NUREG/CR-4784
BNL-NUREG-52039

INFLUENCE OF GROUND WATER
ON SOIL-STRUCTURE INTERACTION

C.J. Costantino and A.J. Philippacopoulos

Date Published — December 1987

DEPARTMENT OF NUCLEAR ENERGY, BROOKHAVEN NATIONAL LABORATORY
UPTON, NEW YORK 11873




NUREG/CR-4784
BNL-NUREG-52039
AN, RM

INFLUENCE OF GROUND WATER
ON SOIiL-STRUCTURE INTERACTION

C.J. Costantino and A.J. Philippacopoulos

THE CITY UNIVERSITY OF NEW YORK
Under Contract to the
STRUCTURAL ANALYSIS DIVISION
and
DEPARTMENT OF NUCLEAR ENERGY
BROOKHAVEN NATIONAL LABORATORY
UPTON, NEW YORK 11973

December 1987

Prepared for
OFFICE OF NUCLEAR REGULATORY RESEARCH
U.S. NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555
UNDER CONTRACT NO. DE-ACO2-76CHO0016
NRC FIN A3242






ABSTRACT

This study has been performed for the Nuclear Regulatory Commission
(NRC) by the Structural Analysis Division of Brookhaven National Laboratory
(BNL). The study was conducted during the fiscal year 1986 on the program
entitled "Benchmarking of Structural Engineering Problems" sponsored by NRC.
The results presented herein were developed both at the City University of New
York, under contract to BNL, as well as at BNL.

This report presents a summary of the second year's effort on the
subject of the influence of foundation ground water on the SSI phenomenon. A
finite element computer program, developed during the first year's effort, was
used to study the impact of depth to the ground water surface on the SSI
problem. The formulation used therein is based on the Biot dynamic equations
of motion for both the solid and fluid phases of a typical soil. Frequency
dependent interaction coefficients were then generated for the
two-dimensional plane problem of a rigid surface footing moving against a
linear soil. The soil is considered dry above the GWT and fully saturated below.
The results indicate that interaction coefficients are significantly modified as
compared to the comparable valuss for a dry soil, particularly for the rocking
mode of response, if the GWT is close to the foundation. As the GWT moves
away from the foundation, these effects decrease in a relatively orderly
fashion for both the horizontal and rocking modes of response. For the vertical
interaction coefficients, the rate of convergence to the dry solution is
frequency dependent.

Calculations were made to study the impact of the modified interaction
coefficients on the response of a typical nuclear reactor building. The
amplification factors for a stick model placed atop a dry and saturated soil
were computed. It was found that pore water caused the rocking response to
decrease and translational response to increase over the frequency range of
interest, as compared to the response on dry soil.
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EXECUTIVE SUMMARY

This study has been performed for the Nuclear Regulatory Commission
(NRC) by the Structural Analysis Division of Brookhaven National Laboratory
(BNL). The study was conducted during the fiscal year 1986 on the program
entitled "Benchmarking of Structural Engineering Problems” sponsored by NRC.
The study was conducted in part at the City University of New York (CUNY)
under subcontract tc BNL.

This report presents a summary of the second year's effort on the
subjzct of the influence of foundation ground water on the SSI phenomenon
ouring the first year's effort, a finite element computer program was
developed for the two-phased formulation of the combined soil-water problem
This formulation is based on the Biot dynamic equations of motion for both the
solid and fluid phases of a typical soil. Frequency dependent interaction
coefficients were generated for the two-dimensional plane problem of a rigid
surface footing moving against a saturated linear soil. The results indicated
that interaction coefficients are significantly modified as compared to the
comparable values for a dry soil, particulariy for the rocking mode of response.
Calculations were made to study the impact of the modified interaction
coefficients on the response of a typical nuclear reactor building. It was found
the. pore water caused the rocking response to decrease and translational
response to increase over the frequency range of interest, as compared to the
response on dry soil.

