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Abstract: The topographic slope method is an innovative, fast and very low-cost technique for
estimating the average S-wave velocity in the upper 30 m (Vg30) based on the relationship between
this quantity and the slope of the ground, obtained using a Digital Elevation Model (DEM). The
method is based on the good linear correlations log(Vs3p)-log(slope) found experimentally, which,
ideally, should be determined for each region. If measured Vg3 data are not available to carry out
this fitting for the study area, correlations from other areas could be used, although the reliability
of the estimated V3 results would be lower. In this article, V39 observations are made for the city
of Almeria, using Spatial Autocorrelation Surveys (SPAC) and Multichannel Analysis of Surface
Waves (MASW), obtaining two types of fitting: (a) linear relationship log(Vg3g)-log(slope); and
(b) considering additional dependence on geological units. The reliability, evaluated by Multiple
R-Squared (MRS), varies between 79.2% in the first case and 87.0% in the second, lowering the mean
absolute values of the residuals at the observation points in the first case from 40.0 m/s to 29.0 m/s.
Using a more generic correlation obtained for other areas of the world, the mean absolute residuals
increase to 74.7 m/s.

Keywords: topographic slope; shallow S-wave velocity structure; SPAC method; MASW method;
proxy method

1. Introduction

The average shear-wave velocity in the uppermost 30 m ground thickness (Vs39) has
found widespread use as a relevant parameter for characterizing local site response for a
considerable variety of applications, such as seismic zonation map [1,2], seismic hazard,
and risk maps [3-5]. In fact, the Vg3 parameter was initially introduced [6-8] to provide
objective definitions of site classes and site coefficients for the estimation of site-dependent
response spectra for use in the 1994 edition of the “Recommended National (US) Earthquake
Hazard Reduction Program (NEHRP) Building Code Provisions” [9].

Consequently, these crucial Vg3p-based maps would provide the potential variations
in earthquake shaking due to local site effects based on subsurface ground conditions, such
as degree of stiffness and the thickness of the geological materials. These maps are of vital
importance in ground motion modeling and probabilistic seismic hazard assessment [10].
Therefore, Vg3 is a primary indicator of both the stiffness of near-surface formations and
their site effects, since it provides closed-form expressions relating short- and mid-period
amplification factors with depth [2,10-12].
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This important parameter can be precisely obtained using borehole logging methods
such as PS-logging, downhole logging, and cross-hole logging [10,13], and also by employ-
ing surface geophysical methods like multichannel analysis of surface waves (MASW) and
ambient noise array methods [10,14-17]. Several surface-wave methods-based either on
the analysis of ambient noise (e.g., SPAC method, [18]) or on controlled seismic sources
(e.g., MASW method, [19]) are practical alternatives for evaluating soil stiffness and have
been used as valuable tools in the determination of the Vs structure of soils [1,20].

However, in recent years, a topographic slope-based methodology has been adopted
to quickly estimate ground motion in areas of the world for which detailed geophysical and
borehole data are not accessible [21-23]. This topographic slope methodology uses proxy
correlations between slope and Vg3 to create a site response map [22-25]. Topographic
slope correlates quite well with Vg3 because stiffer rocks, which are associated with higher
V30 values, tend to maintain steeper slopes. In contrast, softer, more fine-grained and soil-
like materials associated with lower Vg3 values tend to be deposited on flatter slopes [26].
There are currently three classes of proxies: (i) surficial geology; (ii) generic site categories
or classifications, which are loosely based on geology; and (iii) physiographic characteristics
such as topographic slope [20,21].

Based on Wald et al. (2011) [27], this work examines the capabilities of estimating
Vg values from a proxy-based methodology using topographic slope and geological
information. Compared toVg3y values derived from surface geophysical methods, the
applicability of this proxy-based methodology for urban areas is assessed.

2. Study Area and Geological Setting
2.1. Almeria City

Almeria city, with around 200,000 inhabitants and a 4.1 km X 4.5 km urban area
surface, is located in Andalucia region (southern Spain). This area belongs to the eastern
part of the Betic region (Figure 1), an Alpine chain placed at the westernmost part of the
Eurasian and African Plates interaction zone [28]. Despite the low to moderate seismic
activity of this region in a worldwide context, this region is the most hazardous seismic
area in Spain [29]. According to the new probabilistic seismic hazard map of Spain [30],
Almeria city presents a peak ground acceleration (PGA) on the rock of 0.19 g for a 475-year
return period.

