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Assessment of the Urbanization Effect on Seismic Response

by Claude Boutin and Pierre Roussillon

Abstract This article introduces two analytical methods that aim at investigating
the effect of the urban environment on seismic motions. We regard cities as a periodic
distribution of simple oscillators. The response to a vertical incident SH wave is
analyzed by considering the city with a macroscopic point of view. As a first ap-
proach, the effect of buildings is described by a mean impedance on the soil-city
interface. This enables us to identify a mechanical soil—city coupling parameter that
governs the magnitude of the interaction and to determine a characteristic time of
the soil—city response. A second, more refined model based on approximated wave
fields radiated by each building leads to introducing a boundary layer to describe the
multiple interactions effect. This provides an assessment of both free soil motion and
building basement motion. Applications are given for monofrequency and multifre-

quency cities in the case of homogeneous and stratified substratums.

Introduction

The seismic risk in urbanized areas deserves particular
attention for many reasons, among which are the concentra-
tion of population, of real estates, of human activities having
a large socioeconomical impact, and the presence of strategic
public services.

Numerous studies have addressed the seismic response
of cities” settlement sites. The usual approach is to consider
that the ground motion results from the seismic source and
the structure of the substratum. However, even when using
2D or 3D models and refined subsoil descriptions, some fea-
tures of seismic records remain unexplained. This is the case
for the 1985 Michoacan earthquake, for which the long du-
ration of motion in Mexico City (Singh and Ordaz, 1993)
and the presence of beatings in some records resist the usual
modeling (Chavez-Garcia and Bard, 1994),

Such observations led Wirgin and Bard (1996) to sug-
gest that the response depends not only on the substratum
but also on the “surstratum,” that is, the city. This idea is
supported by the fact that Mexico City is densely urbanized,
the natural frequencies of buildings and the basin may co-
incide for a class of high-rise buildings, and finally, the clay
softness is favorable to soil-structure interactions. Then, the
energy transmitted to the buildings and reradiated in their
surroundings through multiple soil-structure (Jennings and
Bielak, 1973; Housner, 1994) and structure—soil-structure
interactions (Luco and Contesse, 1973) could modify the
ground motion. Simulations performed on idealized cities
brought qualitative confirmation of this assumption (Wirgin
and Bard, 1996). Recent calculations based on different de-
scriptions of the city (2D, 3D, periodic or nonperiodic) and
on various methods (volume eigenmodes, Green functions,
finite elements) gave more quantitative results (Clouteau and
Aubry, 2001; Guéguen er al., 2002; Semblat et al., 2002;

Tsogka and Wirgin, 2003). They proved that for specific
situations, the effect of the city may be important. However,
although some trends can be inferred, systematic investiga-
tions coupled with a statistical treatment of the results should
be carried out in order to identify the {(combined) influence
of the numerous involved parameters.

Apart from those numerical results, we propose an al-
ternative approach to assess the city's influence. Qur aim is
to identify the parameters that determine the city effect and
to quantify the extent of this phenomenon from measurable
criteria. This study does not pretend to provide an exact
maodel but only to give estimates. The analysis proceeds by
scale change from the local building scale to the global city
scale: from the description of a representative part of the
city, a mean behavior is derived, which enables us to char-
acterize the effect at the city scale. Coming back to the local
scale, the effects within the city are assessed on average.

In the section on average surface loading approxima-
tion, substituting a macroscopically equivalent boundary
condition for the city enables us to identify the leading pa-
rameters of the soil and the city and to depict the nature of
phenomena. In the section on the boundary layer approxi-
mation, we take advantage of the cone-wave model com-
monly used in soil-structure interaction (Meek and Velestos,
1974; Wolf, 1994) to build a surface boundary layer. This
allows us to take into account the heterogeneous stress dis-
tribution on the surface and to bring corrections to the pre-
vious description,

Staterent of the Considered Site-City Prohlem
and Main Assumptions

This study is devoted to the seismic response, under
vertical incident § waves, of a densely urbanized city resting



on a homogeneous or stratified plane half-space. We con-
sider cities that show some spatial invariance in plan. In
other words, the city is characterized by an elementary rep-
resentative block (ERB) constituted by several 3D buildings.
Conveniently, we assume that the 3D city is a periodic dis-
tribution of the same ERB in the two directions of the ground
surface. For certain cities, this assumption may be not so far
from reality.

The buildings are taken to be linear elastic structures
based on rigid shallow foundations, and the study is re-
stricted to the effect of their first mode of oscillation. Thus,
each building is described by an equivalent one-degree-of-
freedom oscillator.

