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cludes Cretaceous marls and limestones and neo-Cre-
taceous basalts. The E and NE area have Cenozoic for-
mations, mainly Palaeocene and Miocene sedimentary
series, associated with the genesis and evolution of the
Tagus river basin. During the Miocene, an open con-
nection with the sea allowed the deposition of a com-
plete estuarine sequence, with alternating marine and
continental facies. The thickness of the complete se-
quence can be as great as approximately 300 m. As the
Miocene units form a monocline dipping east, the se-
quence becomes thicker eastwards. The Pliocene and
Pleistocene sedimentation represents new conditions
in the basin with a predominantly sandy sequence. The
Holocene fluvial deposits are characterized by a se-
quence of sandy and clayey lenticular beds with lateral
and vertical facies variations.

The Baixa area, located in the northern estuarine
margin of the Tagus River, corresponds to the fluvial
outlet of a 6.2 km? elongated basin cut in the Miocene
bedrock [Almeida et al. 2009]. The valley is filled by a
thick layer of alluvial sediments (normally consolidated
silty sands and organic silty clays).

The Miocene formations present in the area cor-
respond to the base of the Lisbon sequence defined by
Cotter [1956] and characterized by alternating units
with marine and continental influence and large verti-
cal and lateral variations of facies. In the area, the
Miocene sequence includes overconsolidated soils and

soft rocks, gently tilted south and southeast with local
undulations, giving rise to the geomorphologic setting
with incised valleys bounding gentle hills. In this se-
quence, the different units, although very variable, are
characterized by the main lithologies including (Figure
2): silty clayey soils and calcarenites (M, and Mp); fine
micaceous sandy and silty sandy soils (M, Mgg
Mpm); limestones, calcarenites and coquinites (M
Mgy and M, ).

Located at the northern Tagus’ margin, the Baixa
area is morphologically marked by a depressed area be-
tween gentle hills (Figure 2). Affected by tides since his-
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torical times, the natural alluvial infill is almost
completely covered by anthropogenic deposits.

3. Geotechnical characterization and 3D modelling

3.1. Geological and geotechnical modelling

As already mentioned, downtown Lisbon suffered
anumber of changes due to human interventions dur-
ing its different phases of occupation and, also, severe
damage caused by earthquakes. In recent decades, a
large number of engineering works, especially for
urban, subway and infrastructural development, were
carried out. The amount of geological and geotechni-
cal information produced constitutes an important con-
tribution to the knowledge of the geology and the
geotechnical characteristics of the area.

Figure 2. Left: Surface geology of the Baixa area (adapted from Pais et al. [2006]). The central part is filled by alluvial sediments covering
Miocene formations (see lithological composition in the text). Right: Digital terrain model (DTM) obtained from a 1:1000 survey scale.
Dashed black lines separate the three defined zones (north, central and south).
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As part of the GeoSIS_Lx research project, a geot-
echnical and geological database has been developed to
include in situ investigation data (borehole interpreta-
tion, sampling and geotechnical measurements) and
laboratory test results. The database design follows a
hierarchical data structure keeping subjective data in-
terpretation to a minimum. Due to the lack of standard
practices, it was also necessary to simplify and group
the properties of some parameters to minimize their
variability. The implementation of the GeoSIS_Lx geo-
scientific information system (CGIS) [Turner 2003] in-
teractive with the database, allowed the storage of the
information collected and made the data available for
several purposes such as urban planning and engineer-
ing design [Almeida et al. 2010]. Currently, the database
contains 924 site investigation reports, 5976 borehole
logs and 38,560 N, data. This geotechnical informa-
tion is a secondary but important input for the 3D ge-
ological model and, once implemented, is also useful
to cross validate the model.

The geological modeling was carried out based on
the interpretation of the geological 1:10,000 scale map
[Almeida 1986], the retrieval of database information
and the automatic processing of such information with
Matlab scripts. Considering the large volume of infor-
mation and the uncertainty associated with existing
data it was necessary, in a first iteration, to select the
most trustworthy records purging more obvious errors.

2%

=S

—
=

T

LA

£

%

Fiagn

Using a small Matlab script on the spreadsheets it was
possible to debug some information to produce a more
consistent data set [Matildes et al. 2010]. The informa-
tion included in the collected borehole profiles was con-
sidered in this processing, as well as the correspondence
between stratigraphy, lithology and in situ tests (SPT).
The registered data points were interpolated for the
whole downtown Lisbon area, through a kriging algo-
rithm, to determine the surfaces representing the lower
boundary of each formation of interest.

Taking into account that anthropogenic deposits
only appear at the top of the sequence, the thickness
of surface materials was obtained by considering the
digital terrain model surface and the base of the an-
thropogenic and alluvial deposits (Figure 3).

The data regarding anthropogenic deposits in all
boreholes were used to model their thickness. A total
of 666 borehole logs were used to interpolate the cor-
responding lower boundary surface. Considering the
amount of urban development in the study area, it was
assumed that anthropogenic deposits are constantly
present although with variable thickness and signifi-
cance (Figure 3).

For the alluvial deposits modeling, the logs of all
boreholes that did not reach bedrock were discarded as
they provided limited information on the thickness of
the alluvium [Matildes et al. 2011]. The alluvium de-
posits basal surface was created by interpolation data
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Figure 3. Thickness of anthropogenic deposits (left) and alluvial deposits (right) in Baixa.
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from 442 borehole logs. The interpolation algorithm
takes only into account the depth of the surface at each
point and the output is a continuous surface in space,
regardless of other parameters of influence on the spa-
tial distribution of the materials. As the deposition of
the alluvial materials is morphologically constrained by
the relief, it was necessary to carefully analyze the slope
and curvature of the area in order to limit the geo-
graphical extension of this primarily continuous sur-
face (Figure 3).

