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ABSTRACT: Seismic waves can significantly amplify in firm soils with abrupt geometrical
changes due to topographical effects. This amplification is strongly dependent on both fre-
quency content, seismic intensity, and duration, in particular when soil non-linearities are
expected to occur. This paper presents a case study of the topographic effects of a typical hill
slope on firm soil, on a building siting in top of it, such as those found in the western area of
Mexico City, due to subduction and normal earthquakes. The performance of the building-
hill system was evaluated using sets of finite difference models developed with the program
FLAC3D. From the numerical study the seismic response of the slope was evaluated, account-
ing for seismic soil-structure interaction effects in the distribution of factors of safety and
ground deformations during the dynamic events. The difference on expected damage in the
building and hill was established for each seis- mogenic zone considered.

1 INTRODUCTION

Seismic ground motion amplification associated with topographical conditions, along
with site effects and seismic soil-structure interaction, is a major factor in damage and
economic losses during strong earthquakes in hilly areas (Zaslavsky et al. 2000). Some
examples of these seismic events are reported in the technical literature, like the Friuli,
Italy, 1976 earthquake (Brambati et al. 1980), Irpinia, Italy, 1980 earthquake (Siro
1982), and the Chile 1985 earthquake (Celebi & Hanks 1986). The evaluation of the seis-
mic amplification due to topographic conditions is a complex problem, because it is
coupled with various factors, like underground conditions, soil properties, surface geom-
etry, seismic ground motion, among others (Rizzitano et al. 2014). This paper presents a
case study of the seismic response of a typical reinforced slope taking into account the
effects of normal and subduction events, located in the western part of Mexico City.
Both the static and seismic building-hill system analyses were carried out, considering
the soil-structure interaction effects in the factors of safety.

2 CASE STUDY

The case study consists of a typical reinforced slope hypothetically located on the western
hilly area of Mexico City (Figure 1). In this paper, we analyzed a typical 60 m high slope.
Figure 2 shows the slope stabilization system, which consists on 16 lines of active anchors,
and shotcrete lining. The two upper lines of anchors have a length of 26.5 m, and a service
force of 300 kN. The next seven anchors lines have a length of 25 m and a service force of
1700 kN, and finally, the remaining anchors lines have a length of 22 m and a service force of
1700 kN. The shotcrete thickness is 0.10 m and the strength of the concrete at 28 days, f’ c, is
25 MPa.
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3 SUBSOIL CONDITIONS

The soil deposits found in the Mexico City valley at the studied area, are mostly com-
prise of cemented sandy silts or silty sands, with variable degree of cementation, fines
content and grain size distribution. These geo-materials are associated with volcanic
activity occurred in the Pleistocene, which lead to the accumulation of pyroclastic mater-
ials including sands, silts and volcanic ashes, which cemented together when cooled off.
Although the fines are predominantly non-plastic, occasionally it can be found isolated
layers of clays product of the chemical decomposition of the original matrix. Thus, in
essence, the genesis of the soils found at the site is the same for all the strata. A peculi-
arity of these soils is their brittle stress–strain relationship. The varying degrees of
cementation and fine percentages, exhibited in these soils leads to some dispersion in the
strength parameters c, and ϕ, which are also very sensitive to the test type used in its
determination. Figure 3 a shows the soil profile considered for analysis, which was
established previously by Mayoral et al. (2019), based on standard penetration tests and
triaxial test results. The soil profile presents a layer of sandy silts at the top extending
down to a depth of 15 m. Underlying this sandy silt, there is a 30 m thick layer of boul-
ders, and 1 m thick dense sandy silt. Below this layer, there is a second layer of boulders
packed in a silty sand matrix, which goes down to 80 m of depth. Figure 3 also sum-
marizes the soil cohesion, c, friction angle, ϕ, unit weight, γ, Young modulus, E, and
Poisson ratio, ν, of the soil.

Figure 1. Project location and seismic stations.
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The suspension PS logging technique was used to determine the shear wave velocity distri-
bution with depth at the hill. The corresponding in-situ Vs measurements are presented in
Figure 3a. As can be seen, average representative values of shear wave velocity of sandy silts
materials, Vs, were found to be about 400 m/s. The boulders packed in a silty sand matrix
exhibit values of Vs ranging from 500 up to 850 m/s.

Due to the practical difficulty associated with sampling the sandy silt and boulders layers, the
upper bounds proposed by Seed & Idriss (1970), for normalized modulus degradation and damp-
ing curves, were used for the analyses (Figure 3b). These curves proposed by Seed & Idriss, have
been successfully used in one-dimensional (1D) wave propagation analysis to predict the measured
response during the 1985 Michoacan earthquake (Mayoral et al. 2008 & Seed et al. 1988).

4 NUMERICAL MODEL

To assess the static and dynamic performance of the hill, a finite difference model of a slice of the
building-hill system considering the anchors was developed in FLAC3D (Itasca, 2009). A Mohr-
Coulomb failure criterion was used in the model. Figure 4 shows the numerical model. The model
has 78,336 solid elements and 91080 nodes. The anchors were modeled with cables elements, and
the shotcrete lining by shell elements. The main geotechnical units are identified as follows: 1)
sandy silts, and 2) boulders. The response was monitored at the control points A, B, and C
showed in Figure 4a.
A factor of safety calculation was performed for stability analyses in FLAC3D. To evaluate

the static behaviour, the factors of safety, FS, were obtained as the ratio of capacity over
demand, expressed as τcap/τdem, in where τcap = c + σocttan ϕ, σoct is the octahedric stress
defined as (σ1+ σ2+ σ3)/3, and τact = 1/3((σ1-σ2)

