o B D haH, () o,

s=1

s=1
4] q)uj 4] ¢uj 47 ¢“j
i i6 i9
Cjcl Zlhsns}l b(hsr){ ¢wj} -Dje z:“nsﬂ 8(hsr){ ¢wj -Ej e ;nsﬂa(hsr) ¢Wj
§= $ 5= s = 5
(3.30)
where
A A 0 0 0 0 eQ aQ O 0 0 O
A2GA2G 0 0 0 0 oQ aQ 0 0 0 ¢
A2GA2G 0 0 0 0 oQ aQ 0 0 O O
a=Ll}o 0 0 0 6 G 0 o0 0 0 o0 O
2l o GG 00 0 0 0 0 0 0
0 0o 0 0 00 0o O O O 0O
e @«Q 0 0 0 0 Q Q 0o 0 0O 0O_
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and H, and Hy, are diagonal matrices containing the following Hankel functions in the

diagonal terms: respectively
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R EE R |
Ll b

H,(1,1) H,(2,2) [ H (b))
H,(3,3) H,(4,4) - 0(h 1)
H.(5.5) H.(6.6) H, (hr)
H(7) (=YHE8 (=94 Hhop
Ha(gﬁg) Ha(]-O’lO) -H (h r)
H.(11,11) H (12.12) | Hl(hsr)
(3.32)

Hy(1,1) H,(2,2) (-H (hsr)
Hy(3,3) H, (4.4) H, 1 (hgt)
Hb(S,S) Hb(6,6) 'H (hsr)
Hy(7,7) (=Y H,88) (=9 Hho ¢
H,(9,9) H, (10,10) H (D)
Hy(11,11) Hy (12,12) \-Ho(hsr)J

After substituting Eqs. 3.4 and 3.28 into Eq. 2.13, the nodal forces acting along a
cylindrical surface with the radius rq at the j-th layer are

4 Prj h 4 O'rj(ro,e,z) h
sz H, T .(r ,6,2)
3 . = J' Vi< . >dz
Pej/1 3 erj( 0.2 /1 P
L ri ) k‘n:j(r ,8,2z)

Mn

Oy Oy 47 Oy
f”ﬂs H, (hg ) +B eihsnsﬂ,,(h sT0)] o € Z NH (b rO)

oy Dy 4 ¢uj
DjeleZIn;Ha(hsro) 0 | +Ejelez’!’};Ha(hSI'0) 0

s s=1
(3.33)

where, with a and b defined in Eq. 3.25,
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0b -(A-2G)b Ob
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=5]0b  Ob  Ob
Ob -oQb Ob

-aQb
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Qb

c

J

Oa
Oa
Oa
Oa

-la
Oa
la
Oa

Oa
Oa
Oa
Oa

la
Oa
-l1a
Oa

])j —2GL;

Ob
Ob
Ob
Ob

Ob
-1b
Ob
0b

Ob
Ob
Ob
O0b

Therefore the nodal forces of the entire layered system are
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where 1 = vector with a size 4] containing 1 at the s-th location; and I = 4] x 4F matrix in

which the s-th column is

Oy Oy Gy
nsA*Ha(her) Do +hB H, (b)) 0 s“hsC'Hb(hsro) b S+

0
D*Ha(hsro){ 0“} +E"H,(hyr)) (3.36)

Given external nodal forces at r=rq, (Qx, Qz, Qq), the participation factors, 1, can be
determined from Eq. 3.35 with (Py, Pz, Py) = (Qx, Qz, Qx). With those participation
factors, the displacements can be determined from Eq. 3.27 and the stresses and pore

pressure from Eq. 3.30.
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4. COMPUTED RESULTS AND REMARKS

4.1 Conditions Considered for Soil Deposits

The following three conditions are considered for soil deposits:

(1) Dry soil bed
(2) Completely submerged soil bed with no water above the soil bed

(3) Completely submerged soil bed at certain depth in the water

Either drained or undrained conditions are considered for submerged soil bed. Fluid alone
exists above the soil bed for the third case. Fluid alone, dry soil and submerged soil with
undrained conditions are special cases of the aforegiven formulations for submerged soil

with drained conditions and correspond respectively to:

fluid alone ~ withu=0,k=o,n=1,ps=0,and Q =K;
dry soil with w = 0, pg = 0, and Q = Kg/(0i-n)

submerged soil in
undrained condition withw=0andk =0

Homogeneous and inhomogeneous soil profiles assumed are shown in Fig. 4.1,
The fundamental natural frequency of those two profile soil deposits are identical to each
other. Soil bed permeabilities range generally as shown in Table. 4.1 and 10-5 m/s ~ 10-1
ny/s are used for the computations. The profiles are divided into a number of horizontal
homogeneous layers as shown in Fig. 4.1. In addition to those, the behavior in
homogeneous profiles are also computed without dividing the soil deposits into a number

of layers and it will be stated so whenever this is the case. For the aforementioned last
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case, fluid above the soil bed is divided into a number of equal thickness fluid layers of

which the number is identical to that of soil bed.
4.2 Plane Strain Conditions in Cartesian Coordinates