3.2. Geotechnical characterization

The irregular spatial distribution of the borehole
information together with the geological variability and
the lateral and vertical variations in composition and
geotechnical properties of the shallower layers requires
a complex geotechnical model. The geotechnical char-
acterization was performed based on the results of
Ngp data and lithology. A wide range of factors, which
include the irregular spatial distribution and the lack of
standardization in national practice, restrict the efficient
use of these data. In the data analysis, despite the care-
ful exclusion of clearly abnormal values, it has always
been considered that the results are estimations that
have associated uncertainties.

A total of 376 boreholes were selected for analysis
in the Baixa area, which included 1398 N
ues. Since part of the borehole information is incom-

data val-

plete, invalidating the application of the corrections to
the SPT blow counts, it was decided to use the uncor-
rected value considering always the N, value as the
number of blows corresponding to 300 mm of pene-
tration. In cases where, according to the practice
adopted in Portugal, the test was suspended at 60 blows
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before total penetration, the value of Ngpp Was extrap-
olated to 300 mm. This solution enabled the analysis of
certain situations including the effect of the degrada-
tion of properties due to superficial weathering of the
overconsolidated Miocene hard soils and soft rocks.

Considering the geological genesis and evolution
of alluvial sedimentation and the different phases of
deposition of the anthropogenic materials, it was ex-
pected that the geotechnical properties would have
wide spatial variations. To check those differences, the
area was divided and analyzed in 3 zones: northern,
central and southern (Figure 2).

3.2.1. Anthropogenic deposits

Anthropogenic deposits, including the debris from
the 1755 earthquake, have a heterogeneous lithological
composition, depending on their genetic context. In
most cases they are sandy. In the fluvial channel, the an-
thropogenic materials can be intercalated in the soft al-
luvial deposits making interpretation a difficult task.

The Ngp. values show the presence of normally
consolidated soils, with 52% of the tests having values
up to 10. Values higher than 50 (10%), corresponding
to the presence of cobbles or larger fragments included
in the softer matrix, are not representative for the be-
havior of these materials and were ignored (Figure 4).
The statistical analysis of the N values shows mean
values that are affected by a small number of high val-
ues. To overcome this problem, the median was used.
Separate analyses are presented for tests performed at
depths less than and greater than 5 m (Table 1).

The distribution of the N, values with depth is
very irregular but shows a slight trend to increasing val-
ues with increasing depths, due to the increasing over-
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Figure 4. Distribution of N,,. values in the anthropogenic deposits for the three zones. Left: histograms of N,,. for depths less and greater

than 5 m. Right: distribution of Ngp,. (< 50) with depth.
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Median
Zone Total number of tests
<5m >5m All tests
Northern 8 9 421
Central 9 9 111
Southern 11 12 175

Table 1. Median of N, values (N

SPT SPT

burden pressure (see Figure 4).

The lower values observed at greater depths in the
southern zone may result from the settlement of these
materials within the alluvial deposits.

In terms of the geographical distribution of the
anthropogenic deposits, the analyzed values show a
slight tendency towards the presence of denser materi-
als in the upper 5 m in the central and southern zones.
These results may be a consequence of the increase in
densification, due to the contribution of the local dense
network of short wooden piles used for foundations in
the 18th-19th centuries.

3.2.2. Alluvium

The alluvial deposits are characterized by the pres-
ence of lenticular bodies and significant lateral and ver-
tical facies variations. The main lithological facies include
soft to hard silt and clay, loose to dense sands, and a range
of transitional lithologies. A gravelly layer is frequently
present at the bottom of the alluvial sequence.

The N, values indicate the presence of normally
and slightly overconsolidated soils (Figure 5). The lower
values correspond to soft, silty and clayey soils, while
the higher values correspond to sandy soils and over-
consolidated intercalations resulting from the complex
depositional and diagenetic history of the alluvial se-
quence, taking into account the effect of the water level
variation and erosion episodes. Values higher than 50,
probably associated with the presence of coarse parti-
cles or fragments of anthropogenic materials that have
settled into the alluvial sediments, were interpreted as
isolated occurrences (Figure 5). These values should
not influence the overall behavior of the soils and,
therefore, were ignored in the analysis. In the right-
hand graphs of Figure 5, beyond the projection of the
points corresponding to the tests, the lines of the values
of the quartiles (Q1, Q2 and Q3) and percentiles (P10
and P90) are also shown. Given the uneven distribution
of sandy and clayey layers, due to the lenticular char-
acter of the alluvial deposits, as well as the discrimina-
tion of the major lithologies, in the statistical analysis
the overall results at different depths were considered
(Table 2).

The very irregular distribution of the N, values
with depth can be interpreted as a result of the vertical

< 50) in the anthropogenic deposits at different depths for the three zones.

and lateral lithological variation within the lenticular
structure which also contributes to the uneven distri-
bution of the overconsolidated layers (Figure 5).

3.2.3. Miocene bedrock

The Miocene bedrock is characterized by a se-
quence of sands, clays, marls, calcarenites, coquinites
(a limestone conglomerate composed mainly of shell
fragments) and limestones, with important vertical and
lateral facies variations. The bedrock was analyzed as a
single unit and not considered separately for each of
the three selected zones.

