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Summarz

In soil dynamics analysis under earthgquake excitation it is an accepted procedure
to assume that:

a) the free field seismic waves propagate vertically as plane waves;

b) the soil local or "instrinsic" dissipation is represented by a viscous damping, the
constant ranging from 0.05 to 0.1 relative to the critical one:

c} a horizontal rigid bedrack is present at a depth of the order of some embedment
lenghts.

]

Assumptions (a), {b} and (c} simplify the computaticnal procedure and besides
are proved to be conservative for shallow embedded siructures. Under the same assumptions
underground structures can benefit of a reduction in accelerations and in equipment
dynamic loads of a factor of approximately two, if compared to similar structures but
shallow embedded,

However the present paper shows that the above assumptions are not always at
the safe side when a long span embedded structures is concerned. In particular, body
waves - P or S - propagating both vertically and horizontally may provide larger loads
than a vertically propagating wave does. Besides, for the same free field surface
motion, higher damping values of soil will result in higher earth pressures. On the
order hand, the hypothesis of the presence of a rigid bedrock may overestimate the
seismic effects.

Therefore a soil dynamic model was developed allowing to remave the assumptions
(a), {b) and (c] above, It works in time domain, and plane geometry. A lumped para-
meter model was also developed to the same purpose. Typical results are shown.
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Introduction

In the solution of earthguake engineering problems concerning seoil-stru-
cture interaction, seismic waves are usually assumed to propagate vertically
with plane wave front. Such assumptions are generally conservative in the ca
se of shallow embedded structures.

However, for the case of long span embedded structures (as tunnels and
buried pipelines), the assumntion of vertical propagation leads to underesti-
mate stresses in the structure. Indeed, inclined waves may oroduce differen-—
tial displacements along the longitudinal axis of the structure, yielding an
additional state of stress which would not be considered in the assumntion
above.

A few field observations during recent earth shakings, in particular San
Fernando 71, show deviations from the above assumptions, thus sucgesting, as
design rule, to investigate the seismic behaviour under different wave “ront
inclinations and curvatures. The variety of source mechanismsand propagation
nathsg likely to ke met, precludes a more deterministic assessment of the sei-
smic input.

Under these premises, Fig.1 shows in a schematic way the problem dealt
with. This will be analyzed by two different models, each working in the ela-
stic range for both the soil and the structure: 1) a model with lummed springs,
masses, and dashpots, and 2) a finite element model. The differences between
the two will be explained through the equilibrium equation of the tunnel mas-
ses along the Z axis.

Let the following be:

{z} the displacement vector in direction 2 for the tunnel nodal voints;
|M{ the mass matrix of the tunnel elements;
|c] the matrix of the viscous coefficients associated with the tunnel defor-
mation. The temm cij(ii - ij} represents the viscous force arising within
the tunnel against the relative motion of the ith and jth nodal »noints;
1

the elastic force arising within the tunnel against the relative motion

of the ith and jth nodal points;

|[R| the soil radiation matrix. The term

|kl the stiffness matrix of the tunnel. The term kij(z. - zj) renresents

r..0(z, —a_.) - {z. —4d_.}] re-
ij i zi 3 z3 .
presents a force exerted by the soil against the motion relative to the
free—field of the ith and jth points;

[B] the soil compliance matrix. The term bijE(zi -uy
sents a force exerted by the soil against the motion relative to the

free—-field of the ith and jth points;

) - {zj - uzj)J repre

{uz} the free~field motion assumed for the tunnel nodal noints.

The equilibrium equation along the 2 direction yields:

| {2} + [C] {2} + |R] {2 - u ) + [K] {z} + [B] {z -u_} =0 (1)
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and, puttinag into evidence the free-field motion,

M| {2} + |c] iz} + IR| {2} + IX

{z} + |B] {2} = |R] {a )} +|B| {u b (2)

It is worth noting that it is not correct to express the internal action
within the tunnel in terms of displacements relative to the ground, since the
ground motion is different voint by point.

