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ABSTRACT: A seismic microzonation evaluation allows identifying the soil amplification
effects at any location within an area of study. The results of this evaluation are expressed as
soil amplification factors which are usually integrated into standard probabilistic hazard
assessment models or into pre-defined building design methodologies. In this study, we use
the Medellin case (the second largest city in Colombia) to implement a rigorous methodology
to obtain soil spectral amplification factors that represent the dynamic response of any given
zone in which it is expected a similar seismic response. These spectral amplification factors are
applied to uniform hazard spectra at bedrock to obtain amplified spectra at ground level. In
order to consider the main sources of uncertainty, statistical variations of the parameters that
characterize the soil profile are evaluated using the available representative geotechnical infor-
mation within each zone. Monte Carlo simulation techniques are used to generate a set of rep-
resentative onedimensional simulation models considering all possible variations in the soil
profile and assigned parameters. Each representative model is used to obtain the correspond-
ing spectral amplification factors for the set of seismic records selected for the dynamic ana-
lysis. Spectral amplification factors are calculated for the range of expected soil vibration
periods that are measured inside each zone. Simultaneously, a soil vibration period map is
generated using all possible sources of information, mainly field measurements. The soil vibra-
tion period map is used to geographically assign the corresponding spectral amplification
factor. In this study, the results are presented as a set of spectral amplification factors for vari-
ous seismic intensities and ranges of the soil vibration period within each soil profile
characterization.

1 INTRODUCTION

The representation of the seismic hazard may be made through design spectrum which detail
the maximum seismic intensities for design in terms of ground acceleration, velocity or dis-
placement. The characterization of the design spectrums must consider the hazard assessment
at the bedrock level and the dynamic response of the soil deposits. The importance of this
soils deposits seismic response increased since the 1950s after the occurrence of earthquakes
such as those in San Francisco (1906), Mexico City (1985) and Kobe (1995) where the effects
of soft soils was evident and impacted negatively the buildings and the built infrastructure.
Since then, many efforts have been made in order to analyze the differences between ground
motions due to variations in geological conditions (Gutenberg & Richter 1956, Gutenberg
1957) and to define probabilistic seismic intensity variations due to geologic conditions
(Richter 1959). It has been used, also, the comparison of recorded ground motions in soft
soils with nearby recorded at competent soils for the same shake events to determined soil site
coefficients (Borcherdt 1970). These site coefficients have evolved and have been introduced in
seismic design codes to represent site response design spectrums.
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Microzonation studies are intended to standardize the seismic design levels at every location
into a region by defining the site amplification factors Fa and Fv for modification of short and
long periods seismic demands. The typical methodologies require: hazard assessment models
to determine uniform hazard spectra at bed rock, geologic and geotechnical information to
characterize soil response and measured seismic records at representative locations to calibrate
and validate site parameters. However, it is very difficult to characterize study zones with high
resolution giving the limitation in budget in many construction projects. Thus, many method-
ologies define high sized areas to be represented by the same local site coefficients. This is not
always a good practice because omits the inherent variation of soils properties, depth variation
and nonlinear dynamic behavior expected dispersion.
For this reason, some new methodologies (Yamin et. al 2018) proposed rational and prac-

tical methods to standardize and spatially integrate all the available information in terms of
the geological, geotechnical and static and dynamic soil properties, thus maintaining the
rationality of the analytical methods available. Yamin et. al (2018) proposes a framework for
seismic microzonation studies in complex geological environments which consider the main
sources of uncertainty, statistical variations of the parameters that characterize the soil profile
and uses Monte Carlo simulation techniques to generate a set of spectral amplification factors
surfaces (SAFS). This SAFS are calculated for the range of expected soil vibration periods
within a geological zone; later, this SAFS can be related to high resolutions zones using the
soil vibration period, which is easily and cheaper to obtain than detailed geotechnical studies.
In this paper, the abovementioned methodology is used to perform the microzonation of

Medellin, the second largest city of Colombia. Uncertainty in bedrock hazard assessment, geo-
logical/geotechnical characterization and dynamic soil response properties are included. The
approach resulted in high resolution spectral amplification factors for various seismic inten-
sities and ranges of the soil vibration period within each soil profile characterization. Maps of
soil amplification parameters are generated for design applications using international
accepted methodologies.