The Ngp. values indicated the presence of over-
consolidated hard soils and soft rocks, with 49% of the
tests with extrapolated N, values higher than 60 (Fig-
ure 6). The large range of values is a consequence of
the heterogeneity in lithology and of the superficial
degradation of the mechanical properties of the over-
consolidated Miocene materials. The erosion of several
hundred meters of sediments, exhumation and corre-
sponding pedogenetic processes, have led to an increase
in porosity and destruction of cementation bonds. The
tests performed on the unweathered hard soils system-
atically produce very high resistance, with reduced
sampler penetration, and very high extrapolated Ngp,.
values, while N, values less than 30 were registered in
the weathered materials, even at depths greater than 20
m (Figure 6 and Table 3). Although it is not very clear
in Figure 6, due to the high number of tests and to the
spr dis-
tribution with depth shows the superficial degradation
of the mechanical properties.

plotting of results of different study areas, the N

3.3. Estimation of physical properties (Vs and y)

Shear wave velocity (V) can be obtained directly
from seismic field experiments (cross-hole, down-hole,
etc.). However, these methods are expensive and they
are seldom performed in the urban environment. In
this case, if no further data are available or detailed in-
vestigations are not possible, the very common SPT is
often used. Since the 1970s, many authors have devel-
oped empirical correlations between N, values and
shear wave velocity [e.g., Imai 1977, Imai and Tonouchi
1982]. Many of the existing correlations have been de-
rived for specific soil types and geological contexts
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Figure 5. Distribution of N values in the alluvial deposits for the three zones. Left: histograms of Ngp,,. for different depths. Right: dis-
tribution of Ngp,. (< 50) with depth for clayey and sandy materials. Percentiles lines (in black) and quartiles lines (in red) are also presented.
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Zone Median Total number
<5m 5—-10m 10— 15m 15—20m >20m of tests

Northern clay 2 9 20 7 - 44
sand 3 9 13 11 - 110
all 3 9 13 10 154
Central clay - 7 13 8 9 57
sand - 23 14 18 13 30
all - 13 13 10 12 87
Southern clay 14 13 8 8 16 122
sand 9 17 22 12 19 132
all 10 14 14 9 18 254

Table 2. Median of N, values (Ng,;. < 50) in the alluvial deposits at different depths for the three zones.
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Figure 6. Distribution of Ng,;. values in the Miocene bedrock (excluding 10% of the tests with Ng,. values greater than 200). Top: his-
tograms of Np,. values for different depths. Bottom: distribution of Np,,. values with depth.
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Quartile Total number
<5m 5—10m 10— 15m 15—20m 20 —25m 25-30m >30m of tests
Clay 24 35 53 62 72 120 150 1384
Sand 41 50 60 64 88 100 150 1123
Soft rocks 164 150 180 180 134 105 142 308
All tests 36 44 60 64 75 120 150 2815

Table 3. Median of N, values of the different lithologies in the Miocene formations.

while others were suggested without specific limita-
tion. Some authors presented a set of available correla-
tions derived by several authors to compare the range
of estimated values [e.g., Jafari et al. 2002, Hasancebi
and Ulusay 2007, Hanumantharao and Ramana 2008,
Brandenberg et al. 2010, Maheswari et al. 2010a,
Sitharam 2010, Akin et al. 2011, Nath and Thingbaijam
2011, Wair et al. 2012, Anbazhagan et al. 2012, 2013]. In
the NovoSPT software (www.novotechsoftware.com/

spt/) a total of 59 equations have been collected and
implemented. Applying this software, Afkhami [2013]
analyzed the reliability and applicability of the correla-
tions and the importance of the geological context in
the selection of the equation.

The majority of the available correlations are
based on the following relationship:

V= aN&, (1)

The authors proposed values of o and 3, for dif-
ferent materials (types of soils and stratigraphical con-
text). Some examples are presented in Table 4.

Taking into consideration the lithology of each
surface formation, shear wave velocities for anthro-
pogenic deposits and for muddy and sandy alluvium
were first estimated using the empirical relationships
proposed by Imai [1977]. Similar expressions, derived

by Lee [1990], were used to estimate the shear wave ve-
locities of the Miocene materials (Table 4).

The N values associated with the different sur-
face materials were also used to estimate the unit weight,
y (kN/m?), according to the following expressions
[Bowles 1982]:

¥ = 2In (Ngpp) + 12.1 (for alluvium) 2)

Y = 2.11In (Ngpp) + 11 (for anthropogenic deposits) (3)

Due to the diversity of the geotechnical properties
of surface materials, the range of estimated values
showed large variation. Taking the median of the N¢p, .
values for the identified surface materials, Vg values
ranging from 160 m/s to 188 m/s for anthropogenic
deposits, 152 m/s to 187 m/s for silty and clayey allu-
vium, and 132 m/s to 216 m/s for sandy alluvium were
obtained, with the lower values for shallower deposits
and the higher values for the deeper deposits. The unit
weight varied from 15.6 kN/m?, for the most superficial
anthropogenic deposits (down to 2 m), to 17.9 kN/m?,
for the deeper alluvial deposits.

