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SUMMARY

An analytical method is presented in this paper for the nonlinear uplift
response of the soil-structure system with frequency-dependent soil-foundation
characteristics expressed as the form of Dynamical Ground Compliance. The
proposed method is essentially an iterative method combining the evaluation of
nonlinear uplift correction forces in the time-domain with the pseudo-linear
response calculation in the frequency-domain. The method has the advantage of
proper consideration on the energy loss from the foundation as well as the
frequency-dependent properties of the soil-foundation. Some example problems
are demonstrated and several features of uplift effects are discussed.

INTRODUCTION

Nonlinear soil-structure interaction effects due to the foundation slab
uplift induced by large seismic forces have recently acquired much interest in
aseismic designs of relatively stiff structures such as nuclear power plant
structures. Uplift effects have been studied through the mathematical model
with the soil-foundation replaced by a frequency-independent spring-~dashpot
(Ref.1l). However, the dynamic properties of the soil-foundation depend on the
exciting frequency, which may be significant in the interaction behaviors of a
relatively stiff structure and the surrounding soil. This paper presents a
new analytical method for the nonlinear uplift response of the soil-structure
system with frequency-dependent soil-foundation characteristics expressed as
the form of Dynamical Ground Compliance (D.G.C.) by the senior author (Ref.2).

D.G.C. is defined in the frequency-domain as the ratio of the displace-
ment of a foundation on a semi-infinite soil medium to a harmonic exciting
force on the foundation and corresponds to the inverse of the complex stiff-
ness of the soil-foundation system, the imaginary part of which is associated
with the emergy radiation caused by the wave propagation. Therefore the meth-
od presented in this paper has the advantage of proper consideration on the
energy loss from the foundation as well as the freguency-dependent properties
of the soil-foundation. .

Although the frequency-domain approach is usually employed in the earth-
quake response analyses of frequency-dependent systems, this approach is not
applicable directly to nonlinear problems because of the principle of super-
position inherent in the Fourier transform. The proposed method involves an
iterative procedure consisting of the evaluation of nonlinear correction
forces due to the uplift in the time-domain and the pseudo-linear response
calculation in the frequency-domain considering nonlinear forces as equivalent
accelerations applied on the foundation.
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FORMULATION OF EQUATIONS FOR UPLIFT RESPONSE

The equation of motion for the soil-structure system of Fig.l subjected
to a horizontal ground excitation can be written as

[Mo]{ﬁ} + [co]{i/} + [£,)J{0} + (R} = - {m}a, (1)

where {U}={Ug, UB}T, which represents relative displacements (relative to the
ground displacement) of the super-structure and the foundation. The displace~
ment of the foundation {UB} contains the horizontal translation (swaying) and
the rotation (rocking). [Mp] is the mass matrix. [Cp] and [Kp] are the damp-
ing and stiffness matrices and do not include those terms which correspond to
the damping and elastic forces of the frequency-dependent soil-foundation,
which are represented collectively by the term {R}={0,RB}T. {mo} is the iner-
tia mass and a; is the ground acceleration. The dots denote differentiation
with respect to time. Since the nonlinear effects considered in this paper
are restricted to the foundation uplift, [Mpl,[Cp] and [Kp] remain constant
while the term of the foundation reactions {Rg} is treated as nonlinear.

When no uplift occurs, the relationship between {Ug} and {Rg} can be ex-
pressed in the frequency-domain through the D.G.C. matrix [C(w)] which is de-
pendent on the exciting circular frequency w, that is,

{Ug} = [c HEg} . (2)

The symbol ~ denotes the Fourier transform with respect to the time parameter.
In order to take account of nonlinear effects due to the uplift, let {Rg} be
represented in the following form.

