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ABSTRACT

The paper summarizes the activity carried out in a recent project aiming to apply updated
methodologies to the seismic microzonation of the urban area of Mendoza (Argentina), located in
a region characterized by high seismic activity and on deep recent alluvial deposits. Stratigraphic
and geophysical data available from previous studies were integrated with new investigations at
test sites representative of four microzones. Field investigations included sampling pits, one-
station (HVSR) and multi-receiver surface wave (ESAC) passive geophysical tests. Resonant
Column - Torsional Shear tests on undisturbed and reconstituted specimens were carried out to
define the non-linear behaviour of silty, sandy and gravelly soils. Natural accelerograms were
selected following the national code and deterministic near-fault hazard approaches, and used as
reference input motions for 1D seismic response analyses. The results were summarized in terms
of average spectral shapes and distributions of amplification of PGA and Housner intensity.

Seismic Hazard in the Area of Mendoza

The paper refers on the main outcomes of recent studies aimed at updating the seismic
microzonation of Mendoza, the fourth most populated city in Argentina (currently 1 million
inhabitants). It is located close to the Eastern margin of the Andean Precordillera, i.e. one of the
seismically most active zones of thrust faulting in the world, where GPS data reveal a shortening
rate of ~4.5 mm/yr (Figure 1a). In the Northern Mendoza Seismic Region, dominated by north-
trending thrust faults and complex folded structures (blind faults), several destructives
earthquakes occurred during the last few hundred years. In 1861, one of the most destructive
earthquakes in the history of Argentina (Mg = 7.0) destroyed the city and surroundings; the event
is inferred to have been triggered by the 31km-long east-migrating La Cal thrust fault, which
extends south into the Greater Mendoza (Figure 1b).
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Figure 1. regional (a) and local (b) seismicity in the area of Mendoza (Salomon et al., 2013)

Very accurate tectonic-geomorphological and paleo-seismological investigations (e.g. Salomon
et al., 2013) permitted to quantify the near-source seismic potential of La Cal fault and induced
to take it into account to define the reference input motions for the following analyses. In fact,
the seismic input motions were defined following two different criteria:

- the first one (‘Nor’ in the following), was referred to the national design standards, defined by
INPRES (1991), based on a probabilistic approach; in the seismic zone of Mendoza, for rock or
firm subsoil and ordinary buildings, the code specifies a reference peak ground acceleration
PGA; = 0.35g and the spectrum drawn in Figure 2a with a yellow line;

- the second one (hereafter ‘Det’), was based on a deterministic approach, referred to the seismic
potential of the La Cal fault; Mingorance et al. (2006), by means of the attenuation law by
Ambraseys & Douglas (2003) specific for near-fault areas, defined for the Maximum Potential
Earthquake a PGA, as high as 0.57g and the reference spectrum plotted in yellow in Figure 2b.

For the ‘Nor’ approach, an automatic selection of seven accelerograms from an european seismic
database was first attempted using the Rexel code (Iervolino et al., 2009), by assuming ranges of
moment magnitude and epicentral distance equal to M,=5.0—7.0 and D=0-30 km, respectively.
Only three signals were verified to fully satisfy the requirements of minimizing the scale factor,
SF, and the root mean square deviation, D, from the target spectrum (with a tolerance of -20%
and +60%), in the range of periods T=0-0.7s, typical of the building stock in Mendoza.



2.0

: T 2.0 T T
@) : INPRES CIRSOC 103 _ ® | La Cal AD (2003)

_ : Lower tolerance [20%] 2 A\ | — Med-Mai

Bm Upper tolerance [60%] %3 15 I_ \ ! — Nor-Pac o

s 15 — -CamLuc-ST96 | g N i fici

) ; 5 \ \, | — Artificial

15 — +Fri-ST20 £ | N

S S v oA f — Mean 3/4

5 — Mont-ST68 o \ N\ \,\

o —Mean 3/7 ] 8 1.0 ) N

2 1.0 g Y NSNS O

3 = \: SN~

= : B \ >~

Sospff — : a(%JO'S : : ——~\ \‘\"—\

g ; s TR ==
\ ~—— sl S~
N —_— === ~—

op LEEEEgsd} + ~ | TT T~ -~ 0.0 ‘ }
) 0 0‘5 1 15 2 0 0.5 1 15 2
- . period,T [s]

period, T [s]

Figure 2. Compatibility between the target response spectra and the selected accelerograms for
code specifications (a) and site-specific deterministic hazard assessment (b)

On the other hand, the ‘Det’ approach required a more refined search of spectrum compatible
accelerograms: the signal ‘Nor-Pac’ was extracted from a specific database of near-fault records
as the only one with magnitude as high as that of the MPE (Mw = 6.8); the ‘Med-Mai’ record
was taken at a stiff outcrop station in the Maipu district, during the last strong-motion earthquake
(Mw=5.4) generated by the same seismogenic source; an artificial record was also generated by
the Belfagor code (Mucciarelli et al., 2004) as fully compatible with the reference spectrum.