2 METHODOLOGICAL APPROACH OVERVIEW

The methodology proposed by Yamin et. al (2018) was used to characterize the site coeffi-
cients for seismic design of buildings in Medellin, Colombia. This chapter is intended to
explain the methodology of reference. The steps for microzonation studies are resume as fol-
lows (Yamin et. al 2018):

a) Develop a probabilistic hazard assessment at bedrock level (PSHA) using standard avail-
able models.

b) Select representative seismic records according to a seismic hazard de-aggregation at the
study zone. Seismic intensity levels for seismic records should vary, then each can be associ-
ated with a different return periods of interest.

c) Zonation of the area of interest by geologic and geotechnical characterization. Characterize
static and dynamic parameters within each zone considering a representative soil layer
stratification.

d) Perform a soil dynamic response assessment over stochastic one-dimensional soil models.
Stochastic models are generated by Monte Carlo simulations considering variation of main
sources of uncertainty in soil-deposits characteristics (obtained from statistics analysis over
step c).

e) Assign the spectral amplification factor at each geographical location, as a function of the
specific soil profile vibration period and the return period of analysis.

f) Evaluation of response spectra at surface level by multiplying each ordinate of the uniform
hazard spectrum at bed rock by the corresponding soil amplification factors. A standard-
ized structural design spectrum per location is obtained by defining site coefficients Fa

and Fv.
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Each stochastic one-dimensional model has a characteristic soil fundamental period. This
same period can be obtained from in situ vibration measurements in field tests; then, a soil
fundamental vibration period map can be done. It serves as the linking parameter between the
measured soil dynamic response and the corresponding analytical amplification spectra, thus
allowing the development of a consistent approach to integrate and interpolate the spectral
parameters at surface level. Additionally, in order to validate the microzonation model, the
resulting amplification spectra from models are compared with those obtained from available
seismic records into the study region.

3 STUDY CASE AND APPLICATION

Medellin is the second largest city in Colombia with a population of about 2.6 million of
people and is located in the Andean region of Colombia. This city is exposed to a medium to
high seismic hazard provoked by the superficial and subduction fault systems named “Rom-
eral” and “Benioff zone”, respectively. Medellin soils deposit are mainly formed by complex
geological and geotechnical conditions. Although this region has not been affected in recent
years by strong earthquakes, the importance of the city, number of citizens and the high vul-
nerability presented in Latin American cities numbered the reasons to investigate the expected
local site conditions. Figure 1 presents the digital elevation model and a simplified version of
the geological map for the Medellin. Following are the step by step application of the refer-
enced methodology (Yamin et. al 2018).

3.1 Probabilistic Seismic Hazard Assessment (PSHA)

A PSHA was conducted for the regional zone were Medellin is located. All the sources of seis-
micity that may affect the city were included in the analysis. The fault characteristics were
obtained from updated information available for the National Seismic Hazard Assessment
Study for Colombia (AIS et.al 2009). The used ground motion prediction equations (GMPE)
represent the attenuation of the ground motion intensity for the fault systems: the Campbell
and Bozorgnia Strike model for shallow crust zones (Campbell et. al 2018), the Campbell and
Bozorgnia Reverse model for subduction zones (Campbell et. al 2018), and the Chiou &
Youngs model (Chiou & Youngs 2008) for the Benioff zones. Seismic hazard curves were
obtained at any location within the area of study using the software CRISIS 2015 (Ordaz et.
al 2015). For code purposes, uniform hazard spectra (UHS) were calculated for 31, 225, 475,
1000 and 2500 years of return period. In addition, the bedrock ground motion parameters Ss

and S1 were obtained for a 10% probability of exceedance in 50 years (Ss and S1 represent the
elastic spectral acceleration at short and 1s period).

Figure 1. Location of the area of study. (a) Digital elevation model and (b) Geological zones

classification.
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3.2 Seismic record selection

To perform the dynamic non-linear response assessment, it is necessary to select representative
records of the expected demands over soils deposits. Consequently, a seismic de-aggregation is
necessary to obtain the hazard contribution of the different magnitude-distance combinations.
In this study, a de-aggregation was conducted for a return period of 475 years. Within results,
several databases were used to select ground motions for the two seismic sources with the lar-
gest contributions to the seismic hazard of Medellín (Benioff zone and the Romeral fault
system). A total of 40 ground motion acceleration records from all databases were selected to
evaluate the dynamic response of the 1D soil models. The selected records magnitude ranges
from 7 to 8 (Mw); the distances to epicenter ranges from 80km to 150km (for subduction
zone) and 20km to 40km (for superficial fault system); the effective peak ground acceleration
(PGA) were grouped to 0.1, 0.2, 0.3 and 0.4 g and all seismic records were free-field records
measured at soil types A or B.

