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SYNOPSIS: Stratigraphical variations within the same geotechnical evironment may modify the seismic 
response of soft clay deposits. Two sites in Mexico City having typical stratigraphies are used to 
illustrate the influence of changing shear wave velocities on surface movements. Detailed profiles 
of shear wave velocities obtained from in situ measurements were modified at selected depths. The 
influence of these changes on seismic response is dicussed in terms of their effects on spectral am
plitudes and fundamental frequencies. The sensitivity of seismic response to changes in the shear 
wave velocity profiles is shown to depend on local stratigraphy. Some of the practical implications 
of the research are also discussed.

1 INTRODUCTION

It has been known for several decades now 
that the complex geotechnical environment that 
prevails in Mexico City contributes 
substantially to seismic risk. Earthquake 
motions reaching the Basin of Mexico are 
filtered and amplified in passing through the 
very soft silty clay deposits that underlie the 
most densely populated zones of the city. 
Despite the high plasticity and the extremely 
high water contents found in the lacustrine 
clays of Mexico City, these materials exhibit 
elastic behaviour at rather large values of 
shear strain (e. g. Jaime, 1988). Hence, 
amplification of seismic movements can be 
extremely important when the energy of the 
incoming earthquake movements is large at 
frequencies close or equal to the soil 
deposits' fundamental mode. In Mexico City the 
relevance of this problem was highlighted after 
the devastation left behind by the earthquakes 
of 19 and 20 September., 1985.

The fundamentals of dynamic amplification in 
soil deposits have been known for quite some 
time. This has led to the development of 
mathematical models that can predict surface 
movements. However, the use of mathematical 
models requires a detailed knowledge of subsoil 
dynamic properties and stratigraphy. In many 
cases comprehensive field and laboratory 
testing is not feasible and the specification 
of the soil parameters required by the 
mathematical models must rely on 
extrapolations, empirical correlations or "well 
informed" guesses. Using probabilistic 
formulations, uncertainties associated to 
incoming motions can be accounted for (Romo, 
1976) . Probability theory can also be used to 
consider uncertainties associated to soil 
properties. It is nevertheless interesting, 
following a deterministic approach, to assess 
how will variations in soil properties 
influence the seismic response of soil 
deposits. Comparisons of the response of 
deposits made on the basis of detailed field 
exploration with the response calculated by

varying soil properties can provide useful 
insight into the sensibility of available 
models to material properties changes and to 
the degree of uncertainty that can be expected 
to exist when applying these models for 
practical applications. This paper presents 
such comparisons.

2 SOIL PROPERTIES AND METHOD OF ANALYSIS

Two sites were chosen to perform the 
comparisons. They are underlain by very soft 
clay deposits which can be taken to be 
representative of typical subsoil conditions in 
Mexico City. In situ measurement of shear wave 
velocities using the downhole method and the 
suspension logging technique (Kitsunezaki, 
1980) yielded detailed profiles of shear wave 
velocities.

The shear wave velocity profile at the first 
site, SCT, is given in Figure 1. Soft clays 
interspaced with thin layers of volcanic sand 
extend down to about 30 m. Note that the 
contrast in shear wave velocities at the 
contact between the dessicated crust and the 
clay deposits is extremely high. The base of 
the soft clay deposits is limited by a hard 
layer formed by silts and slightly cemented 
sands. A second clay formation is found between 
35 m and 40 m. Finally, a sequence of very hard 
alluvial deposits formed by silts and andesitic 
sand and gravel was found at the end of the 
sounding.

The distribution of shear wave velocities for 
the second site, CA0, is given in Figure 2. The 
stratigraphic pattern is similar to the one 
found at SCT. Qualitatively, the same features 
can be distinguished. Note however, that the 
clay strata at CAO are thicker than in SCT: the 
first clay formation extends down to about 40 
m, the hard layers to about 43 m and the second 
clay formation to 58 m.

An equivalent linear elastic one dimensional 
model was used to calculate response spectra at 
SCT and CAO (Romo, et al, 1976)• Initial shear 
moduli were obtained from the shear wave
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velocity profiles discussed above; equally 
detailed density profiles were obtained from 
unit weights measured from undisturbed samples 
retrieved from both sites. In the analyses, 
input accelerations were assumed to be the same 
as those that were recorded in the outskirts of 
Mexico City, on a site that stands on basaltic 
rock. These motions were applied to the modeled 
soil profiles at the base of the second clay 
formation.

The profiles of computed maximum acceleration 
have been superimposed to the shear wave 
velocity distributions of Figures 1 and 2. At 
SCT, Figure 1, maximum acceleration increases 
roughly linearly and with the largest gradients 
between 27 m and 15 m, and between 12 m and 8 
m. The stiffer dessicated crust reduces the 
maximum acceleration gradient at the top 5 m.