(R} = D) + (&) , (B} = [C1™HE) , (B2 = W )May} . (a-o)

{Rg} is related to the foundation displacement {UB} through the linear (neg-
lecting the uplift) compliance matrix in the frequency-domain and is defined
as pseudo-reactions while {RB} correction forces. For convenience, {Rg} may
be written as the product of an inertia mass matrix [M;] and an acceleration
vector {aC}‘ The conceptual illustration of Egs.(3a-c) is shown in Fig.2.
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It should be noted that the linear stiffness in Fig.2 cannot be specified ex-
plicitly in the time-domain. [M;] and {a¢} are expressed as

My 0 ay
1= s {a.} = (4a,b)

[,

where mp is the foundation mass and hg is the height of the gravity center
of the foundation from the base end. The subscripts # and R are concerned
with the degrees of freedom of the horizontal translation and the rotation of
the foundation, respectively.

From Eqs.(1),(3) and (4), the equation of motion in the frequency-domain

(H1{0} = - {mo}ﬁG - {mH}5H - {mR}&R (5)
is obtained, where ’
) 0o 0
(] = - w®[M,)] + JulC, ] + [K,] + o (6)
0 0 0 0 C(w) 1

{mH} is the vector which has only nonvanishing component mp corresponding to
the swaying of the foundation while {mp} has only nonvanishing mghp corre-
sponding to the rocking, and j is the imaginary unit. From the expression of
Eq.(5), ay and ap will be suitably called equivalent accelerations acting on
the foundation if the uplift occurs. Introducing the transfer function {3 .}
and auxiliary transfer functions {#iy} and {&R} defined by 0

) = =8 M}, () = -1 M), Wpd = T ) (o)

and substituting into Eq.(5) lead to the following expression :

0} = G e, + (4, + Gi)e, . ®

EQUIVALENT ACCELERATION

The reaction force of the foundation will consist of the elastic {RBK}
and damping {RBC} forces, that is,

{Rp} = {Ry,} + {Rp.} = [Kg1{UR} + [C51{UR} (9)
where [KB] and [Cg] are the nominal stiffness and damping matrices of the
soil-foundation. Let [Kppl and [Cpp] be the stiffness and damping matrices of
the soil-foundation when no uplift occurs, and it is assumed that [Kp] and

[g] will be given by the modification of [Kppl and [Cpp] through reduction
matrices [B] and [y] as follows :

€51 = 8151 , [C5] = [Y1[Cq,] - (10)

Representing the pseudo-reaction {RP}, similar to Eq.(9), as the sum of the
elastic {RgK} and damping {Rgc} terms gives

P
{rg} = BIEL} + IYME,} . (11)

899



By substituting Eqs.(3a) and (11) into Eq.(3c), the equivalent acceleration
may be written in terms of pseudo-reactions and reduction matrices

fag} = (,17HC UBI-IIDFG) + (I¥1-ID{RG,)

c

where [I] denotes the identity matrix.

(12)

Here, it is assumed that the reduction matrices will be expressed as

By(r) 0 V() 0

8= | ° R I , (13a,b)
0 Bp(m) 0 Yp(»)

By(r) = /Ir , By(r) = (142r) (1-r)® , Yy(r) = Yp(») = 1-»  (1l4a-d)

where subscripts # and R refer to the swaying and rocking of the foundation.

First,

the reduction matrices are diagonal and depend only on the uplift ratio

r which is the ratio of the area separating from the supporting soil to the

whole area of the foundation slab. Second,

factor By

the swaying stiffness reduction
is proportional to the square root of the contacting area of the

foundation, which is based on the consideration that the shear coefficient in
static problems is proportional to the inverse of the square root of the foun-

dation area (Ref.3).

The rocking stiffness reduction factor Bp is estimated

on the supposition that the vertical compressive stress distribution at the

soil-slab interface changes linearly as shown in Fig.3.

Third, as to the

damping, nonlinear properties due to the uplift are less clear and have been

neglected in the most of previous works.

In the demonstrative example, this

paper considers that the damping reduction factors Yz and Yp are proportional

to the foundation area contacting with the soil.
Egqs.(l4a-d) are plotted in Fig.4.