2.2. Neotectonics of the Almeria Area

The Almeria area is located in the Internal Zones of the Betics Cordillera (Figure 1),
commonly referred to as the Alboran Domain [31]. This area is composed of Palaeozoic,
Mesozoic and Paleogene rocks, which were structured into a thrust stack during the Alpine
Orogeny [3,28]. The Betics range represents a tectonic domain consisting of the Alboran
Sea and the Betics and Rif ranges, which is the result of a complex Neogene deformation
expanding along a broad zone (more than 500 km wide) stretching from the High Atlas in
Morocco to the Betics in Spain [3,28,29].

To identify the primary fault zones and fault-bounded crustal blocks in the study
area, a neotectonics map is provided (Figure 1). Figure 1 shows the three major shear fault
zones and corridors that affect the Almeria area: the Alpujarras Fault Zone (AFZ), the
Alhama—-Alquian Fault Zone (AAFZ), and the Carboneras Fault Zone (CFZ) [32]. These
faults generate vertical movements responsible for the uplift and tilting of the Gador
and Alhamilla mountainous ranges [31]. Of all those fault zones, the Alhama—-Alquian
Fault Zone and the Carboneras Fault Zone are the most important due to their proximity
to Almeria city (Figure 1). The Alhama-Alquian Fault Zone is located in the Almeria
basin, which is mainly composed of Neotectonic materials as well as characterized by an
important concentration of Quaternary faults predominantly with NW-SE direction [31].
The Carboneras Fault Zone lies south of Almeria city into the Alboran Sea, with Quaternary
faults predominantly in the NE-SW direction (see location in Figure 1) [30].
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Figure 1. (a) Geographical location of Almeria city; (b) structural map of the southeastern Betic
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2.3. Local Geology of Almeria City

Eleven landform units were identified in the urban area of Almeria city (Figure 2)
by combining aerial photography, geological, and geotechnical information [33]. These
units range from mountains formed by Pre-Pliocene rocks to coastal lowlands composed of
Holocene alluvial deposits (sands, clays, and silts). Two Holocene alluvial fans are the main
landforms in this area. One is the Belen river fan and the other is the Andarax river fan.

® SPAC Observations
| w— MASW Profiles

Local Geology of Almeria
| SOIL_TYPE

[_11. Mountain

B 2. Hill with steep slope
Il 3. Hill with gentle slope
[ 4. Pleistocene alluvial fan
I 5. Holocene alluvial fan |
I 6. Holocene alluvial fan 1
B 7. Valley flat |

8. Valley flat I

9. Flood plain

EEK)?\%)eters ; [110. Coastal Lowland
[ 11. Reclaimed land

Figure 2. Local geology map of Almeria City providing the location of SPAC arrays (labels from Al
to A10) and MASW profiles (labels from M1 to M24).

The Belen river spreads from a point of about 50 m in height to the coast. The mean
gradient of the fan is approximately 25/1000. The top of the Andarax river fan has a ground
height of about 40 m. The Andarax river fan is considerably longer than the Belen river fan,
and presents a gentler slope, with a gradient of 11,/1000.

A flood plain placed between the two river fans presents the worst soil condition from
the geotechnical point of view in the studied area. The surface deposits are composed of
clay and silt with 8 m maximum thickness and normalized 30 cm standard penetration
value (N30) less than 10. An important city quarter (Garden City) is located between these
two river fans [33]. Most MASW profiles and some SPAC arrays were laid-out in that area
(Figure 2).

The coastal lowland located near the mouth of the Belen river is characterized by
a height of 2 m (Figure 2). It was formed by the sea level lowering after the Frandrian
transgression [34]. This coastal lowland cuts the Holocene deposits and the uppermost
Pleistocene deposits in which their normalized 30 cm standard penetration values (N30)
are between 10 and 30.
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Hills are characterized by steep slopes and a ground height between 80 and 200 m
consisting of Pleistocene materials (clay, sands, and conglomerates) and N30 values above
50 [33]. Finally, there is reclaimed land for which various and heterogeneous materials
have been used, such as demolition debris. Considering this context, the soils located in
the Holocene alluvial fans, in the flood plain, and in the reclaimed land could be prone to
liquefaction phenomena. It is worth recalling that MASW and SPAC layouts were planned
based on this geological context and the previous geotechnical information.

3. Methodology

In this section, the seismic methodologies for determining the calculated Vg3 values in
Almeria city are described. These methodologies were the Spatial Autocorrelation (SPAC)
method [18] and the Multichannel Analysis of Surface Waves (MASW) [19]. Additionally,
the proxy-based Topographic Slope method [27] used to estimate Vg3g values in Almeria
city is introduced.

