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A B S T R A C T

Regional subsidence effects on dynamic soil properties and ground layering deformation are often ignored in
practice, when dealing with seismic soil-structure interaction analyses. Nevertheless, these effects can sub-
stantially change the frequency content and spectral accelerations in both free field and in the soil-structure
system. Pore pressure variations over the project economic life are due to both regional subsidence as well as
dissipation of excess pore pressure caused by the structure weight. These variations lead to changes in effective
stresses, which in turn, modify the dynamic properties such as shear wave velocity distribution and modulus
degradation and damping curves, as well as soil layer thickness and shape. These changes can be substantial in
highly compressible very soft clay, such as that found in Mexico City valley. This paper presents a numerical
study on the seismic response of a conventional five-story building supported by a compensated box foundation
built in soft clay, considering these effects. Three-dimensional finite difference models were developed with the
software FLAC3D. Initially, the evolution of effective stresses with pore pressure was established based on in-situ
piezometer measurements of an instrumented site, and laboratory data. Then, changes in dynamic properties
were taken into account based on the results gathered from series of resonant column tests conducted for several
effective consolidation stresses, and a PS suspension logging test. The static behavior of the soil-structure system
was assessed. For the cases studied herein, the complex interplay between soil nonlinearities, which lead to
fundamental period elongation of the soil deposit, Tp, and the overall tendency of ground consolidation to
shorten it, controls the variations in the spectral ordinates depending on how close Tp is of the predominant
period of the excitation.

1. Introduction

Seismic performance evaluation of soil-structure systems built on
very soft high plasticity clays is a complex problem, especially when
expected changes in effective stresses during the economic life of the
structure due to dissipation of excess pore pressure caused by the
building gravity loads and regional subsidence are very large. These
changes in effective stresses lead, in turn, to large settlements. This is
particularly important in urban areas located in highly compressible
clays, such as Mexico City, where the settlement rate of regional sub-
sidence reaches about 10 cm/year in average, but can go as large as
35 cm/year in some areas. Thus, it is common to have ground settle-
ments ranging from 40 to 90 cm, due to load consolidation, and around
several meters due to regional subsidence [1]. These settlements pro-
duce changes in both soil profile configuration (i.e. layer thickness and
geometry), as well as dynamic properties, such as shear wave velocity
distribution with depth and modulus degradation and damping curves.
These factors impact the seismic response of the soil-structure system.
The effect of dynamic properties changes on the seismic response of

sites located in soft clay, has been only marginally studied by other
researches [2–5], finding that the variation of shear wave velocities and
modulus degradation and damping curves with effective confining
stresses can modify significantly the computed response. Nevertheless,
the impact of these variations in the seismic performance of soil-
structure systems has not been addressed, neither the effect of changes
in the soil profile configuration after several meters of sinking. These
effects however, can drastically modify both free field, near field and
structural response over time. This paper presents a numerical study of
the seismic response of a conventional five-story building supported by
a partially compensated box foundation built in highly compressible
soft clay, considering these effects. Three-dimensional finite difference
models were developed with the software FLAC3D. Initially, the evo-
lution of effective stresses with the pore pressure was established based
on in-situ piezometer measurements, and laboratory data. Then, var-
iations in dynamic properties were taken into account based on a series
of resonant column tests conducted for several mean effective con-
solidation stresses and a suspension logging test. The static behavior of
the soil-structure system was assessed. The free field model response
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was calibrated for moderate to strong level of shaking (i.e. return per-
iods of 125 and 250 years, respectively) comparing the fully nonlinear
analyses results with equivalent linear analyses carried out with the
program SHAKE [6]. Finally, the seismic performance of the soil-
structure system was studied to evaluate the impact of the changes on
dynamic properties and layering configuration on the seismic response,
considering an extreme subduction event associated to a 2475 years
return period. Insight was gained regarding the complexity of the in-
terplay of the effective stress history, and static and seismic soil-struc-
ture performance during an extreme earthquake.

2. Methodology

As it is well known, field evidence has shown that shear wave ve-
locity increase overtime in highly compressible clays, such as those
found in Mexico City, can lead to important changes in the seismic
response of a given place during the life time of a particular structure
[2–5]. Although ground subsidence effects on soil-structure interaction
has been addressed for static loading conditions [7,8], to date, there is
still a lack of information regarding how to account for this effect in
seismic-soil-structure interaction analyses. This paper presents a nu-
merical approach to address this problem to establish the effect of how
the changes in effective confining stress can affect the seismic-soil-
structure interaction. The proposed approach is comprised of eighth
steps as follows: 1) Initial in-situ stress determination based on field
data gathered from piezometers, 2) Evaluation of the consolidation
evolution over the economic life of the structure, based also on medium
to long term piezometers monitoring. Establishing pore water pressures
evolution with time at the studied site is a requirement for obtaining the
expected consolidation settlements due to regional subsidence, 3) De-
termination of the volumetric modulus, mv, variation with the mean
effective stresses, for the clayey formations found at the studied site,
conducting one-dimensional consolidation tests, 4) Determination of
small shear stiffness variation with mean effective consolidation
stresses, using resonant column or bender element tests, and correction
for field effects considering in-situ shear wave velocity measurements,
5) Ground settlements calculation for each consolidation time con-
sidered, employing the analytical solution provided by Terzaghi´s
theory for one dimensional consolidation, ΔH=mvpH, where mv is the
volumetric modulus, H layer thickness, and ΔH the corresponding layer
deformation, 6) Site response analyses for each consolidation time
considered, 7) Seismic-soil-structure interaction analyses for each
consolidation time considered. Depending on the level of shaking it
could be necessary to account for soil nonlinearities, and 8) Evaluation
of post-earthquake settlements due to seismic-induced excess pore
pressure, when dealing with sensitive or low plasticity clays. This
evaluation will be required when soil stiffness degradation during cyclic
loading leads to an important amount of pore pressure generation.