For this year's effort, the computer program was modified to consider
the foundation soil as dry above the ground water tabie (GWT). Again, frequency
dependent interaction coefficients were generated, but in this case with the
goal of attempting to determine the impact of the depth to the GWT on the
computed responses. It should be pointed out that this effort did not include
any effort to (a) increase the size or speed of the computer program developed
previously, or (b) improve the transmitting boundary formulation in the
saturatad zone to improve computational accuracy.

The results found from these computations indicate that the computed
interaction coefficients are significantly modified a&s compared to the
comparable values for a fully dry foundation soil. This is particulerly true for
the rocking mode of response, when the GWT is close to the foundation level If
the pore water becomes essentially trapped within the soil skeleton due to
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permeability, compressibility of the soil decreases, forcing the pore water to

affectively carry a larger portion of the applied structural load. As the
moves further from the strucuture, these effects decrease in an orderly fashion

e

fcr both tha horizontal and rocking modes of response. For the vertical respons
endent

0de, the rate of convergence to the dry solution is highly frequency depe




1.0 INTRODUCTION

This study has been conducted at the City University of New York (CUNY)
under subcontract to Brookhaven National Laboratory (BNL). The work was
sponsored by the Nuclear Regulatory Commission (NRC) on the "Benchmarking of
Structural Engineering Problems" program, and was conducted during the fiscal
year of 1986. This report represents a summary of the second year's effort on
the subject of the influence of foundation ground water on the soil-structure
interaction phenomena.

Soil-structure interaction has heen, of course, a topic of major interest
for many years in the area of geomechanics. The study of structural response to
seismic inputs has been extensively investigated, and, particularly with the
advent of the growth of digital computer capability, has lead to the development
of numerical methods of analysis which are used as standard tools for the
design of structures. One aspect of the soil-structure interaction process which
has not been developed to the same degree of sophistication is the impact of
ground water (or pore water) on the response of the soil-structure system.
There are very good reasons for this state of affairs, however, not the least of
which is the difficulty of incorporating this aspect into the analysis. One can
consider that the impact of pore water effects is directly controlled by the
magnitudes of the dynamic strains developed in the soil during the interaction
process. At one extreme, at the large strain end of the spectrum, the engineer is
concerned with the potential development of failure conditions under the
structure, and is typically interested with the onset of liquefaction conditions
in the soil. The current state of the art in this area is to a great extent based on
empirical methods of analysis, generated from investigations of limited failure
data from specific sites around the world. The difficulties encountered in this
area stem primarily from a lack of knowledge of soil constitutive data at large
strains.

At the small strain end of the spectrum, the analytic approaches that can
be used to study the impact of pore water are more tenable, and in fact have a
relatively long history, extending back some 40 odd years. To be sure,
difficulties still exist in this area, and these again are primarily associated
with constitutive properties of real soils. However, with the availability of
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computer power, realistic problems can be investigated to at least allow
engineers to assess the potential impact of pore water on seismic response. It
is with this latter category that this study is concerned.

1.1 Objective and Scope of Study

As is well known, the various methods of seismic response analysis can
be grnuped into several distinct categories. In these various approaches, the
structural models used can range from simple stick modeis composed of linear
beam e'aments to complex finite element models. The key to the adequacy of the
seismic analysis performed, however, is the adequacy of the developed
interaction coefficients used to represent the influence of the soil foundation.
For the one-phase, linear elaciic mat=rial problem, various procedures are
available with which to generate such coefficients. However, for the case of
saturated soils, no such comparable capability is generally available to perform
the soil-structure interaction analysis. In the first years' effort on this topic, a
finite element computer program was generated to study the impact of pore
water on the response. It is the goal of this study to generate estimates of the
potential impact of ground water on the soil-structure interaction process.

The basic problem under consideratisn is shown in Figure 1.1, in which a
linear flexible structure is situated at or near the surface of a soil half-space.
In keeping with typical small strain seismic analyses, the soil skeleton is
represented as a linear medium in which ali potential nonlinearities are at most
lumped together into an equivalent hysteretic damping modulus. The only
additional fact included in thiz study is that the ground water level is located
at some depth relatively close to the structure, and in a position to impact on
the seismic response of the ‘acility. In order to properly determine the response
of this soil/water system, a .vo phased medium formulation was developed
which treats the response of boti. the solids and water as two separate linear
media which are coupled together through soil permeability effects. Such a
formulation has been developed previously and is available for use in this study.