For the weathered upper levels of the Miocene hard
soils and soft rocks, the Vg values varied from 324 m/s
to 585 m/s, according to the depth and the lithological
composition. The estimated unit weight was 20 kN/m?

a B Material Author Unit
80.6 0.331 Sand Imai [1977] Anthropogenic deposits
80.2 0.292 Clay Imai [1977] Muddy alluvium
91.0 0.337 Sand Imai [1977] Sandy alluvium
81.39 0.34 Undifferentiated Rodrigues [1979] Alluvium
51.5 0.62 Undifferentiated Tyisan [1996] Alluvium
27 0.73 Clay Jafari et al. [2002] Alluvium
58.0 0.39 Undifferentiated Dikmen [2009] Anthropogenic deposits
60.0 0.36 Silt Dikmen [2009] Muddy alluvium
73.0 0.33 Sand Dikmen [2009] Sandy alluvium
96.9 0.314 Stiff clay Imai and Tonouchi [1982] Miocene Formations
57.0 0.49 Sand Lee [1990] Miocene Formations

Table 4. @ and S values proposed by several authors for different types of soils and stratigraphical contexts.
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for weathered overconsolidated Miocene material and
22 kN/m? for bedrock.

These values are in accordance with measured
data obtained for the same types of geological forma-
tions by Almeida [1991].

4. Testing and adjusting Vs values for the shallower
formations

4.1. Procedure

To constrain the shear wave velocity of the shal-
lower formations, spectral ratios H/V computed from
ambient vibration recordings were used. The H/V
curves, obtained at specific sites, were compared with
theoretical transfer functions computed for the soil pro-
file, which were obtained independent of the geotech-
nical borehole data. The procedure consisted of five
steps (Figure 7): (1) computing the H/V curve from
ambient vibration records acquired at selected sites
close to geotechnical boreholes; (2) identifying the 1D
soil profile from the geotechnical information (thick-
ness of each surface layer and the depth to bedrock);
(3) estimating the shear wave velocity for each layer
from Ngp,. values collected from several geotechnical
boreholes, using empirical relationships appropriate to
the geological setting (see Table 4); (4) computing
transfer functions for these soil profiles using synthetic
accelerograms; (5) selecting the most appropriate em-
pirical relationship by fitting the fundamental fre-
quency (F) of the theoretical transfer functions to the
peak frequency of the experimental H/V curve. This
fitting took into account potential non-linear behavior
of the surface deposits.

The main steps of this procedure are presented
and discussed below.

4.2. H/'V curves obtained from ambient vibration meas-
urements and soil profile definition

Taking into consideration the spatial distribution
of boreholes with satisfactory information, 13 sites
were selected to perform ambient vibration measure-
ments in the study area (Figure 8). The locations of the
sites were chosen to sample alluvium and anthro-
pogenic deposits with different thicknesses, and also
over different Miocene formations. The measurements
were carefully performed according to equipment spec-
ifications, field conditions and guidelines from the Eu-
ropean SESAME project results [SESAME WP12 2004,
Chatelain et al. 2008, Guillier et al. 2008]. Ambient vi-
brations were recorded for 20 to 30 minutes at each site,
using a Cityshark digitizer coupled with a 3D Lennartz
seismometer of 5 second period. The measurements
were taken in good weather conditions (no rain and no

11

wind), mostly during the night, and the sensor was in-

stalled, whenever possible, directly on concrete or as-
phalt; in some sites, the sensor was on the sidewalk.
The H/V curves were computed using Geopsy
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Computation of H/V curve obtained from ambient
vibration records

!

Definition of 1D soil profile from the geotechnical
borehole information
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Estimation of shear-wave velocity and unit weight for
each layer, from Ngpr values, using an empirical
relationship
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fundamental frequency of the theoretical transfer
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Figure 7. Synthesis of the procedure for estimating the V' values for

each layer. The empirical relationships used are presented in Table 4.
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Figure 8. Location of the ambient vibration measurements (M) and
the closest geotechnical boreholes (S). Boreholes used to calibrate
the Vg values are identified. The dashed black lines separate the
three defined zones (northern, central and southern).
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software (http://www.geopsy.org/index.html), fol-
lowing the procedure described in detail by Chatelain et
al. [2008]. In each record, stable windows with lengths
between 20 s and 40 s duration were selected using an
anti-triggering system [SESAME WP12 2004, Chatelain
et al. 2008]. Only records with at least 20 windows were
processed. Fourier spectra were computed for each win-
dow of each component (V = vertical component; NS
and EW = horizontal components). After smoothing and

merging the horizontal components with a quadratic
mean, the H/V curve was computed for each window.
Besides all individual H/V curves, the results present the
averaged H/V curve and its standard deviation computed
on a decimal logarithmic scale. Standard deviation for F
(H/V peak frequency) was also computed from the F
values obtained for each individual window. The H/V
curves are displayed in Figure 9 and the corresponding
F,and A values are presented in Table 5.
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Figure 9. H/V curves computed for each site.
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Site F, o (Fy) A, o (A)
M1 2.4 0.20 3.0 1.36
M2 1.3 0.27 2.5 1.53
M3 1.2 0.23 2.0 1.32
M4 1.1 0.19 2.4 1.50
M5 1.3 0.25 3.1 1.36
Meé 1.2 0.12 5.0 1.36
M7 1.2 0.17 3.2 1.31
M8 13 0.18 4.0 131
Mo 1.3 0.21 4.0 1.43
M10 1.3 0.22 3.2 1.51
Mi11 1.3 0.15 5.2 1.35
Mi2 1.3 0.20 2.9 1.53
M13 1.4 0.23 3.3 1.31

Table 5. Peak frequency (F,) and corresponding amplitude (A) of
the H/V curve obtained at each site. Corresponding standard devi-
ations are also presented.