3. Case study

A conventional five-story building supported by a compensated box
foundation located on the Texcoco Lake area (Fig. 1), was considered in
the numerical study. Due to the particular characteristics of Mexico City
clay having a high plasticity index, no significant reduction in shear
modulus is observed even for shear strains as high as 0.1% [9–12].
Similarly, there is no significant increase in the damping ratio until
angular distortions of the order of 0.3% are reached. Thus, the response
of clayey soil deposits is nearly elastic even for shear strains as high as
0.3%, which leads to a high potential of amplification of the seismic
waves. Indeed, amplification factors up to 5 (between peak ground
acceleration, PGA, observed at soft soil with respect to those of rock
outcrops) were observed during the 1985, Michoacan earthquake.
During this event, the long distance that seismic waves needed to travel
from the zone of energy release to the Mexico City area (around
390 km), filtered the high frequency waves, leading to have a long

period ground motion (i.e. the energy is concentrated around 2–3 s). A
double resonance effect was caused when the incoming seismic waves
reach the city area, due to the fact that both the clayey soils and the
most damaged buildings had a fundamental period ranging between 2
to 2.5 s, as well as the earthquake excitation.

3.1. Soil stratigraphy

Soil profiles of Site 1 and Site 2 are presented in Fig. 2. Site 1 pre-
sents a desiccated crust of sandy silt at the top extending down to a
depth of 1 m, which is underlain by a soft clay layer approximately
28 m thick, with interbedded lenses of volcanic ashes. Underlying this
clay, there is a 1 m thick layer of very dense sandy clay and a 3 m thick
silt layer. This layer rest on top of a stiff clay layer which goes down to
63 m of depth. Below this layer of clay, there is a second layer of very
dense silty sand and sandy silt, often called the second hard layer. Site
2, presents the same layer of desiccated crust of sandy silt at the top,
extending down to a depth of 1 m. This stratum is underlain by a soft
clay layer approximately 28 m thick, interbedded by lenses of volcanic
ashes. Beneath this formation a silt layer 3 m thick is found, followed by
series of silty sands lenses down to a depth of 34 m. These layers rest on
top of a stiff clay layer which goes down to 62 m, at which the second
hard layer is located.

3.2. Piezometric measurements

A piezometer was installed at the instrumented site as depicted in
Fig. 1. Initially, the evolution of pore pressure withdrawn with water
extraction was established based on the available piezometer readings
located at several depths (i.e. 9, 18, 31, 38 and 45 m) as shown in Fig. 3,
which presents the evolution of normalized measured pore pressure, u,
over the initial reading, uo. Based on these data, empirically-derived
equations were used to estimate the expected evolution of the pore
pressure over time. Fig. 4 shows the corresponding computed pore
pressure distribution with depth for each time of analysis (i.e. 5, 10, 30
and 60 years). It can be clearly noticed that the initial pore water
pressure distribution is not hydrostatic.

3.3. Experimental data

For the subsoil conditions characterization, a total of four explora-
tion borings (B-1, B-2, B-3 and B-4) were conducted (Fig. 1). A com-
bination of cone penetration test, CPT, standard penetration test, SPT,
and PS suspension logging, along with a laboratory investigation were
conducted to obtain the static and dynamic properties of the soils found
at the site for the strains level of interest. The depths of the CPT´s
ranged from 50 to 70 m. At those depths where the hardness of the
ground exceeded the applicability of this subsoil exploration technique,
standard penetration tests, SPT, was used instead. In addition, a 65 m
depth SPT was conducted for soil identification purposes, at the same
locations. The Shelby sampler was used to obtain undisturbed soil

Fig. 1. Seismological stations, exploration borings and piezometer locations.
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samples at the studied zone. The suspension PS logging technique was
used in exploration boring B-1 to determine in situ values of shear wave
velocity, at the studied Site 1. A total of forty six resonant column and
nine cyclic triaxial tests were conducted, for several mean effective
consolidation stresses, σ’c, in nine samples retrieved at the site, and fifty
one unidimensional consolidation trials were carried out with incre-
mental load in saturated samples, for several mean effective con-
solidation stresses. Table 1 summarizes the index properties of the
tested soils, including the distribution of water content, w(%), plasticity
index, PI, and reference strain, γm, for each tested sample. As shown in
this table, samples retrieved above 16 m of depth present a high natural
water content, varying between 100% and 250%, the plasticity index
fluctuates from 150% to 210%. Between 16 and 30 m, w(%) varies from
250% to 300%, and PI values goes from 190% to 210%. For greater

depths, a notorious reduction of the plasticity index can be observed
(PI< 100%). The volume compressibility parameter, mv, of the
“virgin” and “recompression” branch vary depending on the increase of
the mean effective consolidation stresses applied, as shown in Fig. 5,
which also includes a numerical regression equation obtained to cal-
culate the parameter mv for the normally consolidated (i.e. virgin
branch) and over consolidated (i.e. recompression branch) soil stages,
in both the upper and lower clayey formations. For the deep stiffer silty
clay and sandy silt deposits, the parameter mv was considered constant
with the mean effective consolidation stresses.

3.4. Shear wave velocity distribution

The evolution of the shear wave velocity during the time of analysis

Fig. 2. Soil profiles for (a) Site 1 and (b) Site 2.
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was estimated as follows. Initially the variation of shear wave velocity
with the mean effective stress was established in the laboratory based
on the results obtained from series of resonant column tests as depicted
in Fig. 6, which shows the evolution of shear wave velocity with mean
effective consolidation stress for several plasticity indexes. A similar
approach was followed by [13], but using also the results obtained from
bender elements. As pointed out by [11] and [13], the maximum

difference observed in the shear wave velocities obtained from various
procedures such as resonant column or bender element tests, or even
direct field measurements, falls within the 7–15% range. Thus, for the
work presented herein, it was deemed appropriate to correct the

Fig. 3. Pore pressure distribution with depth.
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Fig. 4. Evolution of pore pressure distribution.

Table 1
Index properties of the extracted samples.