2 + (σ2-σ3)
2 + (σ3-σ1)

2)0.5), where σ1, σ2 and σ3
are the principal stresses. This approach allows defining overstressed zones within the soil
mass, which may reach a failure state when local stresses are equal or larger than local cap-
acity, rather than a global FS associated to a prescribed failure mode due to a given mechan-
ism, such as that computed from limit equilibrium or the Strength Reduction Method, SRM,

Figure 2. (a) Slope geometry and stabilization system, (b) schematic representation of the anchor

system.
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which was initially proposed for slope stability analysis (Dawson et al., 1999; Dawson &
Roth, 1999). Figures 5 and 6, shows the contour of the value of the FS and the displacement
vectors respectively. As can be seen, the minimum value of FS is 1.33 for static conditions,
and this value is concentered in zones with irregular topography.

Figure 3. (a) Soil profile at the studied hill, and (b) normalized shear modulus and damping curves.

Figure 4. (a) Numerical model and (b) geotechnical units.
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5 SEISMIC ENVIRONMENT

As it is well known, the uniform hazard spectra, UHS, is a representation of the relationship
between the natural vibration period, T, and spectral acceleration, Sa, for a given exceedance
probability associated with a return period. Uniform hazard spectra for return period of 250
years was obtained from the seismic hazard curves for both normal and subduction fault
events, as depicted in Figure 7a. Details of the process to generate the UHS can be found in
Mayoral et al. (2017).
Synthetic ground motions were used in the analyses, due to the lack of representative

ground motions with a similar return period (i.e. Tr=250 years), frequency content, and dur-
ation, recorded in firm soil or rock, near by the studied area, as allowed by the ASCE/SEI
Standard 7-10 (ASCE, 2010). To develop an acceleration time history which response

Figure 5. Factor of safety computed with strength criteria for (a) lateral view and (b) frontal view.

Figure 6. Displacement vectors (units in meters).

Figure 7. (a) Uniform hazard spectra and adjusted ground motion response spectra, and (b) synthetic

time histories.
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spectrum reasonably matches the design response spectrum for the return period of analysis
(i.e. T = 250 years), the selected time history, usually called seed ground motion, was modified
using the method proposed by Lilhanand & Tseng (1988) as modified by Abrahamson (2000).
This approach is based on a modification of an acceleration time history to make it compat-
ible with a user specified target spectrum. The modification of the time history can be per-
formed 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 Figure 7a. 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 Figure 7b.

6 SEISMIC BUILDING-HILL-ANCHORS INTERACTION ANALYSIS

A fully non-linear analysis was carried out using the program FLAC3D (Itasca, 2009) for the
building-hill system considering the anchors. The finite differences model of the free field has a
depth of about 20 m, and a high of 60 m for the hill. The free field boundaries implemented in
FLAC3D were used along the edges at the model, and a compliant (flexible) base was considered
at the bottom. For the dynamic analyses, the three components of the excitation was considered
assuming 100% in the direction perpendicular to the slope (Y), 33% in the longitudinal (X) and
66% in the vertical. Although several constitutive models have been developed to account for
nonlinearities, there is a lack of enough experimental data to develop and calibrate a reliable
constitutive model. Thus, the practical-oriented hysteretic model available in FLAC3D denomin-
ated 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 Equation 1:

G

Gmax

¼
a

1þ exp � L�x0
b

� � ð1Þ

Where L is the logarithmic strain defined as L = log10(γ), and the parameters a, b, and x0,
used by the sig3 model were obtained by an iterative approach, in which the modulus degrad-
ation curves proposed by Seed & Idriss (1970) were fitted with the model equations. For the
cases studied herein, the parameter “a” has a value of 1.014, “b” -0.4792, and “X0” -1.249.
The corresponding G/Gmax fitting curves are presented in Figure 3b. A factor of safety was
obtained for the time where the maximum acceleration is presented for both subduction
(Figure 8) and normal (Figure 9) events, following the strength criteria. Figure 10 show the
contour displacements, and Figure 11 present the response spectra at the control points.

Figure 8. Factor of safety computed with strength criteria considering subduction seismic events at t=

59.4 seconds for (a) lateral view and (b) front view.
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7 CONCLUSIONS

This paper presents a case study of the topographic effects of a typical reinforced hill slope in
firm soil on a building siting on top of it, such as those found in the western area of Mexico
City, due to subduction and normal earthquakes. The performance of the building-hill system
was evaluated using sets of finite difference models developed with the program FLAC3D.

Figure 9. Factor of safety computed with strength criteria considering normal seismic events at t= 27.46

seconds for (a) lateral view and (b) front view.

Figure 10. Displacement vectors considering (a) subduction and (b) normal seismic events (units in

meters).

Figure 11. Response spectra at the control points considering (a) subduction and (b) normal seismic

events.
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From the seismic performance evaluation conducted for the hill, it was clearly observed the
dependency on the frequency content (i.e. seismogenic zone) of the controlling event in the
deformation and failure patterns, and in turn, the factors of safety distribution. This fact
should be taken explicitly in the design and revision of anchors systems of high hills located in
seismic prone regions. Further-more, the complex interplay of site response and topographical
effects leads to an important effect in the building for subduction earthquakes, where the amp-
lification factors go up to 3.87, whereas for the normal event only reaches 2.17. It is warrant
to mention that the spurious spikes observed at high frequency (20 to 25 Hz), are more likely
associated with the limitation of the constitutive model used in the numerical simulations, and
currently available in FLAC3D, which is not able to properly damp at small deformations.
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