The details of the records are reported in Table I, while the individual and mean spectra relevant
to both sets are drawn in Figs. 2a-2b with coloured and black lines, respectively.

Table 1. Details of the sets of accelerograms selected for both approaches

. D |PGA | D,y
Set Record Id Earthquake Station J\7 km) | (@ | (%) SF
Fri-ST1043 Friuli, 16.09.1977 ST1043 541 11 |0.09 |22.8|4.03
Nor CamLuc-ST96 Campano Lucano, 23.X1.1980 ST96 6.9 32 10.32(23.1]1.08
Mont-ST68 Montenegro, 24.05.1979 ST68 6.2 | 30 |0.08|22.9]4.58
Mean | 0.37 | 5.4 | 0.94
Nor-Pac Northridge, 17.1.1994 Pacoima Dam | 6.7 19 | 041 244|135
Det Med-Mai Mendoza, 26.1.1985 MMMP 541 15 020 7.6 |3.65
Artificial - - - - 0.58 | 0.4 | 1.00
Mean | 0.63 | 53 | 0.91

Subsoil Properties

The study area consists of deep Quaternary alluvial deposits, investigated by the analysis of
existing geophysical surveys, deep wells and boreholes, for a total of 246 investigation sites,
unequally distributed in the “Piedmont”, in the "Floodplain" and in the "Alluvial cone" areas
(Figure 3a). The groundwater is deeper than 100m all along the urban area (PEN 1989).



Most of the sediments come from the Mendoza River, located to the South of the area; other
minor tributaries are from intermittent Piedmont streams. The maximum grain-size of the
Alluvial cone sediments declines uniformly moving from the Mendoza River (South) to the
central Guaymallén, up to Las Heras districts (North). The Floodplain extends towards the
North-East of the urban area in Las Heras and along the North limit of Guaymallén. In this zone,
deep deposits formed by low plasticity silty soils are distributed irregularly. Among the Alluvial
cone and the Floodplain a ‘Transition zone’ can be individuated, with deep and fine sediments or
clay lenses are erratically located.

The conventional seismic bedrock was identified as the top of the dense, often cemented, gravel
formation present in every zone. Typically, in the alluvial cone, it is found very close to surface
or outcropping, while it can be as deep as few tens of meters in the other formations.
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Figure 3. Geomorphological map with: location of boreholes investigated by PEN and UnCuyo
(a); microzones and sites where geophysical tests were carried out (b)

Based on the geological setting of the area, and the geotechnical/geophysical data collected, four
microzones (Fig. 3b) different for their typical subsoil profile were individuated as:

- Zone D: deep alluvia, including some zones in the northern Las Heras district, where the
alluvial deposits are characterized by thick silty layers, with an overall thickness reaching
several tens of meters above the stiff gravel bedrock;

- Zone S: shallow alluvia, across the Las Heras district and the north of Capital, where the
silt deposits reduce in thickness to no more than ten meters, and lay above granular
deposits with grain size increasing to sand and gravel, down to the bedrock;




- Zone T: transition, along most of Capital and towards Guaymallén district, where the
overall thickness of silt and sand is of the order of ten meters above the gravelly bedrock;

- Zone C: conoid, approximately corresponding to the southern district of Godoy Cruz,
where the silt/sand cover progressively vanishes and, at the same time, the bedrock
appears covered by thin silty covers or looser gravel layers.

The borders approximately correspond to those defined by Barchiesi & Mancipe-Herrera (2013).

Very recently, surface-waves passive techniques were adopted, consisting of 33 single-station,
three-component micro-tremor acquisitions, along with 5 two-dimensional seismic arrays.
Single-station horizontal-to-vertical spectral ratios (HVSR) were obtained by following the
procedure described in SESAME (2004). Two-dimensional arrays were arranged in L-shape with
unequal inter-distance, and the data processed with the Extended Spatial AutoCorrelation
(ESAC) technique, jointly inverted with the HVSR to determine shear wave velocity profiles.

Fig. 3b reports the location of measurements together with a sample of the two main families of
observed HVSR. In 7 sites, mainly located in the Transition zone, it was possible to observe a
clear and significant HVSR peak, while in 22 cases the HVSR curve did not show any resonance
to be attributed to a sharp impedance contrast at depth. Figure 4 shows the shear wave velocity
profiles obtained from four ESAC tests, all of them showing an increase of Vg with depth and
identifying the conventional seismic bedrock in the stiff gravel formation with Vg higher than
600 m/s. All the profiles were checked to yield linear transfer functions with natural frequencies
corresponding to those shown by the HVSR.
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The non-linear and dissipative behaviour of the silty, sandy and gravelly soils was measured in
the laboratory at the University of Napoli, by means of a fixed-free Resonant Column/Torsional
Shear (RC-CTS) device (d’Onoftio et al., 1999).