All computed H/V curves satisfy the reliability cri-
teria defined in Sesame guidelines [SESAME WP12
2004], but 5 of these curves did not satisfy the clear
peak criteria (sites M3, M4, M6, M7 and M8). Sites M3
and M4 are located on the Colina do Castelo foothills,
over a Miocene bedrock formation with no soft surface
deposit; so, it is not surprising that the H/V peaks are
not very pronounced. The failure of the clear peak cri-
teria for sites M6 and M8 is due to the existence of two

very close peaks (see Figure 9). For site M7 the failure
of these criteria is due to the “high” values of the H/V
curve presented at lower frequencies (compared with
the peak amplitude). However, it was noticed by
Haghshenas et al. [2008] that the clear peak criteria rec-
ommended in the SESAME guidelines are too strict.
This is particularly true when the fundamental fre-
quency is low, as many criteria allow a variation within
a small percentage of F (for instance 5 to 10%). As F
in Baixa varies between 1.1 and 1.4 (see Table 5), the ac-
ceptable interval is very small and so it was decided to
consider all H/V curves in the following discussion.

From the analysis of the H/V curves displayed in
Figure 9 and the values presented in Table 5, it is possi-
ble to observe that the average fundamental frequency
of Baixa lies between 1.2 Hz and 1.4 Hz. Only the most
northern site (M1), already outside the main area of
Baixa, has a fundamental frequency of 2.4 Hz. With the
exception of the sites over the Miocene bedrock for-
mations (M2, M3 and M4), the amplitude of these fre-
quency peaks varies from 2.9 to 5.2. As expected, the
sites over the Miocene bedrock formations show a very
poorly-defined peak.

To compute the transfer functions and perform Vg
estimation (next step), three soil profiles (one for each
zone) were defined from three geotechnical boreholes
selected close to sites where ambient vibration meas-
urements were performed (Figure 8): M9 (for the north-
ern part; borehole S5), M8 (for the central part; borehole
S9) and M11 (for the southern part; borehole S32).

Unit Thickness Vs Unit Thickness Vs Unit Thickness Vg
(m) (m/s) (m) (m/s) (m) (m/s)
NN Artificial
: 3m o
e .5 160 GO, Deposits 167 DArhﬁcngl 7 167
Deposits Sl 198 eposits
178 188
216
191 173
173
i 216
Alluvium 16m Alluvium 19m
Silty sands Silty sands 152
198 198
Alluvium
210 organic 28.2 187
198 B silty clay
264 464
Weathered 6.5m Weathered am
Miocene : 585 Miocene 585
187
Bedrock Bedrock 800
Miocene 800 Miocene
Weathered 5
Miocene 652
Bedrock
Miocene 800
(A) (B) (€)

Figure 10. Soil profiles used to calibrate the V values: (A) S5; (B) S9; (C) (S32)
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From the borehole information the lithology and thick-
ness of each layer, as well as depth to bedrock, were de-
fined. The shear wave velocity and unit weight were
computed applying the empirical expressions presented
above to the respective Ny (median values) for each
layer. For bedrock (composed of unweathered Miocene
rocks), shear wave velocity was set at 800 m/s and the
unit weight equal to 22 kN/m?. Figure 10 presents the
three test soil profiles.

4.3. Computing transfer functions and estimating V.

Transfer functions can be defined as the ratio be-
tween the Fourier amplitude spectra of the seismic mo-
tion at the surface and the seismic motion at at the
bedrock surface [Kramer 1996]. To define the bedrock
input motion Lisbon’s historical seismicity, as well as
the seismic code for mainland Portugal [Costa et al.
2008], have been taken into account. Two different
types of input motion corresponding to relevant sce-
narios were selected: (i) a distant earthquake (d = 200
km) with large magnitude (M = 7.9) and (ii) a nearby
earthquake (d = 25 km) with smaller magnitude (M =
6.0). These two scenarios, similar to the ones proposed
by other authors [Carvalho et al. 2008, Oliveira 2008],
can be associated with several past earthquakes that af-
fected Lisbon, for instance, the nearby January 26, 1531,
(M = 7) and April 23, 1909, (Mw = 6.1) earthquakes,
from Lower Tagus Valley sources, and the distant larger
magnitude earthquakes of November 1st, 1755 (M =
8.5), and February 28, 1969 (M = 7.9), from offshore
sources. Due to the non-existence of strong motion
records on the Portugal mainland, within these magni-
tude and distance ranges [Vilanova et al. 2009], syn-
thetic accelerograms were computed to simulate the
strong motion associated with each scenario.

The synthetic accelerograms, generated through
a physical simulation of the fault rupture and travel
path mechanisms using stochastic methods [Estévao
and Oliveira 2012], were computed specifically for this

600

500 +

400 4

300 ¢

200

100 +

Spectral acceleration (cm/s?)

0

Period (s)

study. With this method, it was possible to select the in-
land and offshore sources associated with the close and
distant earthquake scenarios. The corresponding seismic
motions are in accordance with the two types of seis-
mic action defined in EC8 for mainland Portugal [Costa
et al. 2008]. For each source ten synthetic accelero-
grams were computed. Figure 11 presents the response
spectra of each seismic motion, for the two scenarios,
as well as the Portuguese seismic code response spectra
for a 475 year return period [IPQ 2010]. Mean PGA are
1.58 m/s* (0.16 g) for the near-field and 1.22 m/s* (0.12
g) for the far-field simulated seismic motions. These val-
ues are smaller than the ones specified in the Portuguese
code [TPQ 2010]; however they are in agreement with
the attenuation law derived by Ambraseys et al. [1996]
using real European strong motion records.