Borehole Sample Number Depth wL wP PI LI Gs w e Gw γm

Initial Final [%] [%] [%] [%] [%] [kg/m3]
[m] [m]

B-1 1 4.40 5.30 287.4 131.1 156.3 0.78 2.58 253.0 6.68 97.6 1184
2 15.40 16.30 284.2 72.4 211.8 0.81 3.03 244.9 7.42 100.0 1250
3 39.50 40.40 181.8 48.4 133.4 0.63 2.71 132.3 3.52 100.0 1405

B-2 4 4.00 4.90 267.7 89.1 178.6 0.93 2.49 255.2 6.42 99.1 1195
B-3 5 3.50 4.10 112.8 52.8 60.1 0.88 2.65 105.5 2.93 95.5 1386

6 13.00 13.60 226.2 64.3 161.9 0.87 3.04 204.6 6.35 98.1 1263
7 26.00 26.60 270.6 75.4 195.3 0.88 3.24 247.3 6.36 100.0 1228
8 56.30 57.10 144.7 56.7 88.0 0.40 2.65 91.8 2.57 94.9 1426

B-4 9 3.50 4.40 167.3 70.5 96.8 0.62 2.58 130.6 3.52 95.6 1318

Fig. 5. Variation of the coefficient mv, in the studied site for (a) “virgin” and (b) “re-
compression" soil stages.
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experimental data for “field” conditions to account for sample dis-
turbance and other effects [2] by adjusting these values in 10%. The
expected shear wave velocity for each consolidation time (i.e. 5, 10, 30
and 60 year), are shown in Fig. 7.

4. Modulus degradation and damping curves

González and Romo [14] proposed a simplified model to predict the
normalized modulus degradation and damping curves obtained in the
laboratory performing resonant column and triaxial tests. The model is

able to match the shear modulus degradation and damping curves se-
parately. This model is defined by the following expressions:

= − +G G G H γ G( ) ( )Gmin max max (1)
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where Gmax and λmin are the small shear strain shear modulus and
damping respectively, these are unique for each soil type. The para-
meters Gmin and λmax are the values that reach G and λ before dynamic
failure, which is defined as the ultimate shear stress acting on the clay
in undrained dynamic conditions, Sud, which led to the sample failure.
According to [15], Sud can be estimated as a function of the undrained
static shear strength Su using the following relation:

=
−

−
S M (3 M )

M (3 M )
Sud

d e

e d
u

(5)

where Md is the slope of the dynamic failure envelope expressed also in
terms of total stresses, and Me is the slope of the static failure envelope
expressed in terms of the total stresses. For Mexico City clays, the
strength determined under dynamic loading, Sud, is larger than the
strength under static conditions, Su. Experimental results indicate that
independently of the consolidation trajectory followed and the magni-
tude of the octahedral consolidation stress, Sud, ranges between 1.20
and 1.40 times Su. The parameters γrG y γrλ are the reference strains
corresponding to 50% of degradation of the shear modulus, and 50% of

Fig. 6. Variation of shear wave velocity with mean effective stress.

Fig. 7. Shear wave velocity profile evolution (a) Site
1 and (b) Site 2.
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increase in damping ratio respectively. In this model, these deforma-
tions depend only on the plasticity index. The parameters BG and Bλ are
parameters that define the geometry of the curves G–γ and λ–γ re-
spectively, which are a function of the plasticity index (PI). The model
parameters used in the analyses are summarized in Tables 2, 3, for sites
1 and 2 respectively.

= − + +−B PI PI2*10 0.0014 0.2846G
6 2 (6)

= − + +−B PI PI7*10 0.0038 0.3282λ
6 2 (7)

To estimate the ko value to be used in the Gonzalez and Romo´s
model, the expression (8), proposed by Mayne and Kulhawy [16] was
used. This relationship is a function of the over consolidation ratio,
OCR, and the friction angle, φ.

= − senk (1 φ)(OCR)sen
0

φ (8)

Based on experimental data, it was established that the clays, at the
studied sites included in here, are normally to slightly consolidated,
exhibiting values of OCR ranging from 1 to 1.2. For undrained condi-
tions the friction angle for clays is zero, therefore, the k0 value was
equal to 1.

4.1. Gonzales and Romo´s model application

Gonzalez and Romo´s model [14] was used to calculate the nor-
malized modulus degradation and damping curves for each consolida-
tion time. Effective stresses obtained from the numerical simulation
were considered to compute the mean effective consolidation stresses
for the model. It was assumed that the plasticity index does not change
significantly over time. For illustration purposes, the corresponding
curves used for initial conditions (i.e. zero years) are presented in Fig. 8,
for several mean effective consolidation stresses.

4.2. Seismic environment characterization

The seismic environment at the studied site was characterized

through a probabilistic seismic hazard analysis, PSHA, conducted for
subduction-fault events as described in Osorio and Mayoral [17]. All
seismogenic zones considered in this study were established according
to the zonation that Nishenko and Singh [18] carried out for the
Mexican subduction zone, which corresponds to where the most da-
maging earthquakes for Mexico City have been generated. The corre-
sponding source parameters as described by Ordaz and Reyes [19] were
obtained from the Mexican catalog of earthquakes prepared by Zuñiga
and Guzman [20]. The bayesian statistics procedures described by
Rosenblueth and Ordaz [21], and Arboleda and Ordaz [22] were used
to derive these parameters. As suggested by Reyes [23], the seismicity
of the seismogenic zones was modeled with the modified Gutenberg-
Richter recurrence law, to define the exceedance rate of earthquakes
with magnitudes larger than 4.5 and lower of 7. In addition, to define
the exceedance rate of earthquakes with magnitude larger than 7, the
recurrence law for the characteristic earthquake proposed by Ordaz and
Reyes [19] was adopted. In this expression it is assumed that the be-
havior of the characteristic earthquake observed by Singh et al., [24] in
the Mexican subduction zone follows a Gaussian distribution. In here,
the attenuation relationship proposed by Reyes [23] was used for
subduction events, which allows the estimation of the spectral accel-
eration, Sa, in rock outcrops in Mexico City. This function is the same as
that proposed by Joyner and Boore [25]. Once established the earth-
quakes recurrence models, the seismogenic zones where they occur,
and the attenuation law for the studied site, the integral of seismic risk
needs to be solved according to the probabilistic approach [26,27]. The
risk is evaluated as the probability of exceeding an upper value of the
parameter of the ground motion at the site, due to the activity of all
seismogenic zones that surround it, and which may contribute to the
expected ground motion.

