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Abstract. Site response analyses are widely used in modern engineering practice to assess the effects of local geological
conditions on ground motions during earthquake. The present research focuses on assessing the performance of the two
advanced versions of 1-D site response analysis - non-linear and equivalent linear. The background of 1-D site response
analysis is presented including its basic assumptions, merits, shortcomings, software implementations and versions
regarding soil constitutive behavior. Next, the geological conditions of Sofia city are presented, including historical and
modern seismicity of the region, the specifics of the sediments and the underlying fault systems. Two sites were chosen for
experimental measurement of ambient noise, namely, Loven Park and Manastirski Livadi. The measurements were carried
out by seven accelerometers Etna 2, with sampling frequency of 100 samples per second, and duration of 30 min. HVSR
(Horizontal to Vertical Spectral Ratio) curves were obtained for all recordings, which together with nearby borehole data
served as a basis for computing the shear wave velocity profiles for the two sites by using two methods - the inversion of
the HVSR curves, and the MSPAC (Modified Spatial Autocorrelation) method. All computations related to ambient
vibration processing were carried out by the GEOPSY software. The obtained shear wave velocity profiles were used as
input data for performing site response analysis by the DEEPSOIL software, whereby the computations were done in two
different ways - true non-linear analysis assuming the soil to be a material with hysteretic behavior, and equivalent linear
analysis, where the analysis is stepwise linear and the material properties are adjusted according to the shear strain levels.
The computations also require an earthquake motion as input, so motions from two earthquakes which occurred near Sofia
in 2008 and 2012 were selected and scaled as ground motion patterns of return periods 95 years and 475 years respectively.
The obtained results were compared from two perspectives. First, the response spectra at bedrock level and surface level
were used to get the amplification factor at each period in the range from 0.01 s to 10 s. Then, the PGA (peak ground
acceleration) plots were produced for soil depth up to 60 m revealing the variation of acceleration through the soil profile.
The most important findings are the following: The non-linear analysis leads to notably lower levels of PGA compared to
the equivalent-linear analysis, and the difference increases with increasing input acceleration. For the Loven Park profile,
the differences in the calculated PGA become significant for input acceleration levels of 0.36 g. For the stiffer profile in
the Manastirski Livadi area, the deviations between the two methods are significant for input acceleration levels of 0.10 g
through 0.36 g. For both profiles, it can be concluded that the equivalent-linear method is conservative approximation of
the fully non-linear method, as it yields higher spectral accelerations for most spectral periods. There are a few exceptions
for periods between 3 s and 10 s (Manastirski Livadi) and 4 s to 10 s (Loven Park), in which case the nonlinear response is
slightly higher than the equivalent linear response.

INTRODUCTION

Site response analyses are widely used in current routine engineering practice to assess the effects of local
geological conditions on ground motion. The assumption that seismic waves arrive vertically—meaning the ray path
or direction of wave propagation is perpendicular to the surface—allows for one-dimensional simulations of site
response in horizontally layered soils. Site response software (e.g., SHAKE, STRATA, DEEPSOIL, SIREN) applies
seismic motion in only one horizontal direction and implicitly assumes that both horizontal directions are independent.
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Soil behavior during earthquakes can be nonlinear. When calculating site response, it is important to account for
this nonlinear ground behavior. The effect of nonlinear soil behavior on site response and the resulting surface ground
motion can be estimated using several methods. This study applies two of them: the equivalent-linear (EQL) method
and the nonlinear (NL) method. DEEPSOIL, a one-dimensional site-response analysis program [1], was used to
perform numerical analyses using both methods to investigate the effect of local soil properties on the characteristics
of ground motions transferred to the surface.

The conceptual difference between equivalent linear and nonlinear site response methods lies in the following:

The EQL analysis uses linear elastic properties of soil layers and an iterative procedure to update the elastic
properties based on the amount of calculated shear strain. The final iteration is still a fully linear elastic simulation
with “equivalent” elastic parameters that approximate the nonlinear response of the soil layers. The NL method solves
the dynamic wave equation directly using a nonlinear stress-strain relationship, accounting for actual stiffness during
loading, unloading, or reloading according to Masing rules [2].

EQL and NL analysis require definition of soil shear wave velocity profiles; selection of appropriate shear modulus
reduction and damping curves; specification of input bedrock motions [3], [4], [5], [6], [7]. The horizontal-to-vertical
spectral ratio (HVSR) method for microtremor has been used in many studies to assess local seismic response in terms
of soil fundamental frequency and site amplification, and to identify fundamental resonance frequencies and dynamic
characteristics of structures at different frequencies [8], [9], [10], [11], [12].

The only limitation of the HVSR method compared to geophysical techniques is that it does not directly provide a
shear wave velocity structure. This can be derived via HV inversion modeling of the spectral ratio curve [13], after
which the depth-dependent shear wave velocity and other geotechnical parameters can be used in EQL and NL
methods.