3.3 Zonation and characterization

Medellin city geological/geotechnical zonation grouped a total of 12 zones which are defined
based on a careful revision of the geological, geomorphological, and geotechnical information
available. These zones are characterized through a total of 113 geotechnical well-characterized
soil profiles from previous studies which were intended also to gather information for micro-
zonation purposes. The information available from each borehole was: the soil stratigraphy
(reaching a bedrock depth, VS = 760 m/s), number and type of soil deposits, shear wave vel-
ocity profile, unit weight and the dynamic soil properties and their variation with depth. Stat-
istical analysis was performed to boreholes grouped into each geotechnical zone. Figure 2
presents the statistical characterization for the “dunitas” and “residual soils” geological zones
in terms of the shear wave velocity and unit weight. In addition, each zone was characterized
in terms of the dynamic behavior obtained from all available results of cyclic triaxial, resonant
column and bender element tests (CIMOC et. al 2017) using the procedure proposed by Cai-
cedo et al. (2017) (see Figure 3).

3.4 Soil dynamic response assessment

Using the statistical results into each geological zone, a probabilistic distribution fitting was
performed for the following variables: shear wave velocity profile (Vs), the unit weight profiles
(γ) and the shear stiffness and damping (dynamic properties). The Vs was fitted to a lognormal
probability distribution while the rest were assigned to normal probability distribution. A
total of 200 stochastic soil profiles were generated per zone by using Monte Carlo simulations;
to each stochastic borehole, a linear-equivalent dynamic analysis was performed for the total
of selected seismic records using SHAKE-91 (Idriss 1992). The results were converted into

Figure 2. Statistical characterization of the shear wave velocity and unit weight for the “dunitas” and

“residual soils” deposits.
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spectral amplification factors dividing the response spectra obtained at surface by the input
motion spectra. The results showed, as demonstrated by Yamin et al. (2018), that spectral
amplification factors can be grouped by the fundamental soil vibration period (FSVP)
obtained from the analysis (e.g. for ranges every 0.05 seconds). Spectral amplification factors
are presented in terms of the mean and standard deviation of each group of results, as shown
in Figure 4. Grouping the results for the total FSVP within one geological zone produces a
surface of amplification factor spectra (AFS). Figure 5 presents the results of the AFS for the
“dunitas” deposits geological zone.

3.5 Assign AFS at each geographical location

The AFS developed considered the specific geology properties, the FSVP variation into each
geology zone and the seismic intensity according to the return period of analysis. To assign the
AFS to geographical locations, it was necessary to develop a soil vibration period map. Inside
the study area it was available important amount of information to do this task: seismic sta-
tions, microtremor measurements, and boreholes (see Figure 6a). Additionally, as proposed by
Yamin et al., a “geological boundaries” were defined using the geological and geomorphological
maps as well as the information extracted from the digital elevation model to include the firm
rock deposits boundaries (see Figure 6b). To define spatially distributed FSVP from the data

Figure 3. Dynamic model characterization for the for the “dunitas” and “residual soils” deposits.

Figure 4. Soil Amplification factors for different FSPV ranges and a ground motion PGA of 0.2 g for

“dunitas” deposits.

Figure 5. Surface amplification factor spectra for the “dunitas” deposits zone for different PGAs.
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available, interpolation techniques were used. Figure 6c presents the FSVP map obtained from
the interpolation process for all the available and developed data. The FSVP in Medellin soils
ranges from 0.11s to 0.66 s. The values have been revised and approved by local experts.

3.6 Evaluation of response spectra at surface level

For each point into a grid of 100×100m inside Medellin, the hazard spectrum at bedrock was
multiplied by the corresponding AFS. As defined by the methodology, a Latin hypercube
sampling (LHS) technique was performed to generate random response spectra at surface
level considering the main sources of uncertainty.Figure 7 shows the spatial distribution of
acceleration values at surface for the structural periods, Ts, of 0.2s and 1.0s. Deep deposits of
soft soil are clearly observed from the figure at the maximum accelerations at surface level
(points ranging from 0.7g to 0.9g for a Ts = 1.0s).