In the assumptions of the Winkler model, the matrix iB] is diagonal and ,
analogously, the radiation matrix |[R| is diagonal too. By anextensionoftheviscous
boundary theory, it will be assumed that the viscous force perpendicular to
the horizontal surface A?, associated with the ith nodal »oint, is

prAE(éi - ﬁzi), where p 1is the soil density, and Vp is the compressional
wave velocity in the soil. The concurrent viscous force parallel to the late-
ral surface Ai is stAi(Zi - ﬁzi)' where VS is the shear wave velocity
in the soil. For brevity, in the following these assumvtions will be referred
to as generalized Winkler model assumptions,

Similar equations hold feor the equilibrium aleng the X and Y axes.

Eq. 2 will be solved through the lumped parameters model of Fig. 2, wi-
thin the realm of the generalized Winkler assumptions., The fixed ends of the
supporting springs and dashpots are supposed to move with the free-field motion

at the level of the tunnel axis, which is eguivalent to assume the fixed ends

at rest, and the ith nodal peint acted on by forces fz =r,, u + bii Uy

ii zi

Eq. 2 with also be sclved through a two-dimensional f.e. model, Fig. 3.
In this case the matrices |[R| and |B| are evaluated by the f.e. procedure,
which is consistent with continuum mechanics,

The above assumptiohs are worth commenting. As to the input excitation,
let Fig., 4 be considered, where u, and ﬁx are renorted for vertically in-
cident waves. The corresmonding ground acceleration is in agreement with
USNRC R.G. 1.60, normalized to 0.22 g.

It can be reccgnized that, as far as the soil is sufficiently stiff
(G > 30000 t/m2 in the present case), the contribution to the input force
sunplied by bii Ui
bution given by r

is of a few orders of magnitude greater than the contri-
ii uz. Consequently this last term may be disregarded. Si-
milarly, the inertial and damping terms of the left side of Eq. 2 may be ne-
glected also, thus reducing the analysis to a "static" case, although subiect
to time varying displacements, as proposed by [6]. On the other hand, it must
be observed that in the range of values of the soil stiffness for which such
assumptions hold, the maximum strains and curvature of the tunnel do not ne-
cessarlly coincide with the maximum strains and curvature of the free—-field
soll, as proposed by Newmark [61. In particular, this is the case when an

upper bound is assigned to the bond strength between soil and concrete., [4,8].

A variety of simplifying assumptions are thus feasible, depending on the
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soil compliance around the tunnel., However, as far as a lumped parameters mo-
del is concerned, there is no particular need of disregarding any term or to
keep the analysis in the static realm. Therefore, the feasibility of the ako-
ve assumptions will be no further investigated, and the following will con-

cern only the comparison between f.e. and lumped parameters models.

The radiation matrix |R| and the compliance matrix |B} are likely to be
represented inaccurately in both models: in the f.e. model, because the ap-
proach is two dimensional; and in the lumped parameters model, because non
diagonal terms are disregarded. Besides, according to the literature (1,4,5,
71 there is not a unique way to assign values to bii (see table I). Mainly
for this reason, the reference model will be considered the one relying on a

f.e. representation.

Only a few comparisons, limited to SV excitation only, have been carried

out up to now. The main conclusions are the following:

i} when all other parameters are kept constant, and onlv the vertical compo-
nent of the Winkler moduli are changed, then the axial stress N remains

unchanged, in practice, but both shear and hending stresses change. An amolifi-
cation of the moduli by a factor 4 - see tabkle I - provides an amplification

of the maxima of shear and bending by factors of 3 and 2.4 respectively,

2) The f.e. model and the lumped parameters model lead to resulting stresses
in qualitative agreement. However, the first model provides more optimistic
values of stresses, probably due to a more realistic representation of radia-

tion damping and soil compliance.

3) For small incident angles (a < 20°}, shear and bending stresses are dire-
ctly proportional te «. Axial strese also increase with o but to a smaller

extent.

As a final comment, by leooking at the function uk in Fig.4, it appears
that assigning the maximum value of ground displacement oroportional to the
maximum acceleration, as R.G. 1.60 does, is overconservative for stiff soils.
For these, high values of acceleration but relatively low values of soil di-

splacements are expected.