Several methods could be used to compute the 1D
soil response. Most authors agree that soft soils sub-
jected to strong ground motions present non-linear be-
havior [Hartzell et al. 2004]. Simple approaches are
commonly used, such as the equivalent linear method,
which approximates the soil behavior using an iterative
procedure [Schnabel et al. 1972], and the frequency de-
pendent linear methods, which were proposed to im-
prove the accuracy of the approximate solution and
better simulate a wide range of shear strains [Yoshida et
al. 2002]. However, as shown by Kwak et al. [2008] these
latter methods may lead to different results depending
on the frequency dependent algorithms used and do
not always improve the accuracy of the solution.

It is also recognized that the 1D equivalent linear
analysis provides a reasonable estimate of ground vi-
bration under a seismic event [Idriss 1990]. In general,
this approach is conservative compared with the results
obtained by other methods using recorded or artificial
accelerograms [Castellaro and Mulargia 2014]. Being
aware of the analytical limitations and considering that
there was insufficient information about the behavior
of Baixa soils, it was decided to use the equivalent linear

600

Spectral acceleration (cm/s?)

Period (s)

Figure 11. Response spectra for the 10 seismic motions computed for each source: (left) near-field seismic motion; (right) far-field seismic
motion. The mean of the 10 spectra are presented in bold (black curve). Bold red curve: Portuguese seismic code response spectra for 475

year return period.
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model to compute the 1D site response analysis, as it is
implemented in the ProShake (n.d.) software [Schnabel
etal. 1972]. To take into account the soil behavior, mod-
ulus ratio and damping ratio curves were selected from
the literature according to the lithology present in the
different layers [Seed and Idriss 1970, Sun et al. 1988].
The computed transfer functions for each soil pro-
file were compared with the corresponding H/V curves
obtained from the ambient vibration analysis at the
same site, to check for the similarity between the fun-
damental frequencies of the transfer functions (F ) and
the H/V frequency peaks. In spite of the large differ-
ence in the strains involved on ambient vibrations and
simulated seismic input motions, several authors agree
that the peak frequency derived from the H/V curves

® | m8—-s9 =

average
— max
" — min

- {0

near-field

Q
E 4 «« far-field
2
0
0.4 1 2 3 4 5678
Freq (Hz)
8 Mg — Ss - average
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o - 0
a near-field
E 4 «+ farfield
2
0
0.4 1 2 3 4 5678
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8
M11 - 32 = s
- max
6 — min
- 0
a near-field
E 4 - far-field
....... \
0
0.4 1 2 3 4 5678

Freq (Hz)

Amp

Amp

Amp

provides a very satisfactory estimate of the natural fre-
quency of the soil deposit [Bard 1999]. Haghshenas et
al. [2008] compared the fundamental frequency ob-
tained from spectral ratios to a reference site using
earthquake records and the H/V frequency peak ob-
tained with ambient vibrations. They examined several
sites with different site conditions, and they found a
generally good agreement between the fundamental
frequencies obtained with both techniques for most of
the analyzed sites. However, since strong seismic mo-
tions and soft soils are involved, the occurrence of non-
linear effects must be considered.

To illustrate the procedure, Figure 12 displays the
comparison between one theoretical transfer function,
for each simulated seismic motion, and the H/V

8
average

M8 - S9

- max

- min
6
-0

near-field
« far-field

.........

average

M9 - S5

— max
— min

w0

near-field
++ far-field

0.4 1 2 3 4 5678
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M11 - S32
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- 0
near-field
- far-field
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Figure 12. Comparison between the computed transfer functions and the H/V curves obtained from ambient vibration analysis. Left: trans-
fer functions computed with the first estimated V values. Right: transfer functions computed with the final estimated V values.
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curves. It can be seen that F did not fit the H/V peaks
as expected (plots on the left-hand side). Considering
that the main parameters affecting the soil response are
the thickness and the shear-wave velocity of each layer,
it is necessary to change one of these two parameters
to have a better compatibility between the transfer
function and the H/V curve peaks. As the geometry of
the soil profile cannot be changed (it is constrained by
the geotechnical borehole information), the disagree-
ment is likely to be due to a wrong estimation of the V¢
values. So, the V¢ values were adjusted, using different
empirical relationships [e.g., Rodrigues 1979, Imai and
Tonouchi 1982, Iyisan 1996, Jafari et al. 2002]. Also, tak-
ing into consideration that the non-linear behavior can
decrease the amplitude of the frequency peak and shift
it to lower frequencies [Régnier et al. 2013], final rela-
tionships that provided transfer functions with funda-
mental frequency closer to the H/V frequency peaks
were selected. The comparison between the final trans-
fer functions and the H/V curves is displayed on the
right-hand side of Figure 12; the empirical relationships
selected were derived by Dikmen [2009] (see Table 4).
Final V values vary from 131 m/s to 158 m/s for an-
thropogenic deposits, from 132 m/s to 170 m/s for silty
and clayey alluvium (Baixa southern zone), and from

105 m/s to 170 m/s for sandy alluvium (Baixa north-
ern and central zones). The unit weight was set equal to
16 kN/m? for anthropogenic deposits and to 18 kN/m?
for alluvial deposits, which are in the range of meas-
ured values for the same types of materials [Almeida
1991]. For the overconsolidated Miocene material, V
velocities of 400 m/s for sand and sandstone, and 450
m/s for clay and limestone, were assumed; the unit
weight was kept equal to 20 kN/m?. The bedrock prop-
erties were not changed. Table 6 presents the initial and
final V values.