3.1. SPAC Method

The SPAC observations were carried out in 10 open spaces in Almeria city (Figure 2).
The vertical components of ground motion, excited by ambient noise, were recorded at the
surface using circular-shaped arrays. Five high-sensitivity VSE-15D sensors surrounding a
sixth central sensor with the same characteristics and an SPC-35 digitizer were used. The
radii ranged from 2.5 to 94 m. Different radii were used depending on the thickness of the
geological formations and on the dimensions of the open areas. The recording time was
30 min, and the signal was sampled at a rate of 100 samples per second. All records were
analyzed using our own implementation of the SPAC method [18].

The correlation coefficient p(f, R) was calculated from the cross-correlations between
records on the circle and the central station, in the frequency domain, divided by the
autocorrelation at the center. The correlation coefficients were separately computed for a
set of time intervals and plotted on a time-dependent diagram. The time windows used
were 20 s long with an overlap of 80%. The stability of p(f, R) was checked for the set of
time windows and those with anomalous values were not considered. Finally, the phase
velocity of the Rayleigh wave c(f) was computed (Figure 3) for each frequency f using
Equation (1) and applying a polynomial fit of the p vs. f relation

o8 = ho- (2750 ) 1)

where ]y represents the zero-order Bessel function and R is the radius of the array.

3.2. MASW Method

The MASW survey was conducted through the streets of Almeria city, consisting of
7.1 km of linear seismic transects (Figure 2) carried out in active mode using a Wacker
Neuson BS60-4s vibratory rammer as the seismic source. A total of 24 geophones (12 of
28 Hz and 12 of 4.5 Hz natural frequency) were interleaved and screwed onto metal plates
with 2 m spacing (Figure 4). The offset (distance between the seismic source and the first
geophone) was 4 m. The acquisition array, which was 46 m in length, was displaced 10 m
between consecutive shots.

For active-mode MASW measurements, the shallowest resolvable depth of investiga-
tion (zmin) is between approximately Apin /3 and Apin /2, where Apyin ~ 2 X Ax, Ax being the
receiver spacing. The expected maximum investigation depth (zmax) is between approxi-
mately Amax/3 and Amax /2, where Amax corresponds to the array length [35]. Active surveys
typically provide dispersion curves in a relatively high frequency (short wavelength) band
(usually 20-50 Hz).

To reach high productivity in terms of the surveyed transect length per day (approxi-
mately 1 km per day), a towed landstreamer was built using a heavy-duty fire hose [17,36]
(Figure 4). The recording equipment was a Summit II Compact unit from DMT, Germany.
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Figure 3. Examples of Rayleigh wave phase velocity dispersion curves at different places (see
Figure 2). Experimental dispersion curve (green color), dispersion curve obtained from the initial
model (yellow), dispersion curves obtained during the inversion process (black lines), and theoretical
dispersion curve for the final model (red line) are shown. (a) A2 site (flood plain); (b) A8 site (hill
with a gentle slope).
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geophone /
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Figure 4. MASW landstreamer layout through Almeria city streets, with the seismic source at the
back of the acquisition system.
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The SurfSeis software package from the Kansas Geological Survey, USA was used for
MASW seismic data processing. This algorithm made it possible to obtain a dense series of
dispersion curves from which local 1D shear-wave velocity (Vs) models could be obtained
using an inversion process as discussed in Park (2013) [37] and Boiero et al. (2013) [38].

Generating a dispersion curve is one of the most crucial steps in obtaining an accurate
and reliable 1D shear-wave velocity (Vs) model. A frequency-domain approach is used to
generate the dispersion curve from impulsive seismic data or shot-gather data [19]. This
wavefield transformation is as follows according to Park et al. (1998) [39]:

A Fourier transformation can be applied to the time axis of u(x,t), which is the offset-
time (x-f) domain representation of a shot-gather to obtain U(x,w) [39]:

U(x,w) = /u(x,t) et dt ()
where w is the circular frequency. U(x,w) can then be expressed as the multiplication of two terms:
U(x,w) = P(x,w) - A(x,w) 3)

where P(x,w) and A(x,w) are phase and amplitude spectra, respectively. Each frequency
component in U(x,w) is totally individualized from other frequencies and the arrival time
information is maintained in the phase spectrum P(x,w). As a result, P(x,w) contains all the
information about dispersion properties, and A(x,w) provides the information about other
aspects such as attenuation and spherical divergence. Consequently, U(x,w) can be written
as [39]:

U(x,w) = e . A(x,w) 4)

where ® = w/cy, and ¢y is the phase velocity for a frequency w. Then, applying the
appropriate integral transformation to U(x,w), the expression for V(w,¢) is defined as follows:

_ (e, Uw) [ i@—g)r Al W)
V(w,q))f/eq> U, ) dxf/e ¢-¢ TA(x, ) dx (5)