Effects of submerged conditions on the dynamic response of soil deposits are
examined for a homogeneous soil profile. The present formulation requires dividing the
soil into multi-layers for computation. In the first study, however, only one layer is used
in order to avoid complexity in the results and to see the essence of coupled behavior of
solid skeleton and pore fluid. Fig. 4.2 shows wave number dispersion curves for various
conditions. The real and imaginary parts of h define respectively the wave length and the
rate of decay of Rayleigh waves according to e, The modes 1 and 2 denoted in the
dispersion curves for dry soil are associated respectively with S-wave and P-wave. When
the soil is dry, those mode waves are not progressive at the frequencies below the natural
frequencies of the soil deposits associated with S-wave and P-wave respectively for the
first and second modes. Above those natural frequencies, they are progressive to form
waves in x direction. When the condition is submerged and undrained, the high pore fluid
stiffness increases the P-wave velocity and therefore the mode 2 wave does not propagate
until the frequency substantially higher than that for dry soil. When this mode wave is not
progressive, the displacements decay somewhat more quickly with distance than those for
dry condition . The pore fluid stiffness affects the S-wave velocity very little and therefore
s0 does the natural frequencies of the soil associated S-waves., When the condition is
submerged and drained, one additional mode exists in this case as seen in Figs. 4.2¢ and
4.2d because of the additional degree of the freedom due to the fluid motion. In the case k
= 10-3 my/s, the first and second mode waves are very similar to those observed for the
undrained condition but the third mode wave is a progressive wave at any frequency and

decays very quickly with x . As is seen in Fig. 4.3, the fluid motion relative to the solid
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motion in the third mode is rather independent of permeability although those in other two
modes decrease with decreasing permeability. This is because the motions are
predominantly governed by S waves in the first mode, P waves mainly transmitted
through the soil skeleton in the third mode and P waves transmitted through both the pore
fluid and soil skeleton. When the relative fluid motions are large, a strong coupling
develops between the pore fluid and soil skeleton. As a result, the dispersion curves
associated with the mode 1 and 2 are significantly affected by the coupling and thus afore-
mentioned difference between the two types modes are not clear, as is seen for k = 10

lm/s case.

A completely flexible massless vertical impermeable wall is assumed to be inserted
atx =0 in the ground and subjected to a lateral concentrated harmonic load at the location
of the ground surface. The top and tip of the wall are assumed to be located respectively at
the top and bottom of the soil deposits. Ground displacements are computed along the
ground surface by using the above computed wave numbers and mode shapes and are
shown in Fig. 4.4 for wH/vs = 2. The horizontal and vertical motions are uncoupled with
each other for dry soil with v = .25 and are governed respectively by the first mode and
second mode waves. Therefore, according to the real and imaginary parts of hg at wH/v,
=2 in Fig. 4.2a, the vertical displacements monotonically decay with distance x because
of no real part hg in the first mode, whereas horizontal displacements form wave pattern
with the wave length defined by the real part of the first mode wave hs. When the soil is
submerged, the horizontal and vertical motions are coupled each other even with v = 0.25
and thus both horizontal and vertical motions form wave pattern in x as soon as the first
mode wave propagates. The difference in the imaginary part of hg in the first mode wave
between the dry and submerged conditions can be clearly seen in the difference in wave
lengths along x. The amplitudes and phase shifts of the displacements of the wall are

shown in Fig. 4.5a at various frequencies for dry soil and submerged soil in undrained
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condition. The first peaks are are due to the first mode wave and are located around the
fundamental natural frequency of the soil deposits associated with S-wave (0H/vg = 1/2).
The second peaks, clearly seen in z direction displacements, are due to the second mode
wave and are located around the fundamental natural frequency of the soil deposits
associated with P-wave (0H/vp = 7/2 with vp2 = (A+2G+02Q)/p). The difference in pore
fluid rigidity affects not only the amplitudes of the response but the location of the second
peak. It very little affects the location of the first peak because of its association with S-
wave. The relative fluid motions generates damping and therefore suppress the peak as
seen in Fig. 4.5b. As frequency increases, however, the relative fluid motions becomes
smaller and the difference between the undrained and drained conditions diminishes.
Contrary to this, when the motion becomes slow, there is enough time for pore fluid
diffusion and thus the submerged soil behavior is closer to that of the dry soil as frequency

decreases.