Since it is known that analytic solutions are available for only the

simplest of configurations, a numerical finite element solution process was
developed, as seen in Figure 1.2. Again, in keeping with typical SS| analyses, in
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order to make the finite element approach yield reasonable results, a
comparable transmitting boundary formulation was included in the original
numerical development. The purpose of the transmitting boundary formulation
is, of course, to allow for the treatment of extended soil/water halfspace
problems. However, in the original study, a simple one dimensional transmitting
boundary model was developed.

For this continuation of the program, a restricted e‘fort was considered
on the pore water problem, since other activities took precedence. The primary
focus of this study was therefore limited to only two specific activities. The
first objective was concerned with the development of information on the
effect of depth to the ground water table on the interaction process. This phase
of the study made use of the available computer program, written for the first
years' effort, to generate interaction data as a function of ground water depth
below the structure. A second activity was the beginning effort to improve the
transmitting boundary formulation. To this end, the first half of the two
dimensional transmitting boundary formulation was developed. This analytic
formulation can then be used to complete the numerical development, if further
activites are to be invested on the pore water problem.

1.3
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2.0 GOVERNING SYSTEM EQUATIONS

The framework within which the governing system equations are developed
is based upon the classical formulation of Biot (Ref. S-11) for the general case
of porous, linear elastic, two-phased media. This Biot model provides coupling
between the solid and fluid stress states and includes the effects of fluid
compressibility. Aside from the general three dimensional formulation, this
latter effect is a significant deviation from the standard Terzaghi formulation
that is typically used in standard approaches to consolidation studies For
completeness of this report, the Biot equations are presented in detail.

Denoting by (u,,uy,u,) the cornponents of displacement of tre soil solids
(soil skeketon), and using the standard assumptions of small strain, the
strain-displacement relations can be written as:

€ xx - 9&& CXU - g.u_y_ + ‘OEA
dx ox oy
tyy = b_”v_ tyz * ﬂ{l . _b_u (2.1 )
oy oy oz
du du du
£ e I3 B i ik
s T . i [ dx

Assuming the soil skeleton to pcssess isotropic elastic properties (included here
for simplicity of the development), the corresponding stress-strain relations
reduce to the simplified form as:

Exx = ‘é'[oxx - vioyy + 0z7)] Exy ggy
Eyy * %[099 = viozg + 0xx)] €yz * gél (2.2)
€2z * é[ozz - viogx * oyy)l €zx * ‘EL

In the above equations, the coefficients E, G and v are Young's modulus, shear
modulus and Poisson's ratio of the soil skeleton. The stresses (o,,.. o0y;) 8re
the stresses sustained by the solid skeleten (the so-called intergranular or
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effective soil stresses) Of course, the shear modulus is related to the other twao
elastic coefficients by

E
2(1*L’,J




e

denotes the porosity of the solid skeleton. The flow of the fluid reiative to the
solid skeleton, but measi'red in terms of the volume per unit area of 1ne bulk

medium 18
w(
Wy

o -
volumetric strain is obtained by Biot as

du, . duy . Ou,

)

O X @\J 2

He has shown that the pore pressure can be written in terms of the volume
31bility of both the fluid and

change of the solid fraction as well as the compres
solid fractions by

+ Nv

the compressibility of the solid fraction and
fluid fraction. The bulk (or total) stress tensor

Oy = «Pg
U\’-y . LID'
Ogz = «Py

and using 2.4 yields the following bulk




d/dx d/dy d/%z
2/0x d/dy d/dz
1 2rex 2/dy /02
(8] 0 0 0
0 0 0
0 0 0

The kinetic energy per unit bulk volume is determined from

2 2 2
T = (_;_)(a‘ $ 0y 0+ 0,) ¢
(D()(Ux"', + agbg ¢ oli!) -

(3G + oy + o)

where
mn = .?_‘
f
f = porosity
p = total mass density of bulk material
pe= fli'id mass density