Undisturbed silty specimens were directly retrieved from manually excavated pits not deeper
than 2m and tested at their natural water content, at an isotropic confining stress between 20 and
150kPa; the coarse-grained specimens were prepared based on the mean grain size distribution of
the related deposits, reconstituted at the in-situ density by tamping, and tested in dry conditions.
The gravel specimens were prepared by scalping the grain distribution to a maximum particle
size dmax=10mm, to get a ratio equal to 5 between the specimen diameter (50mm) and dax.

Figure 5 shows the experimental results in terms of normalized shear modulus, G/Gy, and
damping ratio, D, versus shear strain, y, obtained averaging the data from the RC and CTS tests.
The curves obtained for the natural silty specimens (Figure 5a) show an overall more linear and a
slightly less dissipative behaviour with respect to those suggested by Darendeli (2001) for fine-
grained soils with comparable plasticity index (15%), and seem to be more sensibly affected by
the increase of confining stress. In Figure 5b the experimental curves of the reconstituted
granular materials are compared to standard literature curves for comparable materials: the sandy
specimen (Arena0l) shows a stiffness decay in a good agreement with that suggested by Seed
and Idriss (1970); the gravelly specimen (Grava0l), instead, is characterized by a linear
threshold comparable to that measured on the sandy material, but by a sharper decay of stiffness,
also with respect to the curve suggested by Rollins et al. (1998). Both granular materials show a
significantly more dissipative behaviour with respect to the standard curves.
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Figure 5. Variation of normalized stiffness and damping ratio with shear strain for (a) fine and
(b) granular soil samples

Seismic Response Analyses and Microzonation Mapping

Due to the moderate changes in layerings along the microzones, nine representative sites (flags
in Fig. 3b), including those where ESAC tests were executed and laboratory samples extracted,
were selected for one-dimensional seismic response analyses. These were carried out in the
frequency domain by the linear equivalent approach with the well-known code DEEPSOIL v. 5.1
(http://deepsoil.cee.illinois.edu/), by using both sets of accelerograms ‘Det’ and ‘Nor’ as
reference input motions. The results were synthesized in terms of amplifications factors
expressed in terms of peak ground acceleration (FA) and Housner intensity (FH), as follows:
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where the subscripts ‘inp’ and ‘out’ stand for input and surface motions, respectively. The
Housner intensity, Iy, was computed with reference to the range of periods 0-0.7s, considered as
the most significant for the building stock of Mendoza.

Figure 6 exemplifies the variation of FA and FH along a N-S stratigraphic section drawn across
the four microzones, encompassing eight sites: it is apparent that the high-frequency
components, represented by FA, are enhanced in the low-thickness soil deposits (microzones S
and T), while the spectral intensity is most amplified in the deeper alluvial formation towards
Las Heras (microzone D).

The mean response spectra computed for each set of input motions, averaged for the sites
pertaining to each microzone, are plotted in Figure 7. Whatever the hazard approach, the plots
show the overall growth of the spectral ordinates at periods increasing with the thickness of
alluvial deposits, i.e. moving from microzone C, through T and S, to D. The highest spectral
acceleration results maximum for the transition zone, being higher than 2g for both ‘Nor’ (a) and
‘Det’ (b) input motions, at periods 0.25s and 0.35s, respectively. Also, peak spectral ordinates for
shallow alluvia are even higher than those for deep alluvia at periods 0.4s to 0.7s.
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Figure 6. FA vs FH along a NS section crossing the four microzones
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Figure 7. Mean response spectra in the four microzones for Nor (a) and Det (b) input motions

The dependence of the range of variation of dominant periods and peak spectral ordinates on the
different microzones is finally shown in Figure 8a,b for the ‘Nor’ and ‘Det’ input motions,
respectively, with rectangular areas shaded with colours variable with the microzone. The shift
towards higher period amplification with the progressive transition form South to North is
apparent. It should be noted that the highest peak spectral ordinates are predicted for the
Transition zone, i.e. where clear amplification peaks were detected by HVSR. The trend looks
qualitatively similar to that individuated by Barchiesi & Mancipe-Herrera (2013) in previous
studies (solid rectangles), although with different input motions and subsoil characterization.

As a conclusive remark, the study highlights the high degree of local seismic hazard in the most
populated district of Capital, pertaining to the Transition zone, and suggests to deepen subsoil
investigations and to extend seismic response analyses especially in this area.
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