ITERATIVE PROCEDURE

The uplift response calculation based on the
foregoing formulation leads to an iterative procedure
where the whole time history of the foundation re-
sponse is needed in every iteration cycle for the cal-
culation in the frequency-domain. The procedure of the
response calculation consists of the following two
steps as sketched in Fig.5.

Step 1 : Transfer functions In addition to the com-
plex transfer function {ﬂO} given by Eq.(7a), the up-
lift analysis in the frequency-domain makes use of
auxiliary functions {#iy} and {fig} of Egs.(7b,c) which
are complex responses to the harmonic excitation of
equivalent accelerations.

Step 2 : Foundation response iteration Let the prefix
denote the number of each iteration cycle. In the nth
iteration. n{Up} is calculated by substituting the for-
mer n-l{ac} 1nto the right-hand side of Eq.(8), then
n{RB} is obtained by Eqs.(3a-c). The present equiva-
lent acceleration ”{aC} is evaluated through Egs.(12)
to (14) and n+1{UB} is again calculated. If the dif-
ference between ,+1{Ug} and n{Ug} is not satisfactory
small, n+lst iteration cycle will start.
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EXAMPLE PROBLEM

Some features of the proposed method and uplift behaviors are illustrated
by earthquake response analyses of the soil-structure model shown in Fig.6.
The super-structure is treated as a shear type lumped spring-mass model, and
the soil-foundation is represented by a two- ~degree-of-freedom model (s“ax1nc
and rocking) with the dynamic characteristics based on D.G.C. Fundamental
properties of the model are also given in Fig.6. The fOllOEan two cases of
the supporting soil condition are considered : the soft soZl site (elastic
modulus E= 20t/cm2, shear wave velocity Vs=380m/sec) and the s#iff soil site
(E=200t /cm?, Vg=1830m/sec). Three different earthquake accelerograms, El
Centro 1940 NS Taft 1952 EW and Golden Gate Park 1957 EW are used as the
ground excitation with three levels of the peak acceleration, A1(500gals),
(700gals) and A3(900 gals).

Transfer property

Amplitudes of displacement transfer functions are shown in Fig.7(a) for
the soft soil site and in Fig.7(b) for the stiff soil site. The ratio of the
fundamental frequency of the soil-structure coupled system to that of the
super-structure is 0.77 in the soft soil site and 0.97 in the stiff soil site,
which roughly indicates that the soft soil model (the super-structure is rela-
tively stiff) may involves more significant effects resulting from the soil-
structure interaction. Another index for the interaction is the nondimention-
al frequency defined as al=w1b/VS, where w; is the fundamental circular fre-
quency of the coupled system and b is the half length of the foundation in the
direction of excitation. These models have a1=0.97 (soft soil) and 0.39
(stiff soil). TIt is noted that the stiff soil model has greater amplitudes of
the super-structure and smaller amplitudes of the foundation than the soft
soil model. The dominant frequency of the foundation is about 3Hz in the soft
soil site while about 7.5Hz in the stiff soil site.
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Comparison of D.G.C. model and constant soil-foundation model

Nonlinear uplift response analyses are carried out for two models, the
D.G.C. model which has soil-foundation properties based on D.G.C. and the con-
stant model which has conventional constant soil-foundation properties. 1In
the latter model, the soil-foundation stiffness is approximately given by the
equivalent value of D.G.C. corresponding to a) and the damping is tentatively
chosen 10% of critical. In order to discuss the intrinsic features of the
stiffness reduction due to the uplift, the quotient is introduced of the force
response to displacement response of the foundation in the frequency-domain,
which corresponds to the complex stiffness. The real part of this complex
stiffness associated with the foundation rocking response is plotted in Figs.8
and 9 where the dashed line indicates the original rocking stiffness of the
soil~foundation. Comparisons between the D.G.C. model and the constant model
may be summarized as follows. In the case of the stiff soil site, the reduc-
tion patterns of the soil-foundation stiffness due to the uplift show a great
resemblance between two models in the whole frequency range as might be ex-
pected, whereas the difference in the higher frequency is notable when no up-
1ift occurs. 1In the case of the soft soil site, the constant model has dis-
tinct reduction at particular frequencies while the D.G.C. model has less dis-
tinct reduction.
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Comparison of nonlinear and linear responses of D.G.C. model