The energy dissipation per unit bulk volume is given by Biot as

i B
D = (;k)(" oy +0,)

2.4
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Equations 2.17 and 2.19 represent the governing equations at a point in the

.
two-phased solid/fluid medium. For the special case of a two-dimensional plane
strain condition, these equations can eas‘ly be reduced to yield the following

0T o » Ot yy

A J

pu. d Q!U"

PpeUy

For the linear problem of interest herein, the gravitational force (or bod
yn be removed since its effect can be obtained by simple superposi
lution to t dynamic stress state All displacements and

values in excess of the static solution

ional plane strain condition, the strain




€xx du, /dx
(e) =< eyy /= duy/dy (2.22)
exy duy/dx + du,/dy

The corresponding stress-strain relations are

Ox x
{0} =< oyy 7 = E¢
Oxy

where E., the confined modulus, and & and b are as were defined previousl; in
(2.6) From equation 2.9, the pore pressure can be determined from

(2.23)

& B =
L B
o o O

Py = - all(ey teyy) + My (2.24)
where
v (20, 2, (2.25)
dx o2y

In fnatrix form, equation 2.24 becomes

By ® - «ht {i;g;}r{::} -1 {%5%3}1{::} (2.26)

The bulk stress tensor is then

Txx Oxx = «Py
(t) - Tyy s Oyy = «pPy (2.27)
Txy Oxy

Combining equations 2.22, 2.23 and 2.24 leads to

(e} = (Ec[Do)[D,] + u‘ﬂ[DJ){—"i&} + .n[o,]{k (2.28)
Uy vy

where
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0
0
b
[2/0x 0
D.]=] o0 /2y (2.29)
| 272y d/dx
i d/dx d/dy
(D] = | a7 /3y
3-8 0

and a8 and b are as previously defined. If hysteretic d.mping effects are to be
included in the problem (as is typically the case in the one-phase soil-structure
interaction analusis), equation 2.28 cen be modified to

(t) = Ec[Do}(D, 1{ } Ec(D5](0, 1{"“ ’“}
uy/ot

(2.30)
+ czﬂ[Dz ]<E!'} + cﬂ[Dt ]{!'l>
Uy Wy
where
Ae Aeo 0
[Dg] - ACO AC 0 (23’)

"EIER e

In equation 2.31, the term A, represents the hysteretic damping ratio associated
with hydrostatic compression while Ag represents the hysteretic damping ratio
associated with deviatoric (or shear) strains. It should be pointed out that
although separate damping ratios for the hydrostatic and shesring stress states
are not usually used in SSI analyses, it is more probable that for typical soils
these two ratios should in fact be different. The primary purpose for including
this capability at this stage of the study is to improve the capability of the
developed computer program. Numerical results will be generated at & later time
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to ascertain the impact of this effect.

Considering steady state solutions for this linear problem, we will use the
general notation (uniess otherwise indiceted) of & super-bar to indicate the
complex amplitude of a parameter. Thus, we use the form

W aftie ™, (o) eime ", ote. (2.32)

and at the same time define the parameters e = Qx/U. and ¢ = Qy/U. as the
dimensionless space coordinates. In addition, the following parameters are also
defined:

E¢ + «ff
P
ngfl_ (2.33)

Ue =

n

Ec + u:ﬂ.

With the aid of equations 232 and 2.33, equation 2 26 becomes

) 3/28
Pt Ue a/ao} {

(2.34)
d/%8
a/ao
Equations 2 .30 become
(x) = (Esﬂ)[oolto.l(a> ‘ I(EEQ:)[D,][D.](U)
Ue Ue
(2.35)

. (!199)[0,1<u) . ('"“)(o,1<o)
UC C

where
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The nontrivial solution ‘or (§,,#,) requires that the determinant of 3.10 venish,
leading to the following relation

[n(AoZG)](A)
w

2
o(2aitp = pil - (A'*ZG)[:-i(E)])(%) (3.12)
gk 4 g3 » i(i‘l)l -0
ko

4

The solution to 3.12 leads to

2
fﬁ) =R¢B (3.13)
\o/1,2
where
g, YT wbiep) = (A® -l
A S {(2aps-p) - (A%+26)(m ku)l
1 . 1/2
’ 2M(A+26) s, + 18}
and