The profile of maximum acceleration at CAO is 
more erratic (Figure 2). Lower shear wave 
velocities and more potent clay strata result 
in a rather different maximum acceleration 
profile. Note that at about 10 m there is a 
sharp reduction in the values of maximum 
acceleration which, for this case, has had the 
beneficial effect of reducing the maximum 
surface acceleration.

M a x im u m  A c c e le r a t io n  , g
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Figure 1. Profiles of shear wave velocity and 
acceleration maxima at the SCT site.

The very low stiffnesses observed between 6 m 
and 11 m appear to play an important role in 
the distribution of maximum accelerations. It 
seems that at CAO having such low shear wave 
velocities reduce amplification whereas at SCT, 
where shear wave velocities are larger, 
accelerations continued to be amplified over 
this depth. These effects mainly reflect the 
influence of a nonhomogeneous distribution of 
stiffness, they do not necessarily reflect 
other phenomena such as nonlinear behaviour.

M a x im u m  A c c e le r a t io n  , g 
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Figure 2. Profiles of shear wave velocity and 
acceleration maxima at the CAO site.

Strong motions recorded at SCT and CAO during 
the 19 September, 1985 earthquake were used to 
assess the accuracy of the method of analysis. 
Response spectra calculated from recorded 
acceleration histories were compared with those 
obtained from the analytically derived surface 
motions.

At SCT the general shape of the computed 
spectrum reproduces fairly well the observed 
spectrum for frequencies of up to 1 Hz (figure 
3). The computed fundamental frequency is about 
10 % smaller than the observed one but for the 
second mode the agreement is not good. Spectral 
ordinates are reproduced adequately. It should 
be mentioned that in previous studies, using 
either a homogeneous layer or a uniform 
distribution of soil densities together with 
the shear wave velocity profile of Figure l, 
better agreement was achieved between observed 
and computed spectra, particularly in the 
prediction of the natural frequencies of the 
deposit (Romo and Jaime, 1987).

At the CAO site the computed response 
spectrum reproduces the overall' shape of the 
observed spectrum (Figure 4) . The calculated 
fundamental frequency agrees extremely well 
with the observations but the spectral 
ordinates are slightly underestimated. For the 
second mode, the analytical model yields a 
slightly higher frequency; calculated and 
observed spectral ordinates closely agree. For 
the higher frequencies (say, above 1 Hz), the 
overall agreement tends to be less good. As it 
was mentioned above for SCT, previous 
investigations where soil strata were modeled 
with less detail yielded better agreement.

As a result of having softer soils and more 
potent clay strata in CAO, the fundamental 
frequency is lower than at SCT. According to
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the information given previously, the natural 
frequencies of the clay deposits may be 
evaluated to a close approximation using the 
well known relationship between average shear 
wave velocity. Vs, and soil deposit thickness, 

H:

f = (2n - 1) V / 4H 
n s

Frequency , Hz

Figure 3 Measured and computed spectra at SCT 
for the September 19, 1985 earthquake.

Frequency , Hz

Figure 4. Measured and computed spectra at CAO 
for the September 19, 1985 earthquake.

Using the information given in Figures 3 and
4 it is easy to show that Vs is about 80 m/s at 
SCT and 66 m/s at CAO. This approach has 
allowed the estimation of average shear moduli 
in the Mexico City clay deposits using either 
recorded surface motions for different 
earthquakes (Romo et al, 1989) or ambient 
vibrations (Kobayashi et al, 1986; Lermo et al, 
1987).

3 EFFECT OF STRATIGRAPHIC VARIATIONS ON GROUND
MOTIONS

Changes in material properties will influence 
the response of soil deposits. A comprehensive 
parametric study would require the analysis of 
the influence of changes in such factors as 
stiffness, damping, density, undrained shear 
strength, stress-strain relationships, etc. 
Another aspect that significantly affects 
ground motions is, of course, earthquake type,
i.e. frequency content and intensity of the 
incoming excitation. The scope of the present 
study is however limited to the analysis of 
only one of this parameters, stiffness.

In order to perform the study, the soil 
profiles at CAO and SCT were divided into four 
parts. In the first one which coincides with 
the dessicated crust, i.e. between the ground 
surface and a depth of 6 m, soil stiffness was 
not changed. In the other three parts (between
6 m and 11 m, between 11 m and 25 m and between 
25 m and 30 m) the values of shear wave 
velocities shown previously in Figures 1 and 2 
were increased and reduced in 20 %. These 
changes in shear wave velocity are equivalent 
to increasing and reducing initial shear moduli 
in about 44 %.