Even in such schematic cities, the seismic response in-
cludes the multiple interactions between structures through
the soil, and the exact treatment would be extremely com-
plex. However, the complexity is greatly reduced when the
surface motions show a characteristic size of variation sig-
nificantly larger than the characteristic size / of the ERB. This
condition of scale separation is fulfilled at sufficiently low
frequencies so that the wavelengths are significantly greater
than /. In this article, the scale separation is systematically
assumed.

In practice the frequency range in which the scale sep-
aration is valid, which depends on the city organization and
soil conditions, can only be roughly estimated. For instance,
assuming a characteristic size / = 50 m for dense urbanized
areas, and considering f such that 4 > [, leads to the validity
ranges of 0-1.5 Hz in Mexico City and 0—4 Hz in Nice
(Table 1).

Average Surface Loading Approximation

The scale separation hypothesis means that the surface
motion varies slowly at the ERB scale, and therefore, as a
first approximation, every point of an ERB follows the same
motion. This enables us to determine the macro-equivalent
boundary condition by expressing, at the soil—city interface,
the balance between the stress in the soil on the one hand
and the equivalent stress exerted by the city on the other
hand. The latter is calculated by averaging over the whole

ERB surface the forces generated by the buildings excited
by the same motion at their base. This idea is close to that
proposed in structural acoustics to investigate the vibration
perturbations induced in a large main structure by a multi-
tude of small substructures attached to it (Soize, 1993; Stras-
berg and Feit, 1996), the main structure being here replaced
by the underlying half-space.

This model would be exact if the entire ERB was lying
on a thin, perfectly rigid, foundation layer. Thus the present
approach implicitly introduces a full and direct coupling be-
tween buildings that is stronger than the real coupling
through the soil. Consequently, this model tends to enhance
the effects of multiple interactions.

This approach provides a macroscopic vision in the
sense that the actual stress boundary conditions are only ful-
filled on average. For this reason, the momenta that may
exist are not accounted for, since they create stresses of zero
average. As usual when using homogenization methods
(Bensoussan et al., 1978), the macroscopic description is
valid at a certain distance from the interface (Sanchez-
Palencia, 1985). In the vicinity of the interface (i.e., within
a depth of the order of the ERB size), the exact description
would require a corrective term matching the actual bound-
ary conditions (see the Boundary Layer Approximation sec-
tion). To overcome this point, in the case of stratified sub-
stratum, the top layer will be assumed sufficiently thick so
that the field at the bedrock interface is reasonably approx-
imated by the macrodescription.

Monofrequency City Lying on Homogeneous Soil

In this section, a periodic city made of identical build-
ings resting on a homogeneous soil is considered (Fig. 1).
The ERB (of surface S) includes a single building (of surface
Sp), and the urban density is given by 8 = S,/S. The first
mode of the building, represented by an oscillator made of
a spring K, a mass M, and a viscous damper C, is charac-
terized by its free undamped resonant frequency f,, with
wy = 2nfy = JKIM, and its damping ratio & =
C/(2\/KM). The underlying medium is characterized by its
density p, shear modulus x4, undamped velocity f = \//7 ,
and quality factor ¢ so that the complex shear modulus is

Table 1

Parameters of Site City Interaction

Mexico - Roma Norte

Nice - Gare Sud

Layer 1 65 1400 | 25 | 40
Layer 2 600 2000 | 50| o0

Substratum | B(m/s) | p(ke/m®)| q |h(m)| fi(H2) || Bim/s) | ptkg/m®) | q |h(m)]| fi(Hz)

04 | 200 | 1600 | 25 | 50 | 1
/ |l 1000 | 2200 |100| o0 | /

Impedance Ratio R=007 R 1'=13 R=016 R !=6
) 0 o9 £ 0 o0 £
City
0.5 0.25 0.01 or 0.05 0.33 0.05 0.01 or 0.05

City and substratum data from Guégen et al. (2002).