By = [(dev'D)ﬂ - (A'*ZG)n]z

2
- [(Auzs)(%)] - [1"(7\"25)(9‘-93)]

B, = Gﬂl{(zap,-p)n - (A®+26)n) (A*+26) + 29”‘“25’]
: |

From equation 3.11, the eigensolution for € is then given by
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fashion, solutions for the distortional wave can be obtainen Dy

1
!

1t1on in the form




M = (p? - £%) (3.19)

The eigen equation leading to a nontrivial solution is

(E)Z ' [’i i ({%)] (3.20)
oo @]

and the corresponding eigen vector given by

€, » 8, 8, (3.21)

2
o))
8y = - - (3.22)

where

2
{,-p[l-(ﬁa] (3.23)

where

b= ( %—) (3.24)

Thus the potential solutions for this free wave problem in the saturated zone can
be written as




e, = [ A,e +  Re

.3 - [8‘n|. + Sgnz.

[i(wt=-px)]

€1y t:u]
-
(|H €y (itut-px)]
] e
(3.25)
[iC(ot=-px)]
v, = [ Be'*" ]e
[i(ot=px)]

vy = [8,80"" le

Subs*ituting these solutions into the potential definitions of equations 3.3 and
the stress-displacement relations of equations 226 and 228 leads to the

following relations:

[ itet-px)] i $
Uy = = |@ e 1 ip(ﬂ‘oc u’ﬂt.ﬁgu) + C,Boc’u]
[ i(et-px)] : )
Uy = |° s 4 L_(C|"1°C 9"Czaz'c”) " ipBet’u]
(3.26)
r i (ut= l)‘ﬂ F '
o *-le TP _sp(s,n..‘ “os,n,.t") . s,c,a."“]
[ i Cet-px)] ! 1
wy = |e R 1 L(S,E,ﬂ‘oc “o&,(,ﬂ,ot'y) - ipS,Bog’y]
and
tg @ o1 I0topx)] [-[26p%+ (A%+alls, A, 2 1R 0 1Y)
(€29)

[26p%+(A*+an8, A, 2 )R, e

*i[ZGpE,]Bo(E’g),
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4 'Li(bt‘P!)] ‘[zﬁp:_(25¢atocﬂ8,)A1']ﬂ|°(£‘g)

‘[259'-(200A'0.n52)Att]Rl.(czg)
-i[chcala'(csg)}

Tyy

(3.27)

ey = o0 ORI 6ot 10,0 H1Y L1268, 10,0 C2Y
-[D‘*E‘]Bo(£°g)|

4 ‘[i(ut-px)] (€yu)

l[("t*st JA 2R e
*[(c*&,)l\z‘]ﬂ,o(czg),

Pt

3.2 General Solution for Dry Soil

A similar solution can be generated for the case of a dry, single-phased
soil, which would apply for the upper soil zone The solution can be obtained for
the saturated solution by setting N, p, 8nd n equal to zero The equations of
motion are

Gluy,wx * Uy,yy) * (A*+6)(uy, xx * Uy, xy) = P Uy, ¢t

(3.28)
Gluy, xx * Uy,yy) * (A*+Gi(uy, xy * Uy,yy) = P Uy, 1t
Assuming again potential functions ¢,8nd v, defined as
Uy * .l:l - ":V and Uy = 0119 * '1;! (3'29)

3.8




equations 3 28 reduce to uncoupled wave squations for the compressional and
distortional modes of motion as

af P20, = 0y, ¢

(3.30)
BE vt" = ¥yt
where
2 ) + 26 2 6
uL = ’ BL 8 -
p p
Inasimilar fashion, equations 3.30 admit solutions of the form
{.1} <.|} [i(et-px)+qz]
bl e
v, ¥
The solutions to equations 3.30 can then be written as
$, = Rye o W, Age W
(3.31)
g, = B,e U p,e
where
- <1/2
rep|l - (28
- p .L
(3.32)
- 172
qa=pfl - (—)¢
p BL )