In which, for a given w, | V(w,$) | gives a maximum if the following is satisfied:

== (6)
For a value of ¢ where a peak of | V(w,¢)| occurs, the phase velocity (c) can be deter-
mined. Additionally, if higher modes get a noticeable amount of energy, then there will
be more than one peak. Therefore, dispersion curves result from transforming V(w,¢) to
I(w,c) =1 V(w,w/cy) | by variable changing. The locus along these peaks of I(w,cy) over
different values of w allows the images of dispersion curves to be constructed [15,19,39].
Figure 5 shows an example of the dispersion curve obtained from M1 MASW profile
(Figure 2) through Mediterranean Avenue in Almeria city. This dispersion curve is provided
from the natural mode, but other superior modes are recognizable in Figure 5 as well.

3.3. Topographic Slope Method

This method is based on the linear relationship between the measured values of
log(Vs30) and the topographic slope of the ground [26], which can easily be obtained using
a Digital Elevation Model (DEM). Considering the measured Vg3 values, a new fitting
was performed that included the dependence on the geological units through additive f;
constants [27].

The ordinary least squares method was applied, and two possible functional forms:
(a) linear relationship between calculated Vg3p and topographic slope (Equation (7)); and
(b) linear expression including the dependence on the geological units (Equation (8)).

log(vs30) = ,BO + ,leope : log(slope) +r @)
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log(VSSO) = :BO + Zﬁz CX; ﬁslope : log(SIOPE) +7r (8)

where x; is an indicator variable for the geological units, which can take a value of 1 (if
the surveyed point belongs to the geologic unit) or 0 (otherwise), f;, and B, are the
coefficients to be calculated using least squares regression, Vg3 is the observed mean
velocity in m/s, slope is the topographic gradient computed from the DEM in m/m, and
is the residual.

S
0 20 40 60 8 100
Amplitude (%)

Phase velocity (m/s)

Frequency (Hz)

Figure 5. Example of a dispersion curve (white dashed curve) obtained for a shot-gather in Almeria
city with MASW.

4. Results
4.1. SPAC-Based V39 Values

Figure 6 presents examples of shear-wave velocity profiles derived from SPAC mea-
surements. The frequencies of the obtained dispersion curves ranged from 2.0 to 30.0 Hz
(Table 1) and the phase velocities varied between 191 and 904 m/s. Because of the impor-
tant differences among the dispersion curves, both in frequency and in phase velocities
(e.g., Figure 3), the number of layers and the ranges for thicknesses and shear velocities
were different for each site. The obtained shear-wave velocity profiles showed depths from
37.5 to 107 m and shear-wave velocity values between 176 and 1711 m/s (Table 1).

Finally, the average shear-wave velocity of the uppermost 30 m (Vg39) was computed
for each model (Table 1). The lowest value found was 293 m/s, corresponding to the array
Al (see location in Figure 2), located on flood plain. The highest value of V39 was 596 m/s,
corresponding to the array A7, which is located in Holocene alluvial fan I.

Attending to the range of Vg3 values stated by the EC8 (1998), a large area of Almeria
city meets the requirements to be classified into the B ground class. Due to the variety
of geological/seismic conditions and the ranges of Vs involved, an internal division was
proposed: Bl ground subclass with Vg3 values in the 500-800 m /s range and B2 ground
subclass with Vg3 values in the 360-500 m /s range.
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Figure 6. Examples of shear-wave velocity models derived from inversion of phase velocities
determined from SPAC measurement at different places (see location in Figure 2). Initial model
(yellow line), partial models obtained during the inversion process (black lines), and final model (red
line) are shown. (a) A2 site (flood plain); (b) A8 site (hill with gentle slope).

Table 1. Summary of Vg3 values measured using the SPAC technique. In addition, equivalence with
the EC8 classification is provided, including the internal division of B ground class.

SPAC Af (Hz) Acg (m/s) AVs (m/s) V30 (m/s) ECs!
Al 4.8-17.0 215412 176625 293 C
A2 3.0-21.8 191-419 185-474 317 C
A3 3.0-13.9 312-554 283-665 359 C
A4 6.4-29.8 471-674 378-748 595 Bl
A5 7.0-20.0 288-701 214-824 490 B2
A6 2.0-18.0 257-904 293-1136 368 B2
A7 10.5-30.0 397-775 345-997 596 B1
A8 10.0-25.0 362-882 290-1711 513 Bl
A9 10.0-19.9 495-707 415-1374 564 Bl
A10 10.0-21.8 362-554 288-589 365 B2

I Eurocode 8 (EC8) site code standards for site classification.