Uy =U,+ U,

s Us

M = u(l + ilg). We focus on the response to a harmonic
S wave of normal incidence (Fig. 1). As the problem is lin-
ear, all the elements oscillate at the incident wave frequency
J = w/2r. The soil—city interface I is taken as the origin of
the downward vertical axis O,. The transverse displacements
of the incident and reflected § wave take the form U; exp[i(kz
+ wn)] and Uy expli{ —kz + wt)], respectively, where i =
\/Tl and k = (1 — i2g)w/f is the complex wavenumber.
The associated shear stresses (on a surface of normal —€,)
are —u*ikUy explitkz + )] and p*ikUy expli( —kz +
wf)]. The displacement at the soil—city interface I' is denoted
by Us expliwt]. As for the building motions, U, exp[iw?] and
Uy, explicr] are respectively the total mass displacement and
the relative displacement with respect to the basis, so that
U = U, + U,

This problem is governed by three linear equations (the
term explicof] is omitted):

* the dynamic balance of the mass,

~KU, — CiwlUy, = —MaoXU, + U) (1)

o the displacement continuity on I,

Ug = U + Ug 2)

» the balance of the shear stress in the soil and the average
shear stress applied on I' (of normal @ = —&)) by the
city,

KU, + CioU, = —p*ik(U, — Ug)S 3)
The building transfer function B(w) and the force transfer
function F(w) (also named reactance), respectively relating
the total mass displacement to the basis displacement and
the force exerted by the building to the basis displacement,
take the form

U w3 + 2ifwn
B((,O) = 2t — > 0 - 0 55
U, wy + 2ilww, — w 4)

F(w) = Blw)Me?.

]
Figure 1.  Average surface loading approx-
imation, city resting on homogeneous substra-
tum.

Eliminating Uy, the set (equations 2-3) reads

UI + UR = US,
UI - UR P(w)Uss

I}

where the complex function P(w) and the parameter o,
which, as B(w) and F(w), will be used afterward (with the
notations P, B, F), are given by

- KM
P() = (1 - i) o 2 Bw), o /

-1
29/ o SJup )

The solution leads to the sought waves and motion ampli-
tudes:

2U, 1 —P

= Uy = U, 6

Us 1 +p R "T+rp ©)
2U; 2U,

U = B, U, = B — 1. (7

T 1T+ P b 1+P( )

The total reflection, in the case of the free surface without a
city, is recovered when P(w) = 0.

Analysis of the Monofrequency City Effect

The previous results show that the city effect is de-
scribed by P(w), which plays the role of a complex-valued,
frequency-dependent, impedance ratio between the soil and
the city.

A Parameter to Estimate the City Influence. The amplitude
of P(w) linearly depends on the dimensionless parameter
o= \/KM / (S\/,Zt;). Thus the presence of the city is negligible
when o tends to zero, which corresponds to soft, light and
dispersed structures (K — 0, M — 0, S — =) built on rigid
soils (u — ). Inversely, the city effect is all the more im-
portant as the city is densely urbanized, constituted by heavy
and rigid buildings, and settled on soft subsoil.

An estimation of ¢ can be derived through usual as-
sumptions. By introducing the building density p, and height
H,, their mass is expressed by M = p, S H,. For framed
structures, the first eigenfrequency is empirically related to
the height by 1/f, = T, =~ H,/30 (in SI units). Then o is
assessed by



S Py 30 0
o ———:o‘. (8)
ST/) S/J\[\ﬁ Sp B

The density p, is of the order of 250-350 kg/m? and the soil
shear velocity ff ranges between 50 and 1500 m/sec, so that
0 usually lies in between 1072 and 10~ for very dense
cities (6 = 1/2). Thus, for real metropolises, o should never
exceed 1. For instance, from the Mexico and Nice data (Gué-
guen et al., 2002) (Table 1), we obtain o%e.00 =~ 0.25 and
oRice =~ 0.05.

The parameter ¢ differs from the indicator & proposed
by Guéguen ef al. (2002) in the case of a top layer (equation
11). Let us mention that for a homogeneous half-space (top
layer of infinite depth), € = 0 whatever the value of o is.

Frequency Dependence of the City Influence.  The real part
of the building reactance F(w) (i.e., the resistive, nondissi-
pative component) is positive below resonance and negative
above (Strasberg and Feit, 1996). Thus, below its eigenfre-
quency the city behaves as an additional mass and above it
as an additional spring. Within the scale separation fre-
quency range, the low- and high-frequency approximations
(relatively to f,,) of P(w) read

Pw) = o — <1 — i) — 0 when w/w, — 0,
20 2g

Plw) =~ 02§<1 - Zi) when w/w, — .
q

The city effect vanishes for frequencies significantly smaller
than the building resonance, and, since { < 1l andg> 1, a
slight effect remains at significantly larger frequencies.