The stresses and displacements for the case of dry soil can then be written as
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while equating shear stresses leads to

I(Zpr)(ﬂ,o-m-ﬂ.om] - (q"p‘)(m.-q“*a,oq“]
(3.40)

o - 129084880 (R0 ) - (pteg(Be"]

The seventh condition is obtained by setting the pore water pressure equal to
zero at the depth H, the location of the GWT. This leads to the relation

((§=§2)H]

Rg e 6‘. (3.41)

where "
"o {[(::fs.);\a.‘]
These seven conditions are in turn reduceable to & set of six homogeneous
algebraic equations which can be placed in matrix form as follows:
R, %, =0 I, =116 (3.42)

where the nonzero terms are

Ry =[1+(a/p)t Jexp(rH) Ryp=2(a/plexp(aH)
Aya=(1+(a/p)t Jexp(-rH) Ryo*-2(q/plexp(-qH)

Rey® 2(r/plexp(rh) Ree=(1+(a/p)t Jexp(aH)
Rya=-2(r/plexp(-rH) Ree=[1+(a/p)? Jexp(-gH)

Ry =[1+(q/p)t) Rye=2(a/p) LEYRLEY
Rae=-Rae Rey=-2(r/p) Raz=Ryy
ﬂ‘,'Z(P/p) R“'H,, ﬂ‘s'(ZID)(€|‘tt5‘)
Agy®l Rgy*(a/p) Agy®!
Rs(=-(a/p) Rgg=-(148,) Rei*(r/p)
Ree®! Rga=-(r/p) Aea®!
Res=(1/7p)(§,+8,8,) Rge=-1

fyge (-20108) (20 {22000 g Auye o1, (ATalEe)y Be e
s v



For a given set of problem parameters (such as shear modulus, Poisson's
ratio, soil density, soil porosity, soi! permeability and water compressibility),
the solution to equations 3.42 can be obtained for a given frequency, v, and wave
number, p; that is, the value of H which satisfies the six equations can be
determined. The specific procedure to obtain this solution is & trial and error
process and is still being investigated for typical values of soil parameters
Equations 3.42 can be simplified for the specific case of zero soil permeability,
N, that is, assuming that the water is confined to move with the solids. The
objective of the numerical procedure is of course to develop information in 8
form which can indicate how &ffects of the ground water decrease as the depth,
H, increases, such as is shown in Figure 3.2
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40 FINITE ELEMENT CALCULATIONS

In order to develop solutions for interaction coefficients, a variety of
calculations were made using the finite elernent computer program developed
previously (Ref. 1) For the two-phased soil-fluid system, the governing
equations of Section 2 were discretized into a set of nodal equations for the
displacement parameters (u, and u, for the two dimensional problem) and the
reiative water displacements (w, ancdw,). For any given frequency of steady state
motion, the numerical solution is obtained, from which the corresponding soil
and water stresses can be calculated.

The specific problem investigated is shown in Figure 4.1. A rigid surface
footing of width 28 is located at the surface of the elastic halfspace and moved
in the three coordinate directions (horizontal, rocking and vertical modes) in 8
steady state manner, from which the total forces developed on the footing are
calculated The corresponding influence coefficients are then determined as @
function of frequency of the steady state motion All the date generated is then
plotted as & function of dimensionless frequency, which is defined by

A=af /Uy (4.1)

where & is the half footing width, 0 is the input frequency of the steady state
motion and Ug 18 the shear wave velocity of the dry soil. The specific properties
of the soil and water used in the calculations are defined in Figure 4 1 These are
typical for a relatively stiff stity sand