4.2. MASW-Based V39 Values

Regarding MASW-based results, dispersion curves obtained from the 7.1 km of MASW
surveys showed a frequency range from 2.0 to above 40 Hz and Rayleigh wave phase
velocity values between 191 and 904 m/s. Moreover, the Vs values ranged from 176 to
1374 m/s. All MASW 1D Vs models for each MASW profile were combined to obtain a 2D
Vs section (Figure 7a) from which V3 values could be retrieved (Figure 7b). MASW profiles
conducted on flood plain (e.g., M1, M2, M3, M17, etc., see location in Figure 2) provided
the lowest Vg3 values, ranging from 333 to 419 m/s, which classifies that area as C ground
class according to EC8 (1998), prone to the occurrence of ground motion amplification.
Those MASW-based V3 values are consistent with SPAC-based values obtained in the
same area (e.g., SPAC Al, A2, and A3). On the other hand, higher Vg3 values between
522 and 605 m/s were retrieved from MASW profiles traced in the north of Almeria city
(e.g., M9, M10, M11, and M12, Figure 2). That area, associated with Pleistocene alluvial fan
materials, is characterized by better geological/seismic conditions since it is constituted of
more stable rocks associated with higher V39 values. Thus, this zone is defined as being
within the B1 ground subclass in terms of Eurocode 8 (EC8, 1998) classification. This EC8
classification for this northern area is corroborated by SPAC arrays (e.g., A9). Similarly, the
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west of the city is the area in which the highest Vg3 values were obtained from MASW
surveying, and thus it presents the best ground in terms of geological/seismic conditions
according to MASW technique. In this way, MASW M13 profile provided a Vg3 value of
603 m/s, which classifies that area as a B1 ground subclass zone. This zone is also made up
of Pleistocene alluvial fan materials. Similar Vg3 values for this area were obtained using
the SPAC method (e.g., A7). This fact proves the consistency and complementarity of both
methods for classifying urban areas in terms of EC8 class. Table 2 summarizes the Vg3
values measured with MASW through the main streets of Almeria city (Figure 2).

Shear velocity
(a) (mis)
-wr A ) b

1050
I 950
850

750
650
550
450
350
250
150

e
=]

Depth (m)

200 250

(b) Distance (m)
Vg, (M/S)
500
400 -
S ST
200

0 50 100 150 200 250 300 350 400 450

SE Distance (m) NW

Figure 7. (a) MASW 2D Vs section from MASW M17 profile (Bilbao Street); (b) Vg3 value vs. distance
graph from M17 profile.

Table 2. Summary of measured Vg3 values with MASW technique. Additionally, the Vg3 value
equivalence with ECS8 classification is provided, including the internal division of B ground class.

AVS30 V530 Average

Profile Street Length (m) (m/s) (m/s) ECs?
M1 Mediterraneo 700 293-383 352 C
M2 Mediterraneo 200 336412 367 B2
M3 Mediterraneo 110 335483 419 B2
M4 Mediterraneo 40 479-535 505 Bl
M5 Mediterraneo 170 463-699 538 Bl
Meé Mediterraneo 160 540-770 640 Bl
M7 Mediterraneo 220 471-624 547 Bl
M8 Mediterraneo 180 522-611 574 B1
M9 Mediterraneo 160 542-704 605 Bl
M10 Mediterraneo 180 523-649 566 B1
M11 Mediterraneo 60 525-643 569 Bl
M12 Mediterraneo 120 416-637 522 Bl
M13 Pedro Jover 250 494-763 603 B1
M14 San Juan 70 555-609 585 Bl
M15 San Juan 50 537-604 567 Bl
M16 Braulio 200 406-727 502 B1

Moreno
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Table 2. Cont.
. AVg3g Vs30 Average 1
Profile Street Length (m) (w/s) (m/s) EC8
M17 Bilbao 480 299-355 333 C
M18 Lérida 310 326446 356 C
José Morales
M19 Abad 240 314-434 354 C
M20 La Marina 270 317-497 372 B2
M21 Chile 160 330-378 354 C
M22 Chile 80 333-388 349 C
M23 Gerona 250 375-507 409 B2
M24 Adolfo 360 307-376 345 C
Suérez