Now the soil responses to the wall motions are re-computed by dividing the soil
into 10 layers (see Fig. 4.1), in order to see the distributions of responses along the depth.
The computed amplitudes of displacements and pressures at the wall are shown
respectively in Figs. 4.6 and 4.7 at wH/vs = 2 for various permeabilities of the soil. It is
noted that the displacement responses for k = 10-1 my/s and 10-5 m/s are very little different

‘respectively from those for dry case and undrained case at the frequency considered. The
lower the permeability is, the higher the pore fluid pressure is induced due to more
difficulty in pore fluid diffusion. In addition, free drainage at the ground surface affects
the distribution of pore fluid pressure giving further complexity in the pore fluid pressure
in the soil. The pore fluid is far stiffer compared with the soil skeleton stiffness and thus
the soil responses along the depth are affected by the difference in permeability as seen in

those figures.
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Three different conditions are considered as shown in Fig. 4.8 for an identical
nonhomogeneous soil profile shown in Fig. 4.1: they include dry soil (case A),
submerged soil with water level at the ground surface (case B) and submerged soil with
water level above the ground surface (case C). The shear wave velocities of the
inhomogeneous soil are defined so that its fundamental natural frequency is identical to
that of the homogeneous soil. Similar to the previous study, a completely flexible
massless vertical wall is assumed to be inserted in the soil and is subjected to a lateral
harmonic motion at the surface of the soil. Both of the soil and the water above the soil is
divided into 5 layers each for the computation. The computed displacement amplitudes of
the wall are shown in Fig. 4.9 at the ground surface. Clear peaks can be observed around
the fundamental natural frequency of the soil associated with S-wave in all three cases. It
is interesting to notice that one additional peak exists below this freqﬁency when the water
exists above the soil. Again the submerged condition reduces the response significantly.
It is also seen that the water body above the soil affects the soil response significantly to

reduce the soil response even further.
4.3 Three-Dimensional Conditions in Cylindrical Coordinates

A vertical cylindrical body with a circular cross section is assumed to be embedded
from the surface through the bottom of the soil bed. The lateral harmonic excitation at the
cylindrical body generates cylindrical waves in the soil medium. Wave numbers of those
waves are computed at various frequencies for conditions identical to those considered for
the plane strain conditions. Similarly to the plane strain conditions previously studied, a
homogeneous soil profile as shown in Fig. 4.1 is used without divided into multi-layer in
the computation for simplicity. For cylindrical waves, two independent characteristics
equations given by Eqgs. 3.26a and 3.26b define the wave numbers. The first equation

defines the Rayleigh waves formed by P-waves and SV-waves, of which motions are
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parallel to the -z plane. On the other hand, the second defines the Love waves formed by
SH-waves of which the motions are perpendicular to the r-z plane (6 direction).
Computed results are shown in Fig. 4.10 in which the solid and broken curves are
respectively the wave numbers for the Rayleigh waves and Love waves. The dispersion
curves associated with the Rayleigh waves are generally not much different from those for
the plane strain conditions and the dispersion curves associated with the Love waves are
hardly affected by the fluid in soil pores. The relative fluid motions in the first and third
modes of the Rayleigh waves (Fig. 4.11) are nearly identical to those for the plane strain
conditions (Fig. 4.3) except the relative motion in the second mode. The relative fluid
motions for the Love waves are close to those in the first mode of the Rayleigh waves
(Fig. 4.11). The Love waves are formed by SH waves and therefore this indicates that the

first mode of the Rayleigh wave is mainly concerned with the shear wave propagation.

A massless, impervious and completely flexible cylindrical body is assumed to be
subjected to horizontal vibration at the location of the soil surface. The responses of the
system are computed without dividing the soil into a number of layers for thé identical soil
conditions to these considered for the plane strain conditions. The vibrations of the
cylindrical body generates both the Rayleigh and Love waves simultancously. The
motions perpendicular to the Rayleigh waves (motions in the 8 direction) are due to the
Love waves and are not generated in the soil mass under the plane strain conditions
previously studied. As are seen in Fig. 4.12 , the soil motions associated with the
Rayleigh waves along the surface are somewhat different from those generated by the
plane Rayleigh waves. Particularly, the motions associated with the cylindrical Rayleigh
waves (motions in the r-z plane) decays with the distance much more rapidly with the
distance than those associated with the plane Rayleigh waves. The pores fluid damps
especially the motions associated with the Love waves. The dynamic responses of the

