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ARTICLE INFO ABSTRACT

Keywords: This research focuses on the Cathedral Church of Saint Mary in Murcia, Spain, which is located in a moderate-to-
Historical heritage high seismic risk zone in the Spanish context. The study uses geophysical techniques and geotechnical investi-
MASW gation to characterise seismic ground models at the building’s scale, aiming to understand the real amplification
Ml_m'z_may of the ground under seismic effect in historic buildings. Three soil layers (silt, sand with gravel, and gravel) were
Seismic tomography . I . . ) . L .

HVSR identified through core borings. Multichannel Analysis of Surface Waves (MASW) profiles and Mini-array profiles
3D Model revealed Vs values of 305 + 32 m/s, 296 + 62 m/s, and 440 + 38.5 m/s, respectively, for these materials.

Seismic Refraction Tomography (SRT) showed Vp values of 586 + 73 m/s, 700 m/s, and 1466 + 489 m/s for the
corresponding layers. The horizontal-to-vertical spectral ratio (HVSR) approach identified a ground predominant
period ranging from 0.37 to 0.38 s. Another significant peak at 2.3 s is observed, probably associated to the
Triassic basement. Three seismic events with magnitudes Mw between 4.9 and 5.1 were used as inputs to
determine the amplification factor (AF). The results indicate a PGA amplification factor between 1.7 and 2.1.
These results contribute to the conservation and mitigation of seismic risk of this cultural heritage generating

Amplification factor

input data that enables precise computation of the soil-structure interaction.

1. Introduction

The vulnerability of historic buildings under seismic loads has been
highlighted in numerous earthquakes, such as those that occurred in
Axochiapan, Mexico (2007); Lorca, Spain (2011), and L’Aquila, Italy
(2009). In countries with significant seismic activity, the protection and
preservation of historical and architectural heritage represents a current
and challenging problem (Hassan et al., 2020). Detailed knowledge of
the type of building, the seismic response of the soil and the soil-
structure iteration will allow the realisation of strategies aimed at
intervention and the provision of solutions that guarantee the preser-
vation of historic buildings (Falcone et al., 2021; Longobardi and For-
misano, 2022).

Studies in urban areas showed that the existence of deposits of un-
consolidated sedimentary materials can cause an increase in local
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seismic hazard (Vessia et al., 2021). Ground motion during an earth-
quake is modified depending on the type of materials through which it is
transmitted, resulting in amplification or attenuation (Fabozzi et al.,
2021). Amplification of the waves for certain frequency bands is caused
by the contrast of velocities between the loose materials and the rigid
basement. This phenomenon is known as site effect