1 Eurocode 8 (EC8) site code standards for site classification.

4.3. Topographic Slope-Based V39 Values

To check the sensitivity of the Vg3o-slope relationship to the slope map resolution,
Equation (7) was fitted for the city of Almeria (only B coefficient) using a slope map
with three different resolutions (200 m, 100 m and 10 m) and the Vg3 values measured with
SPAC and MASW. Figure 8 shows, on the one hand, the improvement in the topographic
description of Almeria with increasing DEM resolution. On the other hand, when the
resolution is decreased, the heights of the higher resolution pixels included in another of
lower resolution are averaged, and therefore a significant reduction of the average slope
occurs: 9.7% slope for 10 m (Figure 8a); 5.1% slope for 100 m (Figure 8b) and 3.9% slope for
200 m (Figure 8c). Figure 9 shows how using higher-resolution slope maps has a negative
impact on the quality of the fit in terms of decreasing Bjqp: 0.29 for 200 m; 0.26 for 100 m
and 0.10 for 10 m, respectively. In fact, data fitting reliability estimated from the Multiple
R-Squared method (MRS) decreases from an MRS of 77.0% for 200 m map resolution
(Figure 9a) to an MRS of 71.9% for 100 m resolution (Figure 9b) and, finally, to 24.3% for
10 m slope map resolution (Figure 9c).

Slope DEM res10m (%)
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-Low:o

Local Geology of Almeria
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1. Mountain
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3. Hill with gentle slope
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0 250500 1000 [79. Flood plain
[110. Coastal Lowland
Meters 11. Reclaimed land

Figure 8. Cont.
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Figure 8. Terrain slopes in Almeria city for a DEM resolution of: (a) 10 m; (b) 100 m; (c) 200 m.

Therefore, considering the MASW profiles, for which there are sampling points every
10 m (a total of 497), it is interesting to perform an average every 200 m (resulting in a total
of 37 sites, Figure 10), since the model obtains better correlations with the slopes for a DEM
resolution of 200 m per pixel. This also results in a more similar weight of the SPAC and the
MASW measurements in the model fitting, since SPAC arrays (a total of 10) are smaller and
not affected by the resolution lowering down to 200 m. In this way, the reliability (MRS)
increases from 77.0% to 79.2% for the 200 m resolution DEM model.

Wald and Allen (2007) [26] correlate the Vg3p experimental values and the topographic
slopes, obtained in various studies from the United States, Taiwan, Italy and Australia (for
tectonically active regions). We will refer to this approach as model MD1. Although it is
not recommended, this expression could be used in other studies if measured Vg3 values
are not available in the area. Otherwise, if measured Vg3 values exist, it is recommended to
obtain a specific correlation in the form of Equation (7). This approach will be referred to as
model MD2 from here on. A specific correlation can be also performed including geological
coefficients f; (Equation (8)) if geological unit-related information is available (model MD3).
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A comparison is made between these models for the city of Almeria, using a 200 m
resolution DEM, the measured SPAC and MASW (averaged) V39 values (for model M2),
and the eleven geological units identified in the urban area of Almeria [35] (for model
MD3). The reliability is given by an MRS of 79.2% for model MD2, and it increases to 87.0%
considering local geological units (model MD3). Figure 10 shows the residuals obtained at
the Vg30 sampling points, the mean of which is 74.7 m/s for MD1, 40.0 m/s for MD2 and
29.0 m/s for MD3.

Finally, a raster map of V39 values (Figure 11) was drawn using the correlation with
slope and geological units (Equation (8), model MD3) in the areas where such geological
units were identified, and only the correlation with the slope in the rest of the zones
(Equation (7), model MD2).

Ordinary Least Squares: res 200m (a)
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Ordinary Least Squares: res 100m (b)
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Ordinary Least Squares: res 10m (C)
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Figure 9. Correlations obtained between log(V,39 [m/s]) and log(slope [m/m]), for Almeria city using
different slope map resolutions: (a) 200 m; (b) 100 m; (c) 10 m.
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Figure 10. Comparison of residuals at the sampling points for the correlations obtained in Almeria
city: MD1 (red points), MD2 (green points) and MD3 (black points).
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Figure 11. Predicted V¢3¢ map of Almeria city from the correlation using geological units and slopes
(MRS 86.9%) for the sampled area, and the correlation with slope only (MRS 79.1%) for the rest of
the municipality. The Vg3g observations (SPAC and average MASW) are represented by dots with a
different color according to the standardized residuals between the predicted and the observed values.
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5. Discussion
5.1. SPAC Array vs. MASW

The mean Vg3 values calculated from SPAC and MASW methods have been compared
for different geological units (Table 3). In general, a good agreement between them is
observed. In both cases, the lower values are located in the southeast of the study area,
composed of alluvial fan deposits. The values grow moving towards the northwest of
the city.

Table 3. Comparison of the mean V3 values from SPAC and MASW methods for different geological units.