In the vicinity of w,, the city effect is very significant:

g , {
P(w) — % 1+ 216)(1 Z_q) ~= % when w/wy —> 1,

and therefore

U~ 21 € U, o~ 20 "
s o+ 2& b el

At the building resonance, the city acts as a medium of large
impedance, 0/2&, which decreases the soil-city interface mo-
tion as well as the base and internal motions of buildings.
The building damping has a strong influence, whereas the
effect of soil damping is of second order (this still holds with
multiple reflections in a top layer; see the section on a mono-
frequency city lying on a stratified half-space). For the fre-
quency range of interest and realistic values of ¢ and & (Ta-
ble 1), Figure 2 presents the variations of U, versus the
dimensionless frequency w/ay,. On the spectrum response, it
can be seen that

o the city decreases the amplitude of U, whatever the fre-
quency;

» the effect and the frequency range of influence increases
when ¢ increases (0Yesico = Tice)s

¢ the maximum of perturbation occurs in the vicinity of the
building resonance, and its magnitude increases when &
decreases.

The effect in time domain is illustrated by the response
to a Ricker incident wave of central frequency fy coinciding
with the building frequency f, that is

f

O = [(n ! ; ’S)z - 1/2} eprnt :p ﬂ 9)

where f, = 2m/w,. The presence of the city increases the
signal duration. This point is discussed later.

Characteristic Time of the City Influence. Letus determine
the time response of the soil—city system to an incident im-
pulsion wave, that is, Ul(t) = (1) and Uy(w) = 1, in the
case of an undamped soil. We focus on the difference Uy of
the soil response in the presence (U,) and in the absence
2Uy) of a city. According to equation (6) and introducing
the function J(w), Uy is given by

—a

U, = U, — 2U; = 2U, T % [—2¢0” + icowelJ(w),
where
J(w) !
CU = b
_CU2 + 2lCCUQO + QO
W E+ o2
QO = mé? C = T —————
\/1 + 2é0 \/1 + 2&0

In the time domain, Ud(t) is related to j(t), the inverse Fou-
rier transform of J(w), by

ﬁd(f) _ -0
w, 1+ 2

[25 o + J([)il

where, according to the fact that ¢ and then { are less than
1, J(?) is given by

J@y = sin| QO\/I — 1] exp[— Qo).

Qo1 — &

Instead of an instantaneous response (in the case of the free
surface), the city induces a delayed response even for an
undamped substratum. This response shows damped oscil-
lations of pulsation €2, close to @y, a characteristic duration
time 1/{Q, inversely proportional to ¢ and wg, and an am-
plitude proportional to o (when £ is neglected). These results
agree with the calculations presented in Figure 2, where the
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Figure 2. Monofrequency city resting on homogeneous substratum. Left: Spectral
response of the overall soil motion Uj to unit vertically incident harmonic SH wave.
Dashed line: Ricker spectrum used for time response. Right: Time response to a Ricker
wavelet of central frequency identical to building resonant frequency f,. Top: Data of
the first layer of Mexico City. Bottom: Data of the first layer of Nice.

time duration is larger for Nice than for Mexico City (in
half-space configuration) while o3 exico = T%ice- Even if they
cannot be straightly applied in the presence of a top layer,
they confirm that the city tends to increase the duration of
the soil motion.

From equation (7), the corresponding building motion
is derived:

~2 s
Jo.

Oy = 1 + 200

Monofrequency City Lying on Stratified Half-Space

A city lying on a half-space with one top layer (indexed
by 1) of thickness & (rigidity u,, density p,, quality factor
g1) over a bedrock (u,, ps, g,) is now considered. R =
JH1p1 I, py 1s the soil-bedrock impedance ratio, and R* in-
cludes the damping effects R* = R (1 + i/2q,)/(1 + i/2q,).

Without the city, this configuration induces a site effect
(Aki, 1988): for soil of smaller impedance than bedrock
(R < 1), the surface motion is amplified by a factor 2/R
(neglecting damping) at the eigenfrequencies of the layer.
Under a normal incident wave, the fundamental frequency
corresponds to the quarter wavelength resonance of the

layer, that is o, = nf3,/2h, the higher frequencies being given
by wp,, = 2n — Do,

In presence of a city, the four equations (displacement
and stress continuity on the soil-city and soil-bedrock in-
terfaces) corresponding to an incident vertical S wave take
the form (U;", U; , and k,, respectively denote the up and

down wave amplitude and the wavenumbers in layeri = 1,
2) (see Fig. 3)

Ul + Uy = Uy,
Uy — Uy = P@)Uy,
Uy explikh) + Uy exp(—ikh) =
U exp(ikyh) + U; exp(—ikyh),
R*[UT exp(ikyh) — Uy exp(—ikh)] =
US exp(ikyh) — Uy exp(—ikyh).