cylinder at the top are shown in Fig. 4.13 . The amplitudes of the horizontal motions of
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the pile in saturated soil decreased as the fluid stiffness increases. However, the vertical
motions show the opposite trends which do not occur for the plane strain conditions.
Similarly to the responses for the plane strain conditions, the fluid motions relative to the
soil skeleton motions reduces the amplifications in soil motions. The vertical motions are
more affected by the pore fluid for the cylindrical structure than the plane strain structure.
Fig. 4.14 shows the effects of the variation of the water level on the response. The water
levels are assumed to be 10 m and 20 m above the ground surface. As observed for the

plane strain structure, the response of the structure is affected by the variation of the water

level.

The response of the soil and cylindrical bodies are computed along the depth. The
soil is divided into 10 layers in this computation. Fig. 4.15 shows the distributions of the
structure response along the depth. The trends of the effects of the pore fluid are very
similar to, but are less pronounced than, those seen for the pane strain structure. Fig.
4.16 shows the distribution of the maximum stresses in the soil at the structure along the
depth. The maximum stresses herein are the maximum values of the stresses along the

circumference of the cylindrical structure.,

The analytical expression is formulated for the lateral stiffness of fluid-saturated
porous medium under the cylindrical plane strain conditions, in which freedoms of
displacements are only in the horizontal r and 6 directions. Such a stiffness has been
developed previously for a single phase solid (Novak et al., 1978). This approach is a
well accepted approximation for a single phase solid to compute the dynamic pile response
at frequencies above the fundamental resonant frequency of the soil deposits. The pile-
head stiffness for the lateral motion is computed with this analytical expression of soil
stiffness assuming EI of pile equal to 2x104 tf.m? Fig. 4.17b shows the variation of the

stiffness computed with this approximate expression of the soil stiffness and that
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computed by the developed thin layer method. For the comparison, those stiffnesses are
also shown for a single phase solid soil in Fig. 4.17a. This approximation for the fluid-
saturated porous soil medium yields the accuracy more or less very similar to the accuracy

previously found for a single phase solid.
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5. CONCLUSIONS

A semi-analytical method is developed for dynamic response analysis of fluid-
saturated porous medium. The plane strain conditions in the Cartesian coordinate system
and three-dimensional conditions in the cylindrical coordinate system are considered.
With a separation of variables, the method adopts the finite element discretization only
along the depth and analytical forms in the lateral direction. The method is found to be
numerically very efficient and therefore is particularly useful for two-phase mixture
problems since they generally require computations much lager than those for single phase

medium problems.

The pore fluid in the soil mass affects the dynamic response of the soil deposits by
not simply increasing the stiffness of the soil but also by coupling the soil skeleton
motions with pore fluid motions. All those are affected by the loading rate relative to the
pore fluid diffusion rate, boundary conditions and stress gradient. The coupling effects
are more predominant for higher permeability soils. When the permeability is low, a mode
wave transmitted primarily to the fluid is distinctly different from those primarily
transmitted to the soil skeleton and decays very quickly with distance. Under the static
and drained conditions, the submerged soil response is identical to the dry soil response.
Under the dynamic coﬁdition, however, the transient pore fluid redistribution depends on
the rate of loading and permeability of the soil. The response of submerged soil is closer
to the undrained conditions when the combination of those are less favorable for pore fluid
movement. The larger the pore fluid motions relative to the soil skeleton are, the higher
the damping is generated. When the soil is submerged below the water table, the water
above the soil deposits can affect the dynamic response of the soil significantly and thus
has to be taken into account in the dynamic response analysis of submerged soil under the

water. Itis well known that the Winkler model based on the cylindrical plane strain
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conditions can produce the dynamic pile response reasonable well for piles in a single
phase soil medium. It is found that the pore fluid and soil skeleton coupling effects in the
transient motions also can be reasonably well produced by such Winkler model formulated

for a fluid-saturated porous medium.
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. TABLE 1

Permeabilities of Soils

100 102

permeabilities (my/s)

10-5 109
1 1

10-11

clean gravels

clean sands silts, mixtures of sands, silts
and clays
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Fig. 4.6 Displacement response amplitudes of the wall along depth
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Fig. 4.15 Displacement response amplitudes of the cylindrical body along depth
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APPENDIX A
Computer Program "PST"

A program to compute dynamic response of submerged soil bed
for two-dimesinal plane stain conditions in Cartesian coordinates
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APPENDIX B
Computer Program "AXS"

A program to compute dynamic response of submerged soil bed
for three-dimensional conditions in cylindrical coordinates
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