The methodology presented in the American standard “Minimum Design Loads for
Buildings and Other Structures” ASCE7-10 (ASCE 2010) for design spectra specifica-
tions is adopted to calculate site coefficients Fa and Fv from the surface response spectra.
Figure 8 presents the spatial distribution of the obtained site coefficients. It is evident
that site coefficients are very related to the FSPV; short-period and long-periods at
FSPV related very well with largest values of Fa and Fv, respectively. A web-based appli-
cation www.sis-va.tk developed permits to online display the design parameters in a uni-
form grid with 100 m spacing.

4 VALIDATION OF RESULTS

Results must be calibrated with the available information of s recorded ground motions
at soft soils deposits. At Medellin, seismic records were obtained from the local strong
motion network, Red Acelerográfica del Valle de Aburrá (RAVA). A total of 973

Figure 6. (a) Location of seismic stations, microtremor measurements, and boreholes, (b) geological

boundaries map, and (c) FSVP spatial distribution map.

Figure 7. Spatial distribution of accelerations for a return period of 475 years. (a) Ts = 0s (PGA),

(b) Ts = 0.1s and (c) Ts = 0.5s
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seismic signals recorded in a total of 32 strong motion stations (mostly located in soft
soils), from over 255 seismic events, were available. Measured motions were only repre-
sentative of seismic intensities lower than 0.1g; then, no significant nonlinear response
was expected. The information of deep stations was not reliable, thus three stations
located at bedrock outcropping formations were used to representate the hazard at bed-
rock level.
Three representative stations were selected for validation of results process: “Centro Control

EPM” – ECC, “Colegio Padre Mayanet”– MAN, and “El Tesoro” – EET, corresponding to
the Alluvial deposits zone, Mud and Debris flow deposits zone, and the “Gabros” residual soil
zone, respectively. Using the ground motions at these stations and the recorded at representa-
tive bedrock stations, measured spectral amplification factors were obtained, see Figure 9. The
top row presents the spectral amplification factors obtained from analytical models considering
all sources of uncertainty. The bottom row shows the corresponding spectral amplification fac-
tors obtained from the analysis of all available seismic records. Note that alluvium sites (ECC)
show lower amplification factors than Gabros sites (ETT). This is due to the high consolidation
level of most alluvial deposits, and the considerable degradation of the residual soils (Gabro)
due to weathering effects, which were particular conditions of the area under analysis.
Obtained mean values, spectral shape, and structural period of the maximum amplification

from the analytical and the measured data present a fairly well correspondence. Analytical
models resulted in higher variability which is expected because the inherent uncertainty in this
type of analysis and the use of probabilistic models. This variability increases as the FSVP of
the deposit increases; this is explained by the variability observed in softer deposits profiles
compared to stiffer deposits.

5 CONCLUSIONS

The methodology applied to the Medellin case permits a consistent and rigorous seismic
microzonation of the city. The uncertainties in geotechnical characteristics, dynamic

Figure 8. Spatial distribution of the design parameters (a) Fa and (b) Fv.

Figure 9. Spectral amplification factors (a) seismic records and (b) analytical 1D model.
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properties, record-to-record variability, FSVP, hazard at bedrock and dynamic response
of soils were included in the analysis of site response. Grids of 100 × 100 m can be used
to estimate the site coefficients Fa and Fv for design purposes. A web-based application
(www.sis-va.tk) integrates the final seismic design recommendations for the case study,
in terms of spectral values at the surface of the deposits that allows potential users to
consult all related seismic information in the area of interest, in particular the final
design spectra at bedrock or at the soil surface.
The validation of results using the measured seismic records inside the city demonstrates

that the results of modeled spectral amplification corresponds fairly well to the amplitude and
dispersions of the measured response of local soils. Some slightly overestimation is observed
from modeled amplification factors at long period range of the response; however, the differ-
ences are reasonable considering the limitations of the available information. The method-
ology clearly represents a significant advance in the assessment of the seismic hazard
considering the local soil response. The results allow an immediate use in practical applica-
tions such as the seismic design of buildings and the seismic risk assessment using platforms
such as CAPRA (www.ecapra.org).
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