It follows that, for an incident wave of amplitude I = U
exp(ik,h), the motion Uy on I' is

2
A (1+R¥)(1+ P) exp(ik;) + (1—R*)(1—P) exp(—ikh)

10)

Usl =

The city modifies the spectrum response of the free top layer
(which would be recovered if P = 0), particularly in the
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vicinity of the building resonance where P(w) reaches its
maximum amplitude. Once more, the influence is enlarged
for higher values of g/2£. At any layer resonant frequency
oy, the surface motion amplitude is 2/||R* + P(w,,)|. In the
undamped case (¢; = o0; £ = 0), it can be proved that the
city reduces the maximum amplification of the free top layer
and shifts the amplification frequency.

This is illustrated in Figures 4 and 5, which depict Uy
according to the frequency for several ratios of dimension-
less pulsation wy/w, (or frequency fo/f;) using Mexico City
and Nice data (Table 1). The city influence is larger in Mex-
ico City (Fig. 4) than in Nice (Fig. 5), in accordance with
the smaller value of ¢ in Nice.

The main spectrum perturbations occur when the build-
ing and layer resonance frequencies coincide (for instance,
wolw; = 1 or 3): instead of a simple peak, a double peak of
lower amplitude appears. At the coinciding frequency, ne-
glecting the weak damping, the amplitude of the transfer
function is estimated by 2/(R + ¢/2&) instead of 2/R in the
absence of a city. If the building resonance occurs at a no-
amplification frequency of the layer, the city induces an ad-
ditional asymmetric peak (cwo/w; = 1/2, 3/2) and/or the shift
of the dominant frequencies (for instance, wy/w, = 2). Ac-
cording to the mass or springlike effect of the building, one
sytematically observes that the layer resonant frequencies
higher (respectively lower) than the eigenfrequency of the
building are shifted to lower (respectively higher) frequen-
cies. The increase of building damping smooths the pertur-
bations of the transfer functions.

The time responses to a Ricker incident wave of central
frequency fr = f, (equation 9) show a systematic increase
of the signal duration, particulary significant for asymmetric
peaks. The double peaks in the spectra produce beatings in
the signals. However, for wide spectrum incident motion,
the influence of buildings far from the layer resonance will
be masked by the dominant effect of the layer amplification.
Thus the perturbation will be mainly due to buildings of
frequency close to that of the layer.

Guéguen et al. (2002) proposed a city influence indi-
cator € based on the kinematic energy in the soil and city,

F“"i t I t t

H ¥ l()
h

Average surface loading approximation, city resting on stratified substratum.

assuming that the layer essentially oscillates at its resonant
frequency and the building frequency is larger than that of
the layer. For a monofrequency city, € takes the form

e Hy 6012
8_9;7[50], (1)

while, with the same parameters, o can be expressed as

LM [K [p po Hy w9
g==-— |— [ =602=——n/M4
Sp VM Vu p how

The comparison of & and o shows that both have similar
values when wg/co; = 1. The different physical meaning of
both parameters may explain why they diverge at other fre-
quencies.

Generalization to Multifrequency Cities

For multifrequency periodic cities, the ERB is made of
N different buildings (indexed by n) distributed on the sur-
face S. The urban density related to buildings n is given by
0, = Sy,/S, and the urban density is 0 = >, 0,. All the
previous building parameters are now indexed by n.

When studying the response to a vertically incident har-
monic S wave, the only change between a mono- and a
multifrequency city appears in the stress balance equation
(3), where P is replaced by Py, which involves the contri-
butions of all the ERB’s buildings:

\/KnMn

Sdup

N .
)]
PM(w) = (1 - i) E Oy —l_'“ B"(CO), g, =
2q n=1 Woy

Using the same argument as for monofrequency cities, we
have
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Figure 4.
From top to bottom: ratio of resonance frequency of building to that of the layer equal
to 1/2, 1, 3/2, 2, 3. For other comments, see Figure 2.
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The soil motion and the amplitude of the reflected wave are
now given by

2U;
1 + Py

I_PM

Up = M
oM 1 + Py

Urm = Uy

whereas the internal and total motions are different for each
building:

2
Uln = Bn’ Ubn =
1 + Py

21

—— 3B, — 1.
1+PM(” )

As the Py, properties are linked to those of P, functions, the
spectrum perturbation is spread over the whole range of
building frequencies, and since g, < ¢°, its amplitude is less
than for a monofrequency city of the same ¢°. This appears
when comparing the spectrums in Figure 2 and Figure 6.
The latter was obtained for cities made of five kinds of build-
ings (0,/60 = 1/5) with eigenpulsations: wg, /oy = 1/2, 1,
3/2,2, 3. Thus, the city influence is more important for cities
made up of nearly identical buildings than for buildings of
dispersed frequency.