Results of the nonlinear analysis including the uplift are compared with
the linear results neglecting the uplift in Figs.10 to 13. Fig.l0 shows the
ratio of the maximum nonlinear response to the maximum linear response of the
foundation versus the maximum nonlinear uplift ratio. Though the rocking ro-
tation and acceleration are very small in the stiff soil site, they increase
as the uplift ratio increases, which may have some effects on the super-struc-
ture if the rocking dominates the response. Fig.ll illustrates the relation
of the maximum uplift ratio between two analyses and Fig.l2 gives the time
history of the uplift ratio. The uplift ratio by the nonlinear analysis is
about 75% of that by the linear analysis in the soft soil site and about 95%
in the stiff soil site. It is shown in Fig.l3 that the maximum force response
by the linear analysis is approximately 5 to 15% greater than that by the non-
linear analysis. Therefore, in the cases considered the linear analysis neg-
lecting uplift effects provides conservative results.

Convergence of the iterative method

Convergence of the proposed iterative method is not proved mathematically
but examined numerically through the example problems. The maximum rotation
of the foundation at each iterative step devided by the maximum resulting from
the linear analysis is sketched in Fig.l4. The results indicate that the con-
vergence of the iterative calculation will depend on the uplift ratio and the
method seems to be applicable until the overturn occurs. Uplift problems
which have maximum uplift ratio less than 0.7 need at most 10 times of the it-
eration. As the iterative calculation is restricted to the foundation re-
sponse only, that is two degrees of freedom, 20 times of the iteration (the
uplift ratio is greater than 90%) may be also practical.
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ENERGY EQUIVALENCE

Conservative results of force responses in the linear analysis neglecting
uplift effects are often explained by the concept of energy equivalence with
respect to the maxima of linear and nonlinear responses. In order to examine
energy equivalence in uplift problems, another seismic response analysis of a
nonlinear elastic single-degree-of-freedom model (NE model) with conventional
frequency-independent properties is made (Ref.4). The nondimentional force
(n) - displacement (£) relationship is shown in Fig.l5, where the positive
nonlinear parameter (p>0) gives a hardening-type stiffness while the negative
parameter (p<0) a softening-type. In a rough estimate, NE model with p=-1.5
can represent a nonlinear stiffness of the uplifting soil-foundation. Compar-
isons of the response ratio (nonlinear/linear) of the D.G.C. model with that
of the NE model are demonstrated in Fig.l16, where T is the natural period of
the NE model or the rocking-dominant period of the D.G.C. model, and €O is the
excess ratio in the linear response as defined in Fig.1l5. Since there is
close agreement in the response ratio between two models, the NE model pro-
vides a good lead to study energy equivalence of uplift responses. From the
energy response ratio of the NE model with p=-1.5 plotted in Fig.l7, it may be
noticed that the energy equivalence method is applicable to the range of 7=0.3
to 0.7sec. The energy method may underestimate the response in the range of
T<0.3sec while may overestimate in the range of T>0.7sec, which is more re-
markable as £ gets larger. :

CONCLUSIONS

A new method has been presented for the nonlinear uplift response analy-
sis of the soil-structure system with frequency-dependent soil-foundation
characteristics based on D.G.C.. The proposed method is an iterative method
combining the frequency-domain and the time-domain calculations. The features
of the uplift effects have been illustrated by the example problems and it has
been concluded that in the cases considered reduction patterns of the soil-
foundation stiffness show a remarkable difference between the proposed D.G.C.
model and the conventional model when the soil-structure interaction is sig-
nificant and the linear analysis neglecting uplift effects provides conserva-
tive results. The convergence of the iterative method has been exemplified
through numerical examples, and a brief discussion has been devoted to a study
of energy equivalence associlated with maximum responses.
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