This study also uses the neighborhood algorithm by Sambridge [14] to derive the shear wave profile using SPAC
(Spatial Autocorrelation) curves. This algorithm, along with HVSR curve modeling, was implemented in the software
package Geopsy.

EQL and NL site response analyses e.g., [3], [5], [6], [7] can be performed for various earthquake scenarios,
ranging from low to high seismicity. Site response analysis, which calculates the propagation of strong ground motions
from the bedrock through the overlying soil layers to the ground surface, is a powerful tool for assessing the effect of
local soil conditions (i.e., site-specific seismic response) on ground motion at the site [1], [5], [6].

GEOLOGIC CONDITIONS

The capital city of Sofia is located within the Sofia Basin, which constitutes part of the Sub-Balkan graben system,
characterized by a distinct pattern of geological evolution. The Sofia graben represents the westernmost extensional
locus from a fault system formed at the Balkan range front [15]. The faults eastward from Sofia are associated with
pronounced piedmont—range front junctions, as well as hanging wall basins that have axial trunk streams. The Sofia
Basin is the only sedimentary basin along the whole range front, in which the main factor for deposition and erosion
is a regional river that transversely crosses the basin headed toward the Balkan range front, already since the Late
Miocene [16]. The main stream is the Iskar River. This river has a huge catchment upstream from Sofia. The major
volume of the basin fill near Sofia was deposited in the Iskar fluvial fan, including a fan delta that was embedded in
the subaerial layers during Pontian and Dacian times [16].

Preserved historical records indicate the occurrence of strong and destructive earthquakes in the region during the
15% to 18" centuries [17]. The first well-documented strong earthquake occurred in 1818, near the city of Sofia. The
most powerful earthquake (M, = 6.3) recorded in the vicinity of Sofia took place in 1858. The strongest seismic event
near Sofia during the 20th century was the 1917 earthquake, with a magnitude of M, = 5.3, [18] and [19].

Approximately a century later, on May 22, 2012, an earthquake (M, =5.6) occurred with an epicenter located
about 25 km southwest of central Sofia, between the towns of Pernik and Radomir.

DATA AND MEASUREMENTS

The study was conducted in two zones within the territory of Sofia City — Manastirski Livadi residential area and
Loven Park. All measurements were carried out using seven mobile ETNA 2 accelerometers, with a sampling
frequency of 100 samples per second. The X-axis of the accelerometers was oriented north, and the Y-axis west. In
the Manastirski Livadi area, two measurement sessions were conducted (at 7 points), and in the Loven Park area, one
session was carried out (also at 7 points). Each point was measured for a duration of 30 minutes. To model the
subsurface environment, the inversion of the resulting HVSR curves and the autocorrelation of the SPAC results were
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supported by engineering-geological data obtained from the nearest boreholes in the Sofia Basin area, referenced from
[20]. Borehole Bnal®6 is located approximately 400 meters from the studied area in Manastirski Livadi. Borehole Bnal
is located about 140 meters from the measurement site in Loven Park, see Fig. 1. Stratigraphic models of the boreholes,
along with some of the geotechnical parameters used in the EQL and NL methods, are presented in Fig. 2.
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FIGURE 1. Spatial distribution of the measurement points and boreholes used for engineering-geological data.
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FIGURE 2. Soil stratigraphic models of boreholes Bnal (Loven Park) and Bnal6 (Manastirski Livadi). PI — Plasticity Index, Ko
— Coefficient of Earth Pressure at rest according to Darendeli [21].
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EXTRACTION OF THE SOIL VELOCITY PROFILES

Soil profiles of the shear wave velocity were extracted using two methods — inversion of HVSR curves and MSPAC
(Modified Spatial Autocorrelation) autocorrelation curves. The inversion process is a method of matching observed
data with numerical models in order to find the optimal parameters that reproduce the best fit between theoretical and
experimental results. The optimal model is defined as the one that minimizes the discrepancy between observed and
calculated values, [22]. One of the inversion analysis methods used in HVSR is the analysis of the ellipticity curve of
Rayleigh waves. The main idea of the method is to separate Rayleigh waves from other types of seismic waves through
selection and processing of time windows of the microseismic signal. This is achieved by analyzing the polarization
of ambient noise and using frequency filters.