From the high- and low-frequency approximations of
Py, two characteristic times of the impulsive response 7, and
7., related to the exponential decay respectively at short

2
1.5}
3 1
o
0.5
/ \\\ Mexico
0 / . “~.___(half space)
0 0.5 1 1.5
frequency (Hz)
2
1.5
= 1t
[
o)
0571
/ A Nice
0 / . . “~.__ (half space)
0 1 2 3 4
frequency (Hz)
Figure 6.

and long duration, can be derived. Neglecting the weak soil
and structure damping, they read

N 1+ 20”6,1

n=1

] + 22f:,=1 anén

N 3
En =1 0,Woy

2
Wop

Ty = T =

The city effect in the presence of a top layer is derived by
substituting the function Py, for P in equation (10) to obtain
Ugn and using, for the total and internal motions of build-
ings n,
Uy = Uam By Uy, = Ugn(B, — D).
The perturbation is rather complex; however the main effect,
once more, is due to buildings having a resonant frequency
close to that of the layer (see Fig. 7 beside Figs. 4 and 5 for
fo = f1). The response to a Ricker incident wave of ceniral
frequency coinciding with the layer frequency shows that
the beats in the signals may be even more marked than for
monofrequency cities. Indeed, the weaker effect can make
the twin peaks closer.
As a conclusion, we see that the average surface loading
approximation enables us to identify the features of the city
effect through a mean impedance of the city. Nevertheless,

{
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!
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Multifrequency city resting on homogeneous substratum. City composed

of equidistributed buildings of resonant frequency fo/2, fo, 3f0/2, 2f0, 3fo. For other

comments, see Figure 2.



this approach is limited by the fact that the boundary con-
ditions on the surface are only fulfilled on average. Moreover
the global motion obtained for the whole city area does not
account for the disparity of motions between the building
foundations and the actual “free” surface.

Boundary Layer Approximation

To improve the previous study, it is necessary to take
into account the toothlike stress distribution on the soil—city
interface (constant under buildings, zero outside). The exact
determination of the field radiated by such conditions could
be handled numerically; however the identification of the
role of the parameters requires a fair number of simulations.

An alternative approach, allowing an explicit expression
of the results, is presented. The idea is to define a boundary
layer achieving the transition from the heterogeneous
stresses at the soil—city interface to homogeneous stresses at
a certain depth. For this purpose, we use the soil-structure
interaction (SSI) cone model, which approximates the field
radiated by a shallow foundation and gives analytical ex-
pressions of dynamic foundation impedances (Meek and Ve-

Basics of the Cone Model

Let us introduce the cone model in the case of a rigid
circular shallow foundation of radius r, resting on a half-
space of shear rigidity 4 and loaded by an harmonic hori-
zontal force T, explicot] (Wolf, 1994). The approach is based
on three main assumptions:

» The wave field is confined in a truncated cone of vertical
axis passing through the foundation center (Fig. 8). The
cone apex, at height z, above the ground, is determined by
equating in static (o = 0) the exact impedance to the cone
model impedance.

N\ 0
N Zp = QT
T N 0 0
T Ug 7 - 5
/ o N
£ Se(2) N
v N

lestos, 1974). / N
To lighten the presentation, soils are assumed elastic; B
the addition of damping would be obtained by introducing "
a quality factor in the rigidity. Figure 8.  Cone model wave field.
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Figure 7.

Multifrequency city resting on stratified substratum. Same city as Figure

6. Top: Mexico City data. Bottom: Nice data. Other comments as in Figure 2.



» Only the stress balance and the components in the direc-
tion of the loading are considered, that is, the horizontal
displacement u and the tangential stress t.

» These variables depend only on the depth z. According to
the elastic behavior of the soil, both are related by

(z) = p diz u(2).

In the following, the apex is taken as the origin of the
vertical axis. The cone section at the depth z is S.(z) =
(2/20)*S(z0), and S(zg) = S, is the surface of the foundation.
In the loading direction, the balance of forces applied to a
thin cone section reads

d
Z TO5@] = —po’u@S2)
and leads for zu to the 1D shear-wave propagation equation
d2
1= [zu] = - pw’zu. (12)
dz

Considering the downward cone wave (k = w/f3), the mo-
tions and stresses in the cone are

u@) = ugul2), ulz) = uy, (13)

12 = %exp[—z‘k(z - 2,

7(z) —u(ik + 1/2u(z).