Uniform hazard spectrum, UHS, for three return periods (i.e. 125,
250 and 2475 years) were developed in a nearby rock outcrop (Fig. 9),
where the seismological station TXCR was located (Fig. 1), to be able to
compare them with measure responses in future research. Only sub-
duction zone earthquakes developed in the Mexican Pacific Coast were
considered in the UHS determination. Station TXCR is located at about

Table 2
Parameters used in the analyses for Site 1.

Depth Gonzalez and Romo's model FLAC3D (Sig3 model)

[m] PI Gmax Gmin λmax λmin γrG γrλ BG Bλ a b x0

3.3 165 38.10 2.00 15.00 2.00 0.80 0.80 0.46 0.82 1.00 −0.50 0.01
8.2 270 35.00 1.00 14.00 2.50 1.50 1.50 0.52 0.90 1.00 −0.42 0.20
12.3 194 57.44 1.00 14.00 2.50 1.50 1.50 0.48 0.86 1.00 −0.45 0.20
15.4 202 63.69 1.00 14.00 2.50 1.50 1.50 0.49 0.87 1.00 −0.45 0.20
18.7 137 100.80 2.00 15.00 2.00 0.80 0.80 0.44 0.78 1.00 −0.50 −0.08
24.3 179 96.35 1.00 14.00 2.50 1.50 1.50 0.47 0.84 1.00 −0.46 0.20

Sand Upper Bound (Seed & Idriss 1970) 0.99 −0.50 −1.15
Soil PI=50% (Vucetic & Dobry) 1.01 −0.53 −0.55
Soil PI=100% (Vucetic & Dobry) 1.01 −0.50 −0.25

Table 3
Parameters used in the analyses for Site 2.

Depth Gonzalez and Romo's model FLAC3D (Sig3 model)

[m] PI Gmax Gmin λmax λmin γrG γrλ BG Bλ a b x0

4.1 150 35.60 2.00 14.00 2.00 0.80 0.80 0.044 0.81 1.00 −0.44 0.20
8.5 245 29.81 1.00 14.00 2.50 1.50 1.50 0.51 0.90 1.00 −0.45 0.21
12.5 187 56.02 1.00 14.00 2.50 1.50 1.50 0.49 0.82 1.00 −0.45 0.22
14.3 212 73.45 1.00 14.00 2.50 1.50 1.50 0.49 0.84 1.00 −0.43 0.20
18.6 146 84.44 2.00 15.00 2.00 0.80 0.80 0.45 0.79 1.00 −0.50 −0.05
24.4 179 96.35 1.00 14.00 2.50 1.50 1.50 0.47 0.84 1.00 −0.46 0.20

Sand Upper Bound (Seed & Idriss 1970) 1.01 −0.47 −1.22
Soil PI=50% (Vucetic & Dobry) 1.01 −0.53 −0.55
Soil PI=100% (Vucetic & Dobry) 1.01 −0.50 −0.25
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18.7 km from the studied site. The return period of 125 years ap-
proximately corresponds to the devastating 1985 Michoacan earth-
quake. The approach followed herein has been validated in previous
work [17]. UTM coordinates of the seismological stations located at the
site are shown in Table 4. The return period of 250, and 2475 years
corresponds to major and extreme earthquakes respectively. As it is
well known, the uniform hazard spectra, UHS, is a representation of the
relationship between the natural vibration period, T, and spectral ac-
celeration, Sa, for a given exceedance probability associated with a
return period.

4.3. Synthetic ground motion

To develop an acceleration time history which response spectrum
reasonably matches the design response spectrum for each return
period of analysis (i.e. T = 125, 250, and 2475 years), the selected time
history, usually called seed ground motion, was modified using the
method proposed by Lilhanand and Tseng [28] as modified by Abra-
hamson [29]. This approach is based on a modification of an accel-
eration time history to make it compatible with a user specified target

spectrum. The modification of the time history can be performed with a
variety of different modification models. In doing so, the long period
non-stationary phasing of the original time history is preserved. The 5%
damped response spectra calculated for the modified time histories are
compared with the target UHS in Fig. 9. It can be seen that the response
spectrum calculated from the modified time histories reasonably match
the target spectrum. The seed and synthetic ground motions are shown
in Fig. 10. The seed is a long duration record (i.e. 175 s) typical of the
Pacific Coast subduction zone, measured at the station TACY during the
1985 Michoacan earthquake, located on firm soil (i.e. very stiff silty
sand and sandy silt). This acceleration time history is available in the
Strong Ground Motion Mexico Database.

5. Site response analysis

Initially for completeness, the computer code SHAKE [6] was used
to conduct the 1D equivalent linear site response analysis, to have an
estimation of the expected results in the free field for moderate to
medium ground shaking levels (i.e. return periods of 125 and 250
years). Then, a fully non-linear site response analysis was carried out

Fig. 8. Modulus degradation and damping curves for initial conditions (zero years) obtained from (a) laboratory testing and Gonzales and Romo´s model for clays, and (b) Gonzales and
Romo´s curves fitting with sig3 FLAC3D Model.
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using the program FLAC3D [30], to further study soil nonlinearities. The
importance of accounting for nonlinear effects on ground motion at-
tenuation as well as frequency content modification during strong
shaking has been established in the past by several authors for both site
response [31–34], and seismic soil-structure interaction analyses
[35–38]. The finite differences model of the free field has a depth of
about 62 m for the initial soil conditions prevailing in Site 1 (i.e. right
after building construction), and a square section of 10 m by 10 m
(Fig. 11). A similar model was prepared for Site 2. The free field
boundaries implemented in FLAC3D were used along the edges of the
model. A rigid base was considered at the bottom of the model, to si-
mulate the large dynamic impedance contrast existing at the site, in
which a low shear wave velocity clay overlaid a high shear wave ve-
locity bedrock. This model was calibrated against the results obtained
with the program SHAKE, for a return period of 125 and 250 years.
Similar calibrations have been conducted by [39,40].