As mentioned previously, the primery goal of this numerical Ztudy has
been to determine the influence of the depth to the ground water table (GWT) on
the standard interaction coefficients In the previous study (Ref 1), calculations
were made for the two cases of either fully saturated soil (GWT et the ground
surface) or dry soil (GWT at infinite depth) In this study, the computer program
was modified to allow for placing the ground water table at various depths,
considering the soil above the GWT as dry In all the calculations performed, the
simplified one-dimensional transmitting boundary originally developed for the
previous study was used As will be seen in some of the following dats, this
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simplified transmitting formulation fis reasonably sdequate for these
celculations. However, in studying more realistic problems, an improved two
dimensional formulation is required The developments outlined in Section 3 |
would be would be of significance in such & development. Unfortunately, the |
scope of this study did not allow for this added development. |

|

Calculations were performed with two meshes for this calculation, the
shallower mesh, Model 1, of Figure 42 and the deeper mesh, Model 2, shown in
Figure 43 In both ceses, the bottom and side bounderies are subjected to the
one-dimensional trensmitting boundary condition mentioned above Obviously, the
required symmetry conditions are applied on the left boundary

41 Cealculations With Moda) |

The first mesh, Model 1, is made up of uniform rectanguler elements,
fourteen leteraily (B/A = 7) end eight vertically (D/A = 4) Based upon previous
ceslcustions, this mesh is adequate to trest wave propagetion up to &
dimensionless frequency of 25 to 3. All calculations presented herein are thus
limited to & maximum dimensionless frequency of 2 Calculations were then
performed for a variety of configurations, moving the GWT from the ground
surface to » depth specified by H/A = 3.5 (seven elements below the footing
Figure 4.4 presents horizontal interaction coefficients (stiffness and damping) |
for a variety of the depth to the GWT. As may be noted from the lower figure, the
demping coefficient rapidly decays from the fully saturated cese to the dry case, 1
until at & depth rotio of 1.0, the demping coefficients are essentially identical to
the dry problem From the upper plot of Figure 44, however, it may be noted that |
the horizontal stiffness coefficient does not as quickly converge to the dry case ‘
Similar date is shown in Figure 45, which shows additions] results for the lower
depths to the GWT. As can be seen, the damping coefficients still show the |
Independence with the GWT at these depths, with the stiffness coefficients ‘

1

essentially showing reletively uniform results below & dimensionless depth of
20

Similer dste from Model | for the rocking stiffness and damping in Figure
46 and 47 As may be noted, the damping essentially approaches the dry dets at
depths below O S while the rocking stiffness converges to the dry case st depths



of 1.5. The small differences at the higher frequencies probably are unreal if
actual material damping effects were considered in the calculations All the dats
at the deeper depths shown in Figure 47 show essentially complete agreement
with the dry data at depths below 1.5

Unfortunately, no similar simple conclusions can be developed for the
vertical interaction coefficient, the results for which are shown in Figures 48
and 49 for the various depths to the GWT At low values of dimensionless
frequency, below @ value of about 0.8, the damping coefficients are ressonably
close to the fully dry case At higher frequencies, however, the damping
coefficients are significantly different from the dry date. A possible explanation
can be the following At shallower depths to the GWT, the damping coefficient is
higher than the dry case, indicating that the energy loss through the weater-soil
coupling (through soil permeability effects) is important since soil/water
relative motions are larger Al the lower depths to the GWT, however, the water
interface may prevent radiation energy loss usually associated with the dry
halfspace But at the same time, energy loss due to permeability may be small
since the relative motions between water and soil at these depths are small In
any case, the energy loss associated with this vertical motion is composed of
two perts, one due to relative soil/water movements and the second due to
radiation effects The specific amount of each is apparently frequency as well as
depth dependen'