Mean Vg3 (m/s)

Landform SPAC MASW
1. Mountain (MT)
2. Hill with steep slope (HSS)
3. Hill with gentle slope (HGS) 539 + 26 548 + 30
4. Pleistocene alluvial fan (PAF) 573 £30
5. Holocene alluvial fan I (HAF-I) 560 + 50 531 + 80
6. Holocene alluvial fan II (HAF-II) 431 + 63
7. Valley flat I (VE-I)
8. Valley flat IT (VF-II)
9. Flood plain (FP) 330 £21 356 + 23
10. Coastal Lowland (CL) 355+ 0

11. Reclaimed land (RL)

Figure 12 compares SPAC and MASW 1D Vs models retrieved from two close locations
in the Holocene flood plain (Figure 2). Comparison between MASW profile M1 and SPAC
array A2 depicts a similar trend down to a depth of 20 m, at which point MASW Vs values
shift away, probably due to the presence of more compacted materials under profile M1 than
those under array A2. Additionally, that slight model shift is reflected in terms of Vg3p value
since SPAC and MASW give Vg3 values of 293 and 352 m/s, respectively (Tables 1 and 2).
Conversely, model comparison for MASW profile M13 and SPAC A7 depicts the same trend
for even deeper layers. This agreement was somehow expected, since these two sites are
closer than those in the previous example. In terms of Vg9, SPAC and MASW give Vg3
values of 596 and 603 m/s, respectively (Tables 1 and 2). Therefore, 1D Vs models obtained
with these two methods show, in general, a similar tendency at nearby sites, corroborating
that both seismic techniques, SPAC and MASW, are complementary and allow similar Vs
values to be obtained.

5.2. Topographic Slope-Based V39 Values vs. SPAC and MASW

Estimated Vg3 values, summarized within the zones defined by the geological units,
were compared for the different proxy models, and with the measured values (SPAC and
MASW methods).

Regarding the measured values of Vg3 (Table 4), the oldest materials corresponding
to the Pleistocene (PAF and HGS) present mean V39 higher than those from the Holocene
(HAF-I, HAF-II, CL and FP). However, for models MD1 and MD?2, the trend from highest
to lowest mean Vg3 follows the same pattern as the mean topographic slope (Table 4) since
these models only include that variable in the estimation of V3. Sorted from the largest
mean slope to the smaller, the landform codes are MT; HSS; VE-I; VF-II; HGS; PAF;, HAF-I;
CL; RL; HAF-II and FP (see description in Table 4). The introduction of uniform geological
properties within the area defined for each unit causes a substantial change in the MD3
model results. This change is due to the fact that in the MD3 model, the values of Vg3 are
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somehow standardized within each landform, reducing the weight of the correlation with
the slope (Table 4 and Figure 13).
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Figure 12. Examples of SPAC and MASW 1D Vs model comparison: (a) MASW profile M1-b vs.

SPAC array A2; and (b) MASW profile M13 vs. SPAC array A7. (See locations in Figure 2).

Table 4. Mean slope (%) for a 200 m resolution DEM and Mean V3 values (m/s), within each
geological unit. Vg3 estimation methods: Wald and Allen (2007) [26] for tectonically active regions
(MD1); Equation (7) (MD2); Equation (8) (MD3); measured values.

Landform

Mean Slope (%)

Mean Vg3 (m/s)

Estimated Values

Measured
MD1 MD2 MD3 Values
1. Mountain (MT) 12.7 £5.7 784 + 252 720 + 84 720 + 84
2. Hill with steep slope (HSS) 55+1.7 497 £+ 54 584 £ 50 584 £+ 50
3. Hill with gentle slope (HGS) 38+14 437 £ 51 525 £ 52 521 £+ 26 543 + 28
4. Pleistocene alluvial fan (PAF) 35+20 425 + 82 507 £ 75 551 + 41 573 + 30
5. Holocene alluvial fan I (HAF-I) 31+17 411 £ 58 500 + 58 524 + 29 539 + 74
6. Holocene alluvial fan IT (HAF-II) 14+09 334 + 40 396 + 54 439 £ 29 431 £+ 63
7. Valley flat I (VF-I) 56 +24 496 + 78 580 £ 67 580 £ 67
8. Valley flat II (VF-II) 3.8+0.8 441 + 31 533 £ 29 533 £29
9. Flood plain (FP) 1.1+03 322+ 14 379 £ 26 358 £ 12 352 +24
10. Coastal Lowland (CL) 29+5.1 392 + 179 445 4+ 118 379 + 46 355 +0
11. Reclaimed land (RL) 32+54 378 £ 198 415+ 173 415+ 173
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Figure 13. Correlation between calculated V53° values and slope: (a) using only those variables
(MD2); and (b) considering indicator variables for the geological units (MD3).