These values should be checked against experi-
mental measurements. In the Baixa area, only one di-
rect measurement was performed (cross-hole test)
giving values that are slightly higher, between 150 m/s
and 240 m/s [LNEC 1998]. Geotechnical studies for site
characterization before the construction of the Vasco
da Gama Bridge, which crosses the Tagus estuary north
of Lisbon, were performed in the Tagus alluvium about
9 km from Baixa [Oliveira et al. 1997]. This alluvium
was divided into 6 sub-units, 4 of them with composi-
tion and geotechnical properties similar to the Baixa al-
luvium. Seismic cross-hole experiments gave shear
wave velocities for these 4 sub-units varying from 51
m/s to 348 m/s. The usual range of V values for the

Depth <5m >5m Reference
=
Z% Anthropogenic Ngpr 8-11 9-13
£ deposits V (initial) 160 - 178 167 - 188 Imai [1977]
5]
% V (final) 131 - 148 137 -158 Dikmen [2009]
=}
g Northern zone Central zone Southern zone Reference
2
)
> R Ngpr 3-13 10- 13 9-18
=
El V (initial) 132- 216 198 - 216 152-187 Imai [1977]
1]
> V (final) 105 - 170 156 - 170 132-170 Dikmen [2009]
[+
=}
i Depth 0-10m 10-30m >30m Reference
e}
g Ngpr 36 - 44 60 - 120 150
= Miocene
2 Vg (initial) 330 364 424 - 595 664 Lee [1990]
V (final) 400 - 450 400 - 450 800 (%)
Vs range Experiment Local Distance Reference
7]
3 g 150 - 240 Cross-hole Baixa LNEC [1998]
g E
3 ‘g 140 - 290 Cross-hole Alcantara, Lisbon 3.4km Freitas et al. [2014]
2 &
o .
2 5 Alluvium 51-348 Cross-hole Sacavém 9 km Oliveira et al. [1997]
g
=T . .
s Sta Iria da Azdbia -
" = 100 - 230 SASW 15 - 19 km Lopes [2005]
> 3 Forte da Casa
&
110 (**) SASW P6voa de Santa Iria 18 km Lopes et al. [2005]

Table 6. Initial and final V¢ values obtained from Ngp,,. relationships (three first rows) and V values obtained from field experiments (last
row). All Vg values are in m/s. (*) At depths greater than 30 m, the Miocene formations were considered as bedrock. (**) Single experiment

performed for a 7 m thick alluvium layer
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Tagus estuary alluvium lies between 100 m/s and 230
m/s, often with higher values for the deeper layers
[Lopes 2005]. Freitas et al. [2014] obtained values from
140 m/s to 290 m/s from cross-hole experiments per-
formed in Tagus alluvium at a site in the Alcantara Val-
ley, located approximately 3.4 km west of Baixa. Lopes
et al. [2005] obtained a value of 110 m/s for the shear
wave velocity of an alluvial deposit 7 m thick, also close
to the Tagus River, a little further north of Lisbon, from
spectral analysis of surface waves (SASW). These ex-
perimental values are also summarized in Table 6.

Considering the wide range of measured and cal-
culated values from in situ experiments, the values es-
timated for downtown Lisbon, using the mentioned
empirical relationship, seem realistic.

5. Spectral response of downtown Lisbon

To produce a map of the spectral response of the
Baixa area, a set of 13 cross-sections parallel to the river
bank and regularly spaced at 100 m intervals was pro-
duced. For each cross-section, a set of soil profiles
spaced at 50 m intervals were defined, using data re-
trieved from the subsurface model. A total of 256 soil
profiles were uniquely identified (Figure 13A). The
depth and thickness of the anthropogenic deposits and
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of the alluvial deposits were defined using the geolog-
ical 3D model, as well as the identification of the
bedrock geological formation (Figure 13B).

Two sets of 10 transfer functions, corresponding
to the near-field seismic motions and to the far-field
seismic motions, were computed for each soil profile.
For each soil profile the transfer functions for the two
types of seismic motion were not very different (see
Figure 13C,D). So, it was decided to consider the mean
transfer function, for each soil profile and for each type
of seismic motion (near-field and far-field), to present
and discuss the results.

Figure 14 shows the obtained fundamental fre-
quencies, as well as the corresponding amplification
factors, for each type of seismic motion. For both sce-
narios it can be seen that the fundamental frequency of
the Baixa area lies between 1.2 Hz and 2 Hz in the mid-
dle of valley, reaching 3 Hz near the edges where the
anthropogenic and alluvial deposits have less expres-
sion. Higher frequencies, up to 10 Hz, are observed out-
side the valley over the Miocene formations. This result
is in accordance with the predominant frequencies of
the first microzonation map obtained by ambient vi-
bration analysis for the Lisbon town by Teves-Costa et
al. [1995]. The amplification factors for these funda-
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Figure 13. Location of the 256 soil profiles for which the transfer functions were computed (A). Example of one cross section performed to
define the soil profiles (B). Transfer functions computed for 10 near-field (C) and 10 far-field (D) seismic motions for an arbitrary profile. The
black bold curves are the mean transfer functions for each type of motion.
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Figure 14. Fundamental frequencies (top) and the corresponding amplifications (bottom) for a near-field seismic motion (left) and a far-field

seismic motion (right).

mental frequencies vary from 3.8 to 4.4 in the northern
and central zones of the valley, reaching 5 in the south-
ern zone. Differences between the near-field motion
and the far-field motion simulations are not very sharp.