Although several constitutive models have been developed to ac-
count for nonlinearities in low plasticity clays and sands [40,41], there
is a lack of enough experimental data to develop and calibrate a reliable
constitutive model for high plasticity clays. Thus, the practical-oriented
hysteretic model available in FLAC3D [30] denominated as “sig3″ was
used to approximately deal with both modulus stiffness degradation
and damping variation during the seismic event. This model considers
an ideal soil, in which the stress depends only on the deformation and
not on the number of cycles, with these assumptions an incremental
constitutive relationship of the degradation curve can be described by
τn/ γ = G/Gmax, where τn is the normalized shear stress, γ is the shear
strain and G/Gmax the normalized secant modulus. The sig3 model is
defined according to Eq. (9):

=
+ −

−
G Gmax a

exp
/

1 ( )L x
b

0
(9)

where L is the logarithmic strain defined as =L log (γ)10 , and the
parameters a, b, and ×0, used by the sig3 model were obtained by an
iterative approach, in which the modulus degradation curves obtained
from Gonzales and Romo´s model [14] were fitted with the model
equations. The corresponding damping is given directly by the hyster-
esis loop during cyclic loading. For the cases studied herein, the para-
meter “a” ranges from 0.99 to 1.00, “b” from −0.43 to −0.6, and “x0”
from−1.15 to 0.21. Tables 2, 3, summarizes the parameters used in the
analyses for several depths. The corresponding G/Gmax fitting curves
are presented in Fig. 8b.

It is important to point out that Eqs. (1)–(7) described a simplified
model proposed by Gonzalez and Romo [14], driven by the plasticity

Fig. 9. Computed uniform hazard spectra at TXCR and synthetic ground motion response
spectra.

Table 4
UTM coordinates of the seismological stations.

Stations UTM coordinates

TXSO x = 498,007 m E y = 2,165,005 m N
TXS1 x = 502,827 m E y = 2,155,384 m N
TXS2 x = 502,419 m E y = 2,155,267 m N
TXCH x = 505,248 m E y = 2,148,407 m N
TX5B x = 503,148 m E y = 2,155,046 m N
T4S3 x = 503,114 m E y = 2,155,021 m N

Fig. 10. Seed and synthetic time histories for a) 125 years, b) 250 years and c) 2475
years.
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index, PI, to fit experimental normalized modulus degradation G/Gmax

and damping curves obtained from resonant column and cyclic triaxial
test conducted in high plasticity clays. This allowed to characterize the
dynamic response of soil layers, where experimental information was
not available. Eq. (9) is a massing type model that allows to account for
soil nonlinearities in a simplified fashion, by following the evolution of
the normalized shear modulus as a function of the shear strain, during
the time domain analysis. Accordingly, to find the ground motions in
the underlying bed rock to be used in the time domain site response
analyses, the synthetic ground motion computed at the rock outcrop
was deconvolved with the program SHAKE to the hardlayer found at
the base of the soil profile. The seismic excitation at the base of the
FLAC3D model, is a function of the impedance ratio between the stiff
clay found at the base of the model (i.e. about 60 m depth), and the
assumed half space. This changes were minimal, because for the stiff
clay layers found at 60 m depth, the variation of Vs over time is very
small, considering the minor changes in effective stresses developed at
that depth.

5.1. Pore pressure evolution with time

Static stress-strain and pore pressure conditions for each time are
the starting point for the dynamic analysis. These included state of
stresses, ground settlements and soil layering configuration. Ground
settlements and changes in layering configuration can be estimated
solving the diffusion equation [30] for the pore pressure, p, given by:

∂

∂
−

∂

∂
=c

p
t

p
z

0
2

2 (10)

where C = k/S, S = +
1
M

α
α

2

1
is the storage coefficient and k the soil

permeability, = +α K G1
4
3 . M is the Biot modulus, α is the Biot coeffi-

cient, and K and G are the bulk and shear modulus respectively. Eq. (10)
considers the variation of the effective vertical stress σzz constant with
time, and is derived for the boundary conditions: p = 0 at z = H, and ∂

∂

p
z

= 0 at z = 0. Due to the uncertainties associated with the determi-
nation of M, and α, which truly represent field conditions, and the fact
that the clays at the site are very fissured and interbedded with very

thin silt layers, a practice-oriented uncoupled procedure was used to
estimate the ground settlements in the soil deposit, which also allowed
for a reduction in computation time. Initially, the evolution of pore
pressure withdrawn with water extraction was established based on the
available piezometers readings located at several depths (i.e. 9, 18, 31,
38 and 45 m) as depicted in Fig. 3. This figure shows the evolution of
normalized measured pore pressure, u, over the initial reading, uo.
Based on these data, empirically-derived equations were used to esti-
mate the expected evolution of the pore pressure over time. Fig. 4,
shows the corresponding computed pore pressure distribution with
depth for the time of analyses (i.e. 5, 10, 30 and 60 years). Once the
expected pore pressure evolution was established, the analytical solu-
tion provided by Terzaghi´s theory for one dimensional consolidation,
ΔH=mvpH, where mv is the volumetric modulus, H layer thickness, and
ΔH the corresponding layer deformation, was used to evaluate the
corresponding expected settlements for each consolidation time. The
parameter mv was characterized based on series of one-dimensional
consolidation tests conducted in undisturbed samples retrieved in both
the upper clay formation, UCF, (i.e. depths ranging from 1 to 28 m,
approximately), and the lower clay formation (i.e. depths ranging from
32 to 62 m, approximately). As previously mentioned, from the one-
dimensional consolidation tests, the variation of the volumetric mod-
ulus, mv, with the mean effective consolidation stress was established
for both the UCF and LCF, as depicted in Fig. 5. Thus, to compute the
ground settlements for each consolidation time (i.e. 5, 10, 30 and 60
years), instead of solving the diffusion equation, a subroutine was im-
plemented in FLAC3D to impose incrementally the state of stresses as-
sociated to each consolidation time according to the pore pressure
distributions depicted in Fig. 4. For each pore pressure expected de-
crement due to water extraction, the mv was modified according to
Fig. 5, and the corresponding increment in ground settlements were
calculated using the expression ΔHi=mvipiHi at each nodal point, and
the large strain formulation available in FLAC3D. Thus, both changes in
soil compressibility, as well as in soil layering configuration during
regional subsidence due to water extraction was accounted for in the
analyses. It can be easily verified that this simplified methodology leads
to similar results as those reached solving the diffusion equation [42]. A
similar approach was employed to compute the settlements associated
with the dissipation of excess pore pressure due to building loading. The
excess pore pressure distribution in the in the ground was obtained
directly from FLAC3D considering undrained conditions, and again, the
expected settlements were calculated using the expression ΔHi=mvipiHi

at each nodal point. These settlements were added to those corre-
sponding to water extraction for each consolidation time, assuming that
most of the ground settlements due to excess pore pressure associated to
building loading will occur in the first five years. This is in agreement
with the fact that the clays are very fissured and interbedded with thin
silt lenses, therefore, the rate of settlements is expected to be larger at
the beginning of the consolidation process. The computed consolidation
settlements are in agreement with those observed in both the free field
and building-loaded areas adjacent to the studied sites, and other si-
milar ground conditions zones found in Mexico City [43].