(14)

Then, on the surface, the force T, = —S,t(z,) is related to
the foundation displacement i, by the dynamic impedance
G:

In static (k = 0), the matching of G with the exact impe-
dance imposes

2l = a = -’83@ _—" (16)

where v is the soil Poisson ratio. The cone angle is quite
open: for v = 1/3 the cone aspect ratio is « = zy/ry =~ 2/3.
At sufficiently low frequency, namely wry/ff = 8, which is
the case in the seismic range for usual structures, compari-
sons between the numerical solution and cone model ap-
proximation (Wolf, 1994) validate the approach. The results
obtained for circular foundations can also apply to square
foundations of the same area. Thus, this approach supplies
an approximated Green function, at least for the motions
under the foundation. The weak point of the cone model is
the lack of field description outside the cone. For a periodic

distribution of foundations, this defect is partially overcome
by means of the boundary layer introduced subsequently.

City Lying on Homogeneous Substratum

We consider an isolated building at first, then a bound-
ary layer is introduced for periodic foundations, and finaily
the city influence is derived. The substratum is assumed ho-
mogeneous.

Isolated Building.  From the SSI cone model, the response
of an isolated building to a vertical harmonic S wave can be
derived. Let us superpose to the wave field in the absence
of a building (i.e., upward incident and downward reflected
waves of same amplitude 7) the field radiated by the building
in the form of a cone-shaped wave of unknown surface am-
plitude u;. By doing so, the free field conditions are re-
spected beside the building foundation. The building foun-
dation motion is given by Ugg; = 2I + u,. The force on the
building base is only balanced by the cone-shaped field in
the soil: T = Gu,; (equation 15), while, according to the
building behavior (equation 4), T is also related to the base
motion by T = F(w)(2I + u,). Equating these two expres-
sions gives u;, and the foundation motion is

2
Uss = 1= Fo 17

This approximation leaves the free surface motion unmodi-
fied by the building: Ur = 2. Finally, the total mass motion
and internal building motion are given by

Ussti = B(w)Uss, Upsst = B(w) — DUsgp.  (18)
Boundary Layer for Periodic Distribution of Foundations.
Attention is now focused on the approximated field resulting
from a 2D periodic distribution of identical foundations
loaded by the same synchronized forces, T, exp[iwt]. For
this purpose, we define a boundary layer adapted to a peri-
odic toothlike surface stress distribution. Conveniently, the
equivalent radius r, of the foundation (S, = 73 = S,) will
be used. The cone-shaped fields radiated by the foundations
cover the whole substratum surface at a depth Z determined
by the cone aspect ratio « and the urban density 6 (Fig. 9):

2
2y . _ _
(Z - ZO) =0, Z= /0 - Dar,. (19

Z defines the boundary layer thickness and, at this level, the
motion and stress can be looked upon as uniform (neglecting
un- and overlapped zones) and given from equations (13)
and (14) by

20

A expl — ikZ], (20)

ulzg + 2) =
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The motions and stresses due to the diffracted cone fields
(scaled by uy) read, respectively,

) = G ))—" explik(y — yo)l, € () =

) = wk — UpCTR), TG = — ik + 1)CTG).

The amplitudes Cg, Cy are determined by expressing that

* on the free surface I' (y = y, — Z),
T =D+ T e~ 2D =0

* at the depth Z from the ground surface (y = yy), the total
field is balanced by a single downward cone wave prop-

agated below Z, written Cp(y) = CEO& exp[ — tk(y — yo)l.
Y

These three requirements lead to the following set of
equations:

1
(i
Yo — Z

>exp[ikZ]C0_ + (ik -
Yo — Z

1 1 1
~<ik + ~>c(; + (ik - —)cg - (ik + )L expl — ikZ]
Yo Yo

Z + 7o/ Z + 74

_ 20
Cy + Cf +
0 0 7 +

o

and the resolution gives the foundation motion:

exp[—ikZ] =

The comparison of Uggg with 10, = (I + 2D)u, (equation
22) shows that both are close when \/9/(Q -1+ \/9) <
kzo and Q > 1. In practice, the results would be very similar

¥ .
Co )—?exp[—zk(y - Yol

for Q > 5 and when the size of the city Qaro/\/ﬁ is larger
than one or two wavelengths. For instance, the Mexico
Roma Norte and Nice-Gare Sud zones are about 1 km? and
50 m and can be taken for the ERB size so that Q = 20. The
infinite city assumption would give a reasonable approxi-
mation for frequencies larger than 2/1000 ~ 0.15 Hz (Mex-
ico City) and 24/1000 =~ 0.4 Hz (Nice).