It was expected that some correlation between the
alluvium thickness and the fundamental frequency of
the soil would be observed. However this is not very
pronounced. In detail, it is possible to observe that the
fundamental frequencies for the near-field motion
seem to better represent the thickness of the alluvium
deposits (Figure 14A); however, the variability of the
thickness of the anthropogenic deposits can mask the
expected effect. Comparing Figure 14C and D it is pos-
sible to observe that the amplification is a little lower
in the middle of the valley for the far-field seismic mo-
tion and a little higher in the southern zone for the
near-field motion. However, as mentioned, these dif-
ferences are very small (less than or equal to 0.4). As a
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whole, this is a very consistent result.

The spectral responses at 1 Hz and 2.5 Hz are dis-
played in Figure 15. It is clear that these responses are
very similar for both seismic motions. The spectral am-
plitude at 1 Hz (Figure 15A,B) reaches a maximum of 4
in the middle of the valley, and it seems to correlate well
with the thickness of the alluvial deposits. The spectral
amplitude at 2.5 Hz (Figure 15C,D) is close to 1 in the
central zone of the valley, reaching 3.5 in the northern
zone, and it exceeds 5 in some areas in the southern
zone of the valley. This effect could be associated with
a local increase in the thickness of the superficial de-
posits, in the southeastern areas, whereas in the south-
western zone this effect is related to the response at a
single point that has an abnormal thickness of anthro-
pogenic deposits and it should be further investigated.

The analysis of the spectral amplitude at 2.5 Hz,
which is similar both for near- and far-field seismic mo-
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Figure 15. Spectral amplitude at 1 Hz (top) and 2.5 Hz (bottom) for a near-field seismic motion (left) and a far-field seismic motion (right).

tions, is very important because this frequency is within
the range of the natural frequency of the Baixa building
stock which varies from 2.3 Hz to 3 Hz [Oliveira 2004].

6. Conclusions

In this paper, the use of the Lisbon geological and
geotechnical database, developed in the project Geo-
SIS_Lx (http:/ / geosislx.cm-lisboa.pt), for site character-
ization and microzonation purposes has been tested.
The identification of some inconsistencies and some
shortcomings in data organization were identified during
data processing (only using the database with different
objectives enables the identification of its weaknesses).
On the one hand, this limited the accuracy of the results
and identified the need to use more efficient approaches
for data processing. However, on the other hand, this
contributes to the improvement of the database that has
been continuously updated. As expected, the results
show spatial variability conditioned by the irregular ge-
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ographical distribution of the data.

Aware of these limitations, the geotechnical char-
acterization and the definition of 1D soil profiles were
performed making use of the information included in
the database. Shear-wave velocities for the different lay-
ers were estimated using empirical correlations be-
tween N, and V from the literature. The selection of
the most suitable correlation was performed with the
help of ambient vibration analysis (H/V curves). Dik-
men [2009] relationships were found to be the most
suitable for Baixa surface materials and the final Vg val-
ues are in the range of those obtained during experi-
mental tests performed at different sites in the Tagus
estuary for the same types of materials. All these val-
ues should be checked with experimental measure-
ments or complementary techniques performed in situ.
In spite of the constraints, this methodology allowed
the estimation of the physical properties of the shal-
lower formations, and it seems to be applicable in re-
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gions where no geophysical data exist but geotechnical
data are commonly available.

Simple 1D equivalent linear analysis was under-
taken, despite the possible existence of non-linear
and/or 2D effects. The lack of knowledge about the
non-linear dynamic parameters of Baixa’s soils made
the choice of this simple approach necessary. The nu-
merical simulations were performed using synthetic ac-
celerograms due to the fact that there are no real strong
motion records in the Lisbon area. The results show
that the fundamental frequency of Lisbon downtown
shallow formations lies between 1.2 Hz and 2 Hz,
reaching 3 Hz at the edges of the valley, with amplifi-
cation factors of 3.8 to 4 in the northern and central
zones of the valley and reaching 5 in the southern zone.
These results are in agreement with the natural fre-
quencies derived from ambient vibration records
[Teves-Costa et al. 1995] and with the microzonation
study of Lisbon performed by Teves-Costa et al. [2001]
using numerical simulations: natural frequency for the
Baixa area was about 2 Hz (or less) and the amplifica-
tion factors can reach 5. However, these previous stud-
ies were done for the whole of Lisbon and only two to
four simulated/sampled points were in Baixa itself. The
detail of this study was much higher, enabling identifi-
cation of differences in the Baixa area.

Spectral responses at 1 Hz and 2.5 Hz are similar
for both near-field and far-field seismic motions. This
can be conditioned by the seismic input motions used
in the computations. The use of real accelerograms and
the introduction of non-linear models could change the
results and improve the simulations. However, the main
goal of the paper was to show the applicability of the
geological and geotechnical Lisbon database on micro-
zonation studies and, for this, it was not imperative to
compute an accurate response for the Baixa’s shallower
formations.

Taking into consideration that most of the local
building stock has natural frequencies between 2.3 Hz
and 3 Hz, and although a simple approach was used,
resonant effects during a future earthquake that could
produce an increase in the estimated level of damage
can be expected. Whatever the seismic source consid-
ered, it is possible to predict that the natural frequency
of Lisbon downtown (Baixa) will play an important
role during the next earthquake in Lisbon.
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