For the isolated Rayleigh waves, the energy of the sum of the vertical and horizontal components of the recording
in the selected time window is calculated. This energy serves as the basis for determining the ellipticity of the Rayleigh
waves, which is, in turn, a function of frequency. Since the ellipticity of these waves depends on the subsurface
structure, it contains valuable information about the distribution of shear wave velocity (V) and the thickness of
sedimentary layers, [23]. Through inversion analysis of the HVSR curve and using additional constraints, e.g.
geological data or other geophysical methods, a detailed model of the soil and bedrock velocity profile can be obtained.
For the extraction and modeling of the subsurface lithology, the software Geopsy was used, which offers powerful
tools for processing ambient seismic noise, analyzing wave polarization, and performing inversion analysis of HVSR
curves. Figure 3 presents the measured spectral horizontal-to-vertical ratio curves obtained from the two sites.
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FIGURE 3. Dependence of the HV spectral ratio on frequency for the Manastirski Livadi (a) and the Loven Park (b) areas

The MSPAC method uses spatial autocorrelation curves to extract the dispersion curve of phase velocity, which is
subsequently used to determine the shear wave velocity profile, [24]. For this purpose, the vertical components of
ground motion excited by ambient noise were recorded at the surface using arrays of seven accelerometers. This
system provides an acceptable response for frequencies between 0.25 Hz and 70 Hz. The array radii, r, range from
17 m to 59 m. Different radii were used in the Manastirski Livadi area — 17 m, 25 m, 34 m and 50 m, and in the Loven
Park area — 18 m, 23 m , 38 m and 49 m. The longest wavelengths to be resolved by the MSPAC method are in the
order of Amax ~ 15 X rmax t0 16 X rmax. The expected maximum investigation depth, zmax, lies between Amax /3 and
Amax / 2. The limitations of the SPAC method arise from the oscillatory nature of the Bessel function, which exhibits
multiple solutions for arguments greater than approximately 3.6. Thus, dense azimuthal sampling of the wavefield is
achieved, and the matching wavelength is approximately Amin ~ 1.8 X rmin. Figure 4 shows the shear wave velocities
extracted by both methods, as well as the averaged velocities for the two sites, which were subsequently used in the
EQL and NL analyses.
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FIGURE 4. Shear wave velocity profiles obtained by the two methods — inversion of HVSR curves and MSPAC autocorrelation
curves, (a) Manastirski Livadi area, (b) Loven Park area.

NONLINEAR AND EQUIVALENT LINEAR ANALYSIS

Each seismic event is characterized by a distinct ground motion, which can be defined by a site-specific seismic
response spectrum that depicts the peak ground acceleration as a function of the shaking frequency for that event, [6].
For input motions of a seismic event with return periods of 95 years and 475 years, [25], accelerograms of the
horizontal components (EW, NS) of two earthquakes recorded at the VIS (Vitosha) station were used. These
earthquakes occurred on 15.11.2008 (¢ =20:08:20 GMT; hypocenter: 42.66N/23.33E; My = 3.6; depth = 12 km) and
22.05.2012 (¢=00:00:33 GMT; hypocenter: 42.66N/23.01E; M, =5.2; depth=10 km). Figure 5 shows the
accelerograms of these events after being scaled with coefficients corresponding to seismic events with peak
accelerations of 0.10 g and 0.36 g (95-year and 475-year return periods, respectively), and Fig. 5 shows their Fourier
amplitude spectra. The records were also scaled to 0.20 g and 0.30 g to allow for a more detailed study.
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FIGURE 5. Horizontal components of the earthquakes: (a), (b) 15.11.2008 scaled to 0.36 g; (c), (d) 22.05.2012 scaled to 0.10 g,
both recorded at seismic station VTS.
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FIGURE 6. Normalized Fourier amplitude spectra of the earthquakes in Fig. 5.

The two soil profiles were modeled using the DEEPSOIL program, a widely used equivalent linear and nonlinear
one-dimensional (1D) site response analysis software. The analyses were conducted in two modes: nonlinear time-
domain (NL-TD) and equivalent linear frequency-domain (EL-FD) site response analysis. The Generalized
Quadratic/Hyperbolic (GQH) model, which defines the shape of the basic stress-strain backbone curve proposed by
Groholski, [26], was used in the analysis. Non-Masing hysteresis models were employed to reduce cycle size and
achieve soil behavior similar to laboratory conditions. Empirical modulus reduction and damping curves proposed by
Darendeli, [21] were used in the response analysis to represent soil behavior. The MRDF (Modulus Reduction and
Damping Function) fitting procedure was applied to the modulus reduction and damping curves. For the site response
analysis, the acceleration time history of the outcropping bedrock, propagated through the soil to the ground surface,
is specified. The surface motion time history is then directly used to calculate the acceleration response spectrum at
the ground surface. The result of the 1D equivalent linear (EQL) and nonlinear (NL) site response analyses is the site-
specific response spectrum, expressed by the spectral acceleration at the ground surface (SSURF) and the
amplification factor (AF) of the site. The amplification factor represents the ratio of the spectral acceleration at the
soil surface (SSURF) to the spectral acceleration of the bedrock (SROCK) as a function of frequency, f:

AF = SSURF(f) (1)
SROCK(f)