The Vg3 values estimated from the MD3 model are more consistent with the average
measured values obtained from the SPAC and MASW methods. Table 5 shows the mean
unsigned residuals obtained at the Vg3p sampling points for each proxy model (MD1 to
MD3) within these zones, suggesting the adequacy of the cartographic geometry used to
define these units, since the residuals within each zone are lower for MD3 model.

The results obtained by proxy method MD2 were compared with the Vg3p proxy model
recently calculated for the Iberian Peninsula [20]. In that study, 580 measured V3 values
were used, including some of those used in this work, as well as three slope resolutions
(1000 m, 500 m and 200 m) and two types of geological unit characterization (lithology and
geological age). The 200 m slope resolution model provided a coefficient Bgjop = 0.2, and
MRS = 26.9%. However, the relationship represented by our model MD2 indicates better
performance (Bgjope = 0.29 with MRS = 77%). This improvement can be explained by the
remarkably lower dispersion degree associated with our dataset, which is focused on a
much smaller study area than that by Crespo et al. (2022) [20]. Regarding the model with
geological units, the comparison has not been made because, in addition to using different
geological units, Crespo et al. (2022) [20] applied a different B, coefficient for each of
them (different coefficients Bgjop._; for each unit). Since we deal with a much more specific
area of study, only a single By, coefficient was used in Expression (8).
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Table 5. Unsigned deviations between measured Vg3y (SPAC, MASW) and estimated values at those
sampling points, averaged within each geological unit. Vg3p estimation methods: Wald and Allen
(2007) [23] for tectonically active regions (MD1); Equation (7) (MD2); Equation (8) (MD3).

V30 (m/s)
Landform Residuals at Sample Points
MD1 MD2 MD3
1. Mountain (MT)
2. Hill with steep slope (HSS)

3. Hill with gentle slope (HGS) 65 44 24
4. Pleistocene alluvial fan (PAF) 120 41 18
5. Holocene alluvial fan I (HAF-I) 115 68 54
6. Holocene alluvial fan II (HAF-II) 107 59 49

7. Valley flat I (VF-I)

8. Valley flat IT (VE-II)
9. Flood plain (FP) 41 22 19
10. Coastal Lowland (CL) 37 29 5

11. Reclaimed land (RL)

6. Conclusions

A zonation based on eleven units was proposed for Almeria city from geological and
geotechnical information. The floodplain presents the worst soil conditions in terms of seismic
hazard. Slope failure may occur in hills with steep slopes if an earthquake occurs in the zone.

The analysis of the Vg3 structure obtained by SPAC and MASW methods allowed
characterizing some geological units from their average Vg3 value. The mean measured
V30 values range from 352 + 24 m/s in the floodplain, mainly composed of clay and silt,
to 573 & 30 m/s on the Pleistocene alluvial fan, formed by gravel and sand.

A predicted Vg3p map of Almeria city based on a relationship found between that
mean velocity, the geological units, and the slope (MRS 86.9%) was proposed. The ground
conditions for Almeria city were obtained according to EC8 soil classification, resulting in
ECS8 soil class B being the most extended. Urban zones with soil class B have been here
subclassified into two new ones: very dense soil (500-800 m/s) and stiff soil (360-500 m/s),
respectively, with the former being more profuse. An important area of Almeria city is on
class C soil (soft soil). The city is growing towards areas of soil types B and C.

Regarding the influence of the DEM resolution on the proxy model, the correlation
with the Vg3 worsens slightly when the resolution is increased from 200 m to 100 m, and
this becomes even more noticeable if it is increased from 100 m to 10 m. These results
suggest that the use of a high-resolution map (e.g., 10 m DEM) is not appropriate, possibly
since these more precise maps show abrupt variations in slopes that are not reflected in the
soil geomorphology. Therefore, according to our results, the most adequate DEM resolution
to develop a proxy model is 200 m. However, from a cartographic point of view, it is always
convenient to work on the most precise scale possible, to be consistent with the required
soil geomorphology detail.

The comparison between the different proxy models (MD1, MD2 and MD3) clearly shows
an improvement in the deviation of the estimated Vg3 values from the measured Vg3 values
when using a specific proxy model that includes dependence on geological units (MD3 model).
This deviation increases when geological units are not included (MD2), and takes the highest
value when the general relationship found by Wald and Allen (2007) [26] (MD1) is used
(Figure 10). The estimated values of Vg3 using this model MD1 are in general considerably
lower than those obtained from MD2 and MD3, as well as the measured values of V3.

These results highlight the importance of using site-specific correlations.
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