4 2 Calculations With Model 2

As noted from Figure 43, the mesh of Model 2 extends to a depth fifty
percent deeper than that of Model 1, with the same side boundeary location
Again, one dimensional transmitting boundary conditions were applied at the
bottom and side boundaries The primary goal of these calculations was to see if
the vertical coefficients settle down to the dry data at these deeper depths
First, however, a comparison between the meshes was investigated to see if the
transmitting boundary is adequete encugh to compare these date between the two
meshes The horizontal interaction coefficents are shown in Figure 4 10 for the
two cases, both with the GWT at & depth of 3 5A Both the damping and stiffness
coefficients are adequetely replicated by this boundary, with the differences I\n
the stiffness coefficients associated with a gross frequency of the mesh
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The comparison of the rocking data is presented in Figure 4.11. As may be
noted, at the higher frequencies of interest, the results are good However, below
the dimensionless frequency of about 0.8, the boundary effects appear to be
important. The damping dete is reasonably good over the entire frequency range
of interest. Both of the vertical interaction coefficients show excellent
agreement over the entire frequecy range of interest, &8s seen in Figure 4.12 This
indicates that under a vertical load, the bottom boundary primary moves in &
one-dimensional mode and the one-dimensional formulation is reasonable Since
the vertical problem is the primary purpose of the extended calculations, it is
felt that comparisons for the deeper depths to the GWT are adequate for these
purposes. However, as mentioned previously, the improved two d'mensional
soil/weater transmitting boundary formulation is required for specific response
calculations

A comparison of the deeper results is shown in Figure 413 for the
horizontel interaction coefficients Since it was already concluded that below @
depth of about 1S, the influence of the GWT are small for this problem The
differences thet may be noted between the dry cese and the results from Mode!l 2
can be ascrited entirely to the boundary effects as discussed previously, since
the results for the dry case were developed with Model 1. A similar conclusion
cen be reached for the rocking dats, shown in Figure 4 14 Again the differences
8t the low frequency 1s due to boundgary effects

The verticel dats, which shows little impact of the bottom boundary
formulation, 1s presented in Figure 415 As can be noted, the stiffness dats
shows good correlation at depths below & value of about three The damping data,
although showing reasonable correlation at these depths, still shows indications
of differences at the higher frequencies of interest, as previously discussed
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5.0 CONCLUSIONS AND RECOMMENDATIONS

The results of this study indicate that pore water effects can play &
significant role in the soil-structure interaction process. Based upon the
calculations presented in Section 4, the following conclusions can be drawn.
First, if the ground weter table is located at the depth of the foundation, the
pore water causes the horizontal interaction coefficients (both stiffness and
damping) to increase by more than SO%. As the GWT moves awey from the
foundation, this effect decreases. At a depth retio of 1.0 (depth from the
foundation to half width of foundation), tha damping coefficient approaches the
dry case while stiffness coefficient reaches the dry cese values at a depth ratio
of about 2.0. Similar results for the rocking case indicate that the damping
coefficient approaches the dry velue very rapidly, a. a depth retio of 05, while
the corresponding stiffness coefficient converges at a depth ratio of 1.5,

For the vertical mode of response, the results are not so clear and can be
considered as frequency dependent. Based upon the results generated to date, it
appears that below a depth ratio of about 3.0, the stiffness coefficients seem to
converge to the dry data However, the damping data, contrary to the behavior
noted for the other coefficients, does not seem to converge to the dry solution,
but rather to oscillate sbout it. This may be due to the effect of the GWT in
preventing radiation effects away from tne foundation. At the lower frequency
range (dimensionless frequencies less than about 1.5) the damping appears to be
similar to the cry case At the higher frequencies, however, the results are not
a3 conclusive.

As recommended in the previous study (Ref. 15), it is suggested that
future work concentrate on the development of & two dimensional transmitting
boundary formulation. The results developed herein indicate that the simpler one
dimensional approach, although adequate to investigate general trends in the
computations, is not adequate enough for the detailed cepabilities required in
calculations associated with an actual facility It is recommended that the
approach follow the developments presented in Section 3 of this report. With the
solutions which can be developed from these calculations, the formulation will
be relatively straight forward. The computer results will be significantly
enhanced with this major improvement. With this improved formulation, further
numerical results can be generated to sssess the impact of pore water on the
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interaction process.

An area of important consideration is to use the results of these linear
calculations to investigate the potential impact of soil liquefaction on
structural response. Even though the liquefaction problem is a highly nonlinear
process, the results of the linear calculations can be used to estimate where
under a given foundation the pore water effects can be important. This dats,
combined with the more empirical data available for liquefaction based on soil
type, such as thet presented in Refs. 36 and 37, can be used to judge if and when
liquefaction can be an important issue.
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