This boundary field could be used to determine the finite
city response. Incidentally it provides the foundation impe-
dance of structures based on a network of shallow founda-
tions.

)exp[—ikZ]Cgr = 0,
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Conclusion

The macroscopic approach gives an assessment of the
urbanization effect on the seismic motions, from accessible
dara on the soil and the city. The main phenomena, that is,
the increase of duration, amplitude perturbation, and beating
of signals, are derived analytically and the leading parame-
ters identified. It is shown how the site and city effects may
combine and modify the free-field site response. The average
loading approximation gives the mean uniform response
within the city. The boundary layer provides separate esti-
mates of the foundation motions of each kind of building
and a mean value for the remaining free ground. The influ-
ence of the geometrical building distribution on the ERB and
the local fluctuations of the free soil motion are not de-
scribed.

These results enable to us forecast the situations in
which the city (or wide industrial areas with heavy facilities)
may contaminate the records. The interest lies in the analysis
of seismic or ambient noise recordings in urban areas or in
the consequences for vulnerability analysis. The city effect
can arise even in the case of a homogeneous substratum, and
it will be stronger when coinciding with a site effect. How-
ever, clear experimental evidence would be difficult to ob-
tain. Indeed, the nature (anomalies spread over the whole
building frequency range) and the magnitude of the contam-
ination are such that, in most configurations, the ground mo-
tion will apparently be primarily controlled by the site effect.
However, in favorable situations (Mexico City) the fre-
quency content and the time decrease of recordings coda
should give indications.

Finally, let us come back to the main limitations of the
approach and discuss them briefly. The first restriction lies
in the frequency range of validity. To investigate the reli-
ability of the main assumptions used in this article, let us
consider again the response of a periodic city (of square
period [ X ) to a vertically incident SH wave. The city
periodicity enforces the same periodicity of stresses and mo-
tions on the soil-city interface I', which act as a 2D periodic
distribution of sources. Thus the SH field radiated by each
periodic point source can be decomposed in a discrete series
of plane SH waves on the functional basis:

exp[2izm/Dx] explinn/l)y] explik,,,z] mn integers
with (m2m/D* + 2n/l? + 12, = (If)? = QafIpy.

The whole sources induces a diffracted SH wave field on the
form

= n=cw

> 2 Ay, explQimm/hx] explRinn/l)y] explik,, ).

m=—% g=—%

The term m = n = 0 corresponds to a homogeneous plane
SH wave propagating vertically (ky, = w/f). Its amplitude
Ag 1s related to the first term of the Fourier series, that is,

the average value, of the source distribution on I'. The nature
of the higher terms depends on / compared to the wavelength

L= fIf.

If I < 4, that is, for frequency w << 2nf)/l belonging to the
scale separation range, then (k,,,,)> < 0 for mn # 0. These
fields vanish as the depth increases, and the far diffracted
field consists of the vertical SH wave resulting from the
mean loading on I'. This is consistent with the assumptions
used in this article, although it does not give a complete
Justification.

If the scale separation is not fulfilled, [ > A, a finite number
of higher terms are propagative and these homogeneous
plane waves must be integrated in the far diffracted field.
The diffracted wave field is much more complex and the
macroscopic approach breaks down.

The second restriction is the periodicity assumption.
Very likely, within the scale separation frequency range, this
hypothesis is convenient to identify the main phenomena
even for a real, disordered city (presenting some spatial in-
variance). This idea is supported by the fact that long wave-
lengths cannot discern small objects, which are only per-
ceived as a whole. Inversely, at short wavelengths the
diffraction phenomena are very different in ordered and dis-
ordered media and the periodic city assumption is question-
able. Then, in real cities the effect within the scale separation
frequency range can be assessed without exact knowledge
of the buildings” distribution. At higher frequencies the co-
herence of the diffracted field is weakened (or lost) and the
local building distribution becomes predominant. Neverthe-
less, if the city effect is weak at low frequency, strong
coupling at high frequencies (except local structure—soil—
structure interactions) is improbable.

The third restriction concerns the simplifications intro-
duced in the wave fields and building motions for which only
the antiplane motions are considered, which may only par-
tially describe the phenomena. Nevertheless, the agreement
(at least qualitative) of the conclusions of the study with
aforementioned numerical simulations leads us to think that
those simplifications are acceptable to obtain credible esti-
mates.
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