Fig. 12 shows the initial stresses state, computed right after the
construction was completed. The so-called analytical-solution curve
was obtained subtracting the total vertical stresses acting at the studied
sites minus the corresponding pore pressure for initial conditions (i.e. 0
years), and compared with the ones obtained with FLAC3D to ensure
that the initial stress conditions were properly captured. Both soil
consolidation mechanisms 1) settlements due to the dissipation of ex-
cess pore pressure generated by the building load, and 2) regional
subsidence effects, due to ground water extraction, are considered in
the settlement computation. For zero years the initial state stress de-
picted in Fig. 12 was considered in the simulation. These are related to
the three-dimensional free field model shown in Fig. 11. Thus, the
building load is not yet applied to the model. The accumulated dis-
placements of each layer contribute to the settlement evolution on the

Fig. 11. Three-dimensional finite difference model.
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surface. The cumulative increase of deformations for sites 1 and 2 are
shown in Fig. 13.

5.2. Free field response

Site response analyses were carried out for each static ground
conditions, accounting for changes both in the dynamic properties, as
well as in soil thickness, for the two studied sites. To further revise the
accuracy of the model, comparison of the computed responses for initial
conditions (0 years) were carried out using the program SHAKE and
FLAC3D, for moderate to large ground shaking levels (i.e. return periods
of 125 and 250 years). The results for Site 1 are presented in Fig. 14a
and b, for a return period of 125 and 250 years respectively. As can be
noticed, there is a good agreement between the response computed
with SHAKE and FLAC3D for a low return period (125 yeas), due to the
quasilinear range that the high plasticity Mexico City Clay exhibit even
for shear strains as long as 0.3%, as previously pointed out. Thus, only a
small degree of soil nonlinearities is expected to occur. For the return
period of 250 years, there is a reduction of the spectral ordinates and a
slightly fundamental period shifting to the right due to soil non-
linearities.

Fig. 15 presents the normalized spectral acceleration, Sa/PGA,
computed at the free field for sites 1 and 2. As can be seen, both am-
plification and frequency content are function of the consolidation
time. The trends seem to indicate that the amplification decreases in the
firsts 10 years, but for 30 and 60 years, there is an amplification, as well
as a period elongation from 1.9 to 2.5 s Fig. 16 shows the response
computed for 5, 10, 30 and 60 years, normalized with respect to that
obtained for initial conditions (i.e. Sa T PGA

Sa T PGA
( ( ) / )
( ( ) / )

i years

years0
). Table 5 shows the

evolution of fundamental elastic periods for each consolidation time. As
can be noticed the fundamental elastic (i.e. soil stiffness does not
change with the shear strain amplitude) periods tend to decrease when
the consolidation time increases. Similarly, Table 6 shows the funda-
mental periods obtained from the transfer functions computed between
the responses at surface and bedrock as depicted in Fig. 17. This table
also includes the periods at which the maximum spectral accelerations,
Sa, are presented (Fig. 15). It can be noticed that consolidation changes
both the frequency content and spectral accelerations. For site 1, after 5
and 10 years of ground consolidation, the maximum response has mi-
grated to the right and the higher spectral ordinates are reached at
2.3 s. Thus, soil nonlinearity prevails as the elastic period shifts towards
1.8 s, which corresponds to the period where the seismic excitation has

its energy concentrated (i.e. 0.8 and 1.8 s). Ground amplification in-
itially tends to increase but soil nonlinearities reduce the maximum
spectral accelerations and elongate both the fundamental periods, as
well as the periods at which the maximum spectral accelerations are
presented. After these critical years, when reaching 30 and 60 years of
consolidation, the dynamic properties and layering thickness have
drastically changed, so the fundamental elastic period has reduced
down to 1.55 and 1.26 s respectively. Thus, a reduction in spectral
accelerations is observed. The same trend can be seen for Site 2. The
period associated to the maximum spectral acceleration moves to the
right for 5, 10 and 30 years mostly due to nonlinear effects. However,
after 60 years of consolidation, the fundamental elastic period has gone
down to 1.10, the fundamental period has gone down to 1.37 s, and the
maximum spectral acceleration has reduced accordingly.

6. Seismic soil-structure interaction

A three dimensional finite difference model was developed with the
program FLAC3D [30], using the large strain formulation available in

Fig. 12. Initial stresses state.

Fig. 13. Settlements over time for (a) Site 1 and (b) Site 2.
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the software, to analyze the seismic soil-structure interaction system
response. The stress-strain relationship of the soil was assumed elasto-
plastic, following the Mohr-Coulomb failure criterion. In the finite
difference model the columns and slabs, were modeled with beam and
shell elements respectively. Fig. 18 shows the building dimensions and
the transversal section of the columns and beams considered. The
thickness slab was assumed as 0.15 m. Table 7 summarizes the corre-
sponding material properties considered in the numerical model. The
thickness of the element was selected based on the geometry and sizes
of both structural elements and soil layers. However, as it is well
known, numerical distortion of the propagating wave can occur in a
dynamic analysis as a function of the modeling conditions [30].
Therefore, both the frequency content of the input wave and the wave
speed characteristics of the system will affect the numerical accuracy of
wave transmission. In the case studied herein, it was considered the
recommendation provided by Kuhlemeyer and Lysmer [44], regarding
the spatial element size, Δl, to accurately represent wave transmission
through the numerical models employed. Therefore, Δl, was kept
smaller than one-fifth of the wavelength associated with the highest