In the calculations stiffness was varied at 
each of the three parts mentioned above while 
keeping the other strata unchanged. Additional 
runs were performed in which stiffness along 
the whole depth of the soil deposits was 
varied. The results are given in terms of 
response spectra calculated at the ground 
surface and of profiles of maximum acceleration 
along the full depth of each of the deposits. 
Figures 5 to 8 give the results obtained for 
CAO and Figures 9 to 12, those obtained for 
SCT.

Frequency , Hz

Figure 5. Spectra obtained at CAO by changing 
shear wave velocities between 6 and 11 m.

4 ANALYSIS OF RESULTS

At CAO, when comparing the spectra obtained 
with the original soil profile with spectra 
obtained by modifying shear wave velocities and 
referring to Figures 5 to 8, it can be observed 

that:
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Frtqutncy , Hz

Figure 6. Spectra obtained at CAO by changing 
shear wave velocities between 11 and 25 m.

Fr«q u«ncy , Hz

Figure 7. Spectra obtained at CAO by changing 
shear wave velocities between 25 and 3 0 m.

a) Increments in stiffness values increase 
spectral ordinates whereas reduced stiffness 
values attenuate them. This trend is reversed 
when changing shear wave velocities between 25 
m and 30 m: reduced stiffness values had the 
effect of increasing spectral ordinates by 
about 25 %.

b) The magnitude of the changes of spectral 
ordinates depends on the stratum chosen to 
modify the shear wave velocities.

c) Spectral ordinates appear to be more 
sensitive to changes in stiffness applied 
between 11 m and 25 m. Maximum effects were 
observed in this case: increasing stiffness by 
20 % had the effect of increasing spectral 
ordinates in 10 %; reducing stiffness in the 
same percentage resulted in 30 % smaller 
spectral amplitudes.

d) The effects of changing shear wave 
velocities on the value of the fundamental 
frequency were small and did not exceed ± 10 %.

e) Response spectra obtained by varying shear 
wave velocities over the whole length of the 
sounding provide, for this site, upper and

Frtqutncy , Hz

Figure 8. Spectra obtained at CAO by changing 
shear wave velocities over the whole length of 
the profile.

Fr»qu«ney , Hi

Figure 9. Spectra obtained at SCT by changing 
shear wave velocities between 6 and 11 m.

lower bounds for the variations in spectral 
characteristics.

By performing a similar analysis on the 
spectra obtained at SCT (Figures 9 to 12), the 
following was observed:

a) Increased and attenuated spectral 
ordinates result from incremented and reduced 
stiffness values.

b) Spectral amplitudes in this site are more 
sensitive to reductions than to increments in 
shear wave velocities. For the former, maximum 
reductions were of around 16 %; for the latter, 
increments and also decrements were observed 
but the change in spectral ordinates was never 
more than ± 4%.

c) Changing soil stiffness between 11 and 25 
m produces the largest modifications -in 
spectral ordinates.

d) The effects of changing shear wave 
velocities on fundamental frequencies were more 
notorious than at CAO. Fundamental frequencies 
are also more sensitive to reductions than to
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Frt q u t n cy , Hz

Figure 10. Spectra obtained at SCT by changing 
shear wave velocities between 11 and 25 m.

Frtq u tncy , Hz

Figure 11. Spectra obtained at SCT by changing 
shear wave velocities between 25 and 30 nt.

increments in shear wave velocities. The 
maximum modification in the fundamental period,
- 25 %, was observed when stifness was reduced 
between 11 and 25 m.

It follows from the foregoing that, at SCT 
and CAO, changing stiffness or shear wave 
velocity between 11 and 25 m produces maximum 
effects in terms of spectral ordinates and 
shifts in fundamental frequency. This is due to 
the fact that this stratum coincides with a 
considerable portion of the upper clay 
formation. Changes in shear wave velocities in 
the lower parts of these clays (25 to 30 m) or 
in the uppermost portions (6 to 11 m) are less 
important.

The effects of changing stiffness on maximum 
acceleration profiles are depicted in Figures 
13 and 14 for the SCT site and in Figures 15 
and 16 for CAO. Reducing stiffness, according 
to these figures, has the effect of reducing 
acceleration maxima; the opposite effect is 
observed when stiffness is increased. The SCT 
site is less sensitive to stiffness changes

Frtq uancy , Hz

Figure 12. Spectra obtained at SCT by changing 
shear wave velocities over the whole length of 
the profile.

Maximum Acc«l«ro t ion , g

Figure 13 Profiles of aceleration maxima 
obtained at SCT by increasing shear wave 
velocities.

than CAO. When stiffness is increased over the 
whole length of the boring at CAO, its 
distribution of acceleration maxima tends to 

resemble the one found for the unchanged SCT 
profile.