Table 1 - Values of the Winkler constant bzi according to different authors for the soil in Fig.1

Ref. 4 Ref. 7 Ref., 5 lower bound considered
in the analysis

bzi 60.000 50.000 66.000 13.500

{t/m/m)
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2. Generalized input excitation

The input excitation is defined by a train of obliquely incident, olane

seismic waves having the following characteristics:

1) The three orthogonal components of the motion of a moint at the free
field surface are defined on the basis of USNRC Regulatory Guide 1.60. Accoxr
ding to this, two acceleration response snectra, sh(w,v) and sz(m,u), are

assigned to the two horizontal components and to the wertical respectively.

2} The motion mentioned above is criginated by compressional and distor
tional plane waves, impinging upon a horizontally layered soil, lying on
a homogeneous isctropic halfsmace, where the waves are propagating along

a prescribed direction, defined by the angle a, Fig. 1.

The proposed procedure requires the solution of two vroblems. The first
is the well known problem of generating an acceleration time history, u(t)
given the acceleration resnonse spectrum. The second one is the evaluation
of the amplitude of obliquely incident waves corresponding to the assigned

time history.

In particular let ﬁX(t) be a generic function of a stochastic process
{ﬁx(t)} ; the response spectrum of which approaches the R.G. 1.60 horizontal
response spectrum, sh(m,v). Several methods are available to generate such
function, yet they will not be discussed here,

The only assumntion is that, given a value v of the damping coeffi-
cient, the specified target response spectrum can be approached as close as
necessary by a series of subsequent iteraticns.

The chesen function will be reoresented with a complex Fourier expansion

N ju_t
ﬁx(t} = I u e N,

1n Xn
where _2m
w_ = = n,
n T

T ground motion duration

2m : R . .
wy, = F N, maximum freguency of the significant Fourier components. The U,

and ﬁz components are defined similarly.

As to the second problem, a mathematical model in one dimension, z,
capable of reproducing a free field surface moticn shall be used to derive
the P, SV, and SH incident wave amplitudes, Two different formulations are
available for this operation, [3,1@. Both of them work in frequency domain, i.e.,
for this case the steady state, harmonic components of the surface accelera
tion, for the horizontally lavered soil of Fig. 1, are provided once the
displacement amplitude s({t) of a harmenic SV wave, and the one,p(t) , of a
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compressional wave,

s(t) = s e

p(t)
are given.

It
g
0]

Let H__(w) and H__{(w) be the complex ratios
SX nX

It can easily be proved that the impinging SV wave able

to induce a surface motion ax(t) is

N 1 Jju_t
s{t) = zn -m.}.m_ e n
1 H (o))
and analogously for p(t). The proof “here omitted- is limited to show

that the "transient portion" of the response to s(t), which is disregarded

in this ovweration, is meanigless from a numerical nroint of view.

It must be pointed out that both. s(t) and p(t) are able to produce
the same ux{t). However, let ui{t) and ug(t) be the vertical components
of the surface motion asscciated with s(t) and p{t) respectively. In ge-
neral, neither of them reproduces the USNRC R.%. 1.60 vertical resnonse
spectrum s {w,v) .

The model being linear, an im?inging motion characterized by 2 s(t)
simultanecus to (1-A)p(t) also produces the target ﬁx(t) at the surface.
The ratio A, therefore, is available to minimize the difference between
the resulting vertical response swectrum and the target Sz(m,u} in the se-

lected range of frequencies.

The method is in the main aspects consistent with USKRC R.G. 1.60 or
the corresponding Standard Review Plan 2,8.1, excewt for the statistical de-
pendency of ﬁx{t) and ﬁz(t). However, it must be noted that such depen~

dency is an intrinsic characteristic of obliguely incident seismic waves.

As to the y component of motion, it can be generated by a sH wave,
by a similar procedure. The mathematical model for obliquelv incident SH
wave is described in the reports mentioned above [ 3, 101. The resulting

motion can be, in theory, statistically independent from ﬁx and u, -
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Fig.1 Representation of the problem.
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Fig.3 Finite element model. Active and passive boundaries according to {2).
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Fig.5 Time history of N ,M components at the
tunnel central point,Lower bound value

for Winkler constant.

Fig.6 Profile of bending moment at
t = 4.2 sec.
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