frequency component of the input wave that contains appreciable en-
ergy, fmax (i.e. Δl ≤ λ /5). The shortest wavelength λ is obtained from
λ=Vs/fmax. For the problem at hand, the smallest average shear wave
velocity Vs of the two studied sites in the upper 28 m of clay was about
30–40 m/s for initial conditions (i.e. 0 years), as can be seen in Fig. 7,
and the highest significant frequency of the excitation where the energy
is concentrated is around 2–3 Hz. Thus, λ ranges approximately be-
tween 10 and 13 m. Moreover, the maximum spectral responses of the
excitation are presented even at lower frequencies (i.e. 1.3 and 0.6 Hz),
as depicted in Fig. 9. Hence, a Δl of 2 m was deemed appropriated.
Using similar meshes with element sizes of 2 m in previous research, a
good agreement has been obtained between finite difference models
developed with FLAC3D and SHAKE for low to moderate levels of
shaking, using equivalent linear properties [12,45]. SHAKE models
predictions have been, in turn, previously compared against measured
responses showing also a good agreement [46]. Furthermore, due to the
characteristics of the seismogenic subduction zone, and the distance
between the zone of energy release and the studied site (i.e. about

Fig. 14. Results of the site response analysis for the return period of (a) 125 and (b) 250
years (Site 1). Fig. 15. Normalized response spectra of the non-linear analysis calculated with FLAC3D

for (a) Site 1 and (b) Site 2.
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380 km), it is not expected to have any dynamic input with a high peak
velocity and short rise-time. Thus, no further filtering of high frequency
components of the time histories was required. The box foundation is
excavated to a depth of 5 m. The structural damping for the building
and foundation was defined using a Rayleigh-type damping, assuming
5%, at the fundamental frequencies of the soil-structure system. The
model has 10,360 solid elements, 12,065 nodes, 1577 elements and 759
nodes, as depicted in Fig. 19. The soil layers are identified as follows: 1)
upper crust, UC, 2) upper clay formation, UCF, 3) first hard layer, FHL,
4) lower clay formation, LCF, and 5) second hard layer, SHL. The soil-
structure system seismic response was monitored at the control points
depicted in Fig. 20. Control points depths are shown in Table 8. To
reduce computation time, several size meshes were tried out until
finding the optimum dimensions, in which free field conditions were
reached at the end, as can be noticed in the contour plots of static initial
stresses depicted Fig. 21.

Fig. 16. Normalized response spectra of the non-linear analysis calculated with FLAC3D for (a) Site 1 and (b) Site 2.

Table 5
Evolution of fundamental elastic periods at free field.

Years Site 1 Site 2
T [s] T [s]

0 2.09 2.01
5 1.94 1.74
10 1.83 1.66
30 1.55 1.42
60 1.26 1.09

Table 6
Evolution of fundamental periods, and periods at which the maximum spectral accel-
eration are reached at free field.

Years Site 1 Site 2

T [s] Aa T [s] Aa

0 1.44 (1.39) 3.41 0.73 (0.73) 3.41
5 2.27 (2.35) 4.10 2.32 (2.41) 3.31
10 2.22 (2.29) 4.06 2.31 (2.29) 4.25
30 1.76 (2.21) 3.50 2.15 (2.27) 4.42
60 1.00 (1.53) 3.35 1.00 (1.37) 3.74

a A is amplification ratio Sa/PGA, ( ) fundamental periods.

Fig. 17. Transfer functions surface/bedrock for (a) Site 1 and (b) Site 2.
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6.1. Static behavior

To assess the effect that ground consolidation has in the seismic soil-
structure-interaction response, the total settlements generated for each
analysis time considered (i.e. 5, 10, 30 and 60 years) were obtained.
Ground movements due to 1) elastic settlements due to weight of the
structure applied right after the completion of the building construc-
tion, 2) consolidation settlement due to the dissipation of the excess
pore pressure generated by the building weight, and 3) regional con-
solidation due to water extraction were computed. Again, once the
expected pore pressure evolution was established, the analytical solu-
tion provided by Terzaghi´s theory for one dimensional consolidation,
ΔH=mvpH, where mv is the volumetric modulus, H layer thickness, and
ΔH the corresponding layer deformation, was used to evaluate the
corresponding expected settlements for each consolidation time. The
parameter mv, was characterized based on series of one-dimensional
consolidation tests conducted in undisturbed samples retrieved in both
the upper clay formation, UCF, (i.e. depths ranging from 4 to 36 m),
and the lower clay formation (i.e. depths ranging from 40 to 57 m).
From the one-dimensional consolidation tests, the variation of the vo-
lumetric modulus, mv, with the effective confining stress was estab-
lished for both the UCF and LCF as depicted in Fig. 5. Figs. 22–25 shows
the total settlements computed after each consolidation time of analysis
(i.e. 5, 10, 30 and 60 years) at Site 1. The shape of the distribution of
consolidation settlements changes over time due to the regional sub-
sidence associated with groundwater withdraw caused by ground water
extraction. Initially, the settlement distribution is control mostly by the
consolidation process associated to the dissipation of the excess pore
pressure due to the building load. Then, for medium and long term
conditions, the settlements tend to be more uniform, and the subsidence
effect due to ground water extraction prevails in the ground settlements
configurations. Table 9 shows the total displacements at the foundation
center and the free field, along with the corresponding differential
settlement. It can be noticed that despite the large settlement amount
expected at 30 years due to ground consolidation (i.e. around 4.20 m),
the differential settlement is negligible. Thus, the soil settlement is al-
most uniform. A similar conclusion is withdrawn for 60 years, where
the total settlements is around 5.50 m, but the differential settlement is
quite small (i.e. 0.05 m).