5 PRACTICAL IMPLICATIONS

The changes that were imposed on shear wave 
velocities in order to perform the analyses 
were rather large. They bound a very ample 
range of stiffness values. It is reasonable to 
expect that, for practical applications, 
variations in stiffness will not, in general, 
exceed this range of values for sites having 
the same or similar stratigraphical patterns to 
the ones shown for SCT and CAO.

Extensive and continued pumping from the hard 
layers and the deep deposits has brought about 
severe regional subsidence.
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M a x im u m  A c c e le r a t io n  , g

Figure 14 Profiles of aceleration maxima 
obtained at SCT by decreasing shear wave 
velocities.

M a x im u m  A c c « l# r a t io n  ,  4
Figure 15 Profiles of aceleration maxima 
obtained at CAO by increasing shear wave 
velocities.

Accumulated settlements since the turn of the 
century now exceed 8 m in some parts of central 
Mexico City. Pumping-induced consolidation 
propagates, of course, from the deeper strata 
towards the more superficial ones. The dynamic 
properties of the deeper strata will be 
subjected to changes due to drops in 
piezometric heads which will increase effective 
stresses. Specifically, the values of shear 
wave velocities and soil unit weight will tend 
to increases with time, provided water 
continues to be pumped out from the hard layers 
or the deep deposits. It is reassuring to know 
that, as far as the results given here show, 
the dynamic response of two typical soil 
profiles is not very sensitive to increased 
values of stiffness in the deeper strata.

Moxlmum  A c« *l« ra tlo n  , g

Figure 16 Profiles of aceleration maxima 
obtained at CAO by decreasing shear wave 
velocities.

Increased values of stiffness in the upper 
clay strata can, of course, result from the 
application of overburden loads. If these are 
applied over extended periods of time, 
increments in the values of stiffness may be 
significative, depending on a variety of 
factors such as the stress history of the 
particular site, the depth for the application 
of overburden loads and/or the load- 
transmitting mechanisms (i.e., the type of 
foundation: spread footings, rafts, friction 
piles, point bearing piles, etc.). Problems of 
this kind will not in general arise in free- 
field situations such as the ones discussed 
previously. Nevertheless, they should be given 
thought in soil-structure interaction analyses, 
especially if important structrures are to be 
built on the virgin Lake Zone. For example, an 
increment of vertical effective stress of 50 
kPa in the softest clays (say, w = 377 %, e = 
7.0 and mv = .002/kPa) will give rise to a 
change in voids ratio of about e = 0.8. Using 
the empirical relationships between voids ratio 
and shear moduli put forward by Jaime (1988) 
for the Mexico City soft clays, this means that 
at the end of consolidation stiffness may be 
increased by about 45 %.

6 SUMMARY AND CONCLUSIONS

An equivalent linear elastic one dimensional 
model was used to compute surface motions in 
two sites having typical stratigraphies in 
Mexico City. Detailed profiles of shear wave 
velocities and soil density were used to model 
soil properties. Computed response spectra 
turned out to be less accurate than those 
obtained by modeling the soil as a uniform 
homogeneous layer or when the soil is modeled 
as a stratified medium having constant density. 
Nevertheless, for engineering purposes, the 
computed spectra shown here predict fairly well 
observed surface motions.

Shear wave velocity profiles obtained from in 
situ measurements were changed so as to 
increase and decrease measured values in ± 20
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%. The two sites studied in this research are 
more sensitive to reductions in the values of 
shear wave velocities which bring about 
reductions in spectral ordinates. When shear 
wave velocities are increased, spectral 
amplitudes are not substantially magnified.

Shifts in the values of the fundamental 
frequency were more notorious at SCT than at 
CAO. In the former site the largest change in 
the value of the fundamental frequency was - 25 
% whereas in the latter it did not exceed 
± 10 %.

Acceleration maxima, calculated over the 
whole length of the profiles, increase when 
shear wave velocities were incremented; the 
opposite was observed when shear wave 
velocities were reduced.
Water pumping-induced consolidation in Mexico 

City produces increments in shear wave 
velocities, especially in the deeper strata. 
The results shown here demonstrate that for SCT 
and CAO such increments in the deeper strata do 
not produce significant modifications of 
seismic response. This conclusion may be 
modified if pumping is sustained over extended 
periods of time and consolidation induced 
stiffening is allowed to affect upper soil 
strata.
Overburden loads may also increase the values 

of shear wave velocities. This should be borne 
in mind when performing dynamic soil-structure 
intereaction analyses.

Romo, M. P., Ovando-Shelley, E., Jaime A. and 
Hernâdez G. (1989). Local site effects on 
Mexico City ground motions. Proc. XII Int. 
Conf. on Soil Mech. and Fndn. Engng., Rio de 
Janeiro, Brazil.
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