2.5

average AF - earthquake 05.22.2012

0.5 AF earthquake 05.22.2012
- average AF - earthquake 15.11.2008
0 ----  AF earthquake 15.11.2008
1072 107" 10° 10"

Period, s
FIGURE 7. Amplification factors for the Manastirski livadi area: EQL
The results of the calculated amplification factors (AF) from both analyses for the two sites and the two input

motions are shown in Fig. 7 and Fig. 8 for the Manastirski Livadi area and in Fig. 9 and Fig. 10 for the Loven Park
area.
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FIGURE 9. Amplification factors for the Loven park area: EQL
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FIGURE 10. Amplification factors for the Loven park area: NL

Figures 11 and 12 show the propagation of the input ground motion from the bedrock level to the surface. The
results of the input motion from the earthquake on 15.11.2008 are shown in red and blue for the EW and NS
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components, respectively. The results of the input motion from the earthquake on 22.05.2012 are shown in violet and
ochre for the EW and NS components, respectively. The main amplification effects are observed in the upper soft
surface soil layers. The bedrock layer is defined as an elastic half-space with a unit weight of 22 kN/m?, 2% damping,
and Vs = 900 m/s for the site in the Manastirski Livadi area, and 22 kN/m? and Vs = 970 m/s for the site in the Loven

Park area.
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FIGURE 11. Distribution of PGA with depth for 0.10 g input motion.
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FIGURE 12. Distribution of PGA with depth for 0.36 g input motion.
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DISCUSSION

The difference between equivalent linear and nonlinear responses varies depending on the soil profile and ground
motion. In some cases, the differences between the two responses are negligible, while in others they are quite
significant. The following can be observed by comparing equivalent linear and nonlinear responces:

The nonlinear method results in significantly lower PGA levels compared to the equivalent linear method. The
differences increase with higher levels of input acceleration. For the Loven Park profile, the differences in calculated
PGA become significant at input acceleration levels of 0.36 g. For the stiffer profile in the Manastirski Livadi area,
deviations between the two methods are significant at both 0.10 g and 0.36 g input acceleration levels.

For both profiles, it can be concluded that the equivalent linear site response method is an approximation of the
fully nonlinear method. The equivalent linear method tends to provide conservative estimates of spectral accelerations,
yielding higher spectral accelerations for most spectral periods. There are a few exceptions for periods between 3 and
10 seconds (Manastirski Livadi) and 4 to 10 seconds (Loven Park), where the nonlinear response is slightly higher
than the equivalent linear response.

Another important observation is on the relative influence of the soil profile and the ground motion shape on the
amplification factors. The influence of the soil profile seems to be much more pronounced if we compare the difference
of the individual average curve shapes of say Fig. 7 or Fig. 8 and the difference in the pairs of average curves for the
same earthquake in Fig. 7 and Fig. 8. The same observation holds for the data presented in Fig. 9 and Fig. 10. This
observation is encouraging in terms of earthquake preparedness and mitigation, as the soil profiles can be studied in
any detail desired, while the knowledge of the variability of ground motions is very limited, especially in regions of
low and moderate seismic activity. The Fourier spectra of the used accelerograms, Fig. 6, are sufficiently different, so
the limited influence cannot be attributed to a similarity of the records.

The simulations carried out here show that for input acceleration levels higher than 0.10 g, nonlinear effects are
noticeable for both the profiles in Manastirski Livadi area and the Loven Park area, Fig. 11 and Fig. 12, with the PGA
at the surface level being consistently lower for the NL analyses compared to the EQL analyses. In the same figures
we observe that the distribution patterns of PGA in depth also differ significantly between the NL and EQL cases.
This means that not only an EQL analysis may prove too conservative in regard to the PGA at surface level, but it
may be misleading and even more conservative as to the distribution of PGA in depth.

The distribution patterns in depth of the individual horizontal components (NS and EW) of the 2008 earthquake
differ much more than those of the 2012 earthquake, Fig. 11 and Fig. 12. This can be interpreted as an indicator of
stronger directivity effects present in the 2008 earthquake record for the studied areas.

CONCLUSION

A comparison between nonlinear and equivalent-linear 1D site response analysis was carried out for two
representative locations of the Sofia Basin.

The results indicate that apart from some rare exceptions the nonlinear analysis always yields less amplification
both at surface level and in depth, so adopting it will result in more economical design solutions.

The effect of variability in bedrock motion on the site response is smaller than the effect of the variability of soil
profiles. Therefore, it is imperative that the subsurface structure is studied in as much detail as possible before
implementing site response analysis, at least for the Sofia Basin, where the soil layers are known to be far from
uniform.

The distribution pattern of PGA with depth can expose directivity effects in the ground motion, so in this sense
site response analysis can be used a tool for detecting directivity effects.
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