6.2. Seismic response

Seismic soil-structure interaction analyses were carried out for
current conditions and after 5, 10, 30 and 60 years of ground con-
solidation. Changes in dynamic properties and soil profile configuration
due to soil consolidation were accounted for, as well as soil non-
linearities. Normalized response spectra with respect to PGA at the
control points A, B and C, are depicted in Fig. 26 for both studied sites.
Similarly, Fig. 27 shows the response computed for 5, 10, 30 and 60
years, normalized with respect to that obtained for initial conditions
(i.e. Sa T PGA

Sa T PGA
( ( ) / )
( ( ) / )

i years

years0
). Control points A, B and C are located below the

foundation building as indicated in Fig. 20, and Table 8. The static
conditions for each consolidation time were the starting point of the
dynamic analyses. As can be noticed, both frequency content and
spectral accelerations amplitudes change over time. The overall re-
sponse of the soil-structure system for sites 1 and 2 is mostly dominated
by the structure and foundation stiffness, which reduces the funda-
mental period of the soil-structure system Tss. For Site 1 Tss ranges
between 0.68–1.32 s and for Site 2 between 0.46 and 1.08 s at control
point A, as summarized in Tables 10, 11 respectively. The structural
response is similar to that observed in the free field. When the funda-
mental elastic period gets closer to the periods in which most of the
energy of the excitation is concentrated (i.e. 0.8 and 1.8 s), the ground
motion amplifies, and thus the soil nonlinearity shifts the fundamental
period of the soil-structure system to the right, and the spectral

Fig. 18. (a) Elevation view of the analyzed building and (b) W36 × 135 cross section.

Table 7
Structural material properties.

Section Material E [GPa] [MPa] ν

Column Steel 206.84 fy = 450 0.29
Beam Steel 206.84 fy = 450 0.29
Slab Concrete 24.25 f 'c = 24 0.20

Fig. 19. 3D model for the soil-structure analysis.

Fig. 20. Control points locations in the 3D model (without scale).
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acceleration reduces slightly. Thus, for Site 1 at 5 and 10 years, the
nonlinear soil behavior controls the soil-structure seismic response, and
the period at which the maximum spectral acceleration occurs moves to
the right, and the spectral ordinates are amplified around a funda-
mental period of 1.45 s, with respect to those obtained considering
ground conditions at zero years. After 30 years, the soil gets stiffer.
Shear wave velocity distribution increases and the soil thickness de-
creases. Thus, the elastic fundamental period of the soil deposit goes
down, reducing the ground motion amplification. Therefore, the effect
of soil nonlinearities is not significant, and the fundamental period of
the soil-structure system moves towards 1.22 s. For a consolidation time
of 60 years, the elastic fundamental period gets closer to the lower
period at which the energy of the excitation is concentrated (i.e. 0.8 s),
and also to the fundamental period of the structure on rigid base, Tsr

(i.e. around 1 s), leading to a large amplification of the soil-structure
system response for periods close to 1 s, with the corresponding period
elongation due to soil nonlinearities.

Table 8
Control points heights.

Height [m] Control point

−5.00 A
−20.00 B
−41.50 C

Fig. 21. Initial static total stress distribution (in kPa).

Fig. 22. Total settlements after 5 years in site 1 (in meters).

Fig. 23. Total settlements after 10 years in site 1 (in meters).

Fig. 24. Total settlements after 30 years in site 1 (in meters).

Fig. 25. Total settlements after 60 years in site 1 (in meters).

Table 9
Differential settlements in meters.

Building foundation (at center) Free field Differential

−0.75 −0.49 −0.26
−1.30 −0.99 −0.31
−3.90 −3.96 0.06
−5.50 −5.55 0.05
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Fig. 26. Evolution of the response spectra with time in control point A, B and C for (a) Site 1 and (b) Site 2.
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Fig. 27. Normalized evolution of the response spectra with time in control point A, B and C a) Site 1, b) Site 2.
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A similar trend can be observed for Site 2. Nonlinear effects elon-
gates the period at which the maximum spectral response is presented
for consolidations times of 5 and 10 years, but after 30 years, the effect
of the reduction of layers thicknesses and increase in shear wave ve-
locity, decreases the elastic predominant period, attenuating, in turn,
the spectral ordinates. After 60 years of consolidation the elastic fun-
damental period gets down to 1.09 s, and closer to the lower period at
which the energy of the excitation is concentrated, and also to Tsr,
leading to a large amplification of the soil-structure system response.

7. Conclusions

Soil effective stresses changes during the economic life of a structure
built in highly compressible clays leads to important ground deforma-
tions, and changes in the dynamic properties (i.e. shear wave velocity
distribution and modulus degradation and damping curves). These ef-
fects, which are often ignored in practice, can substantially modify the
frequency content and spectral accelerations in both free field and in
the soil-structure system. Pore pressure variations over the project
economic life is due to both regional subsidence as well as dissipation of
excess pore pressure caused by the structure weight. For the cases
studied herein, a complex interplay between soil nonlinearities, which
tend to elongate the fundamental period of the soil deposit, Tp, and the
overall tendency of ground consolidation to shorten it, led to variations
in the spectral ordinates depending on how close Tp is of the pre-
dominant period of the excitation, Tpe. For subduction events recorded
at Mexico City firm soils Tpe ranges between 0.8 and 1.8 s. A similar
trend was observed in the soil-structure system response for the cases
analyzed inhere. Based on the analyses presented herein, the effect of
the changes in dynamic soil properties, and layering configuration
should be taken into account in high compressible clays, subjected to
rapid regional consolidation rates (i.e. average consolidation rates
larger than 10 cm/year), or where the expected primary consolidation
settlements over the economic life of the structure exceeds 2.5 m. The
key issue is the compressibility of the Mexico City clay, rather than the
plasticity. For clays with lower plasticity, or sensitive, but a similar high
compressibility, it will be necessary to account for changes in dynamic
properties as well as layering configuration, considering that volu-
metric strain changes in the soil will be associated to changes in the
mean consolidation effective stresses. The effect of the lower plasticity

will increase the amount of soil nonlinearities developed in the soil and,
thus, the amount of pore pressure generated during the cyclic loading.
As previously mentioned, this pore pressure will dissipate afterwards,
leading to post earthquake-induced settlements. This phenomenon has
been studied by several researches, and will eventually also led to soil
layer distortion as well as an increase of the dynamic soil properties.
Since the effect on the response of a specific soil deposit is also a
function of the input motion frequency content, the coupled influence
soil properties-input motion characteristics should be evaluated for
each condition. Needless to say, this should be taken into account
during the design process.
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10 0.70 4.79 0.85 3.85 0.58 2.15
30 0.83 4.65 1.07 3.62 0.90 3.07
60 1.08 4.85 0.83 2.38 1.07 4.51

a A is amplification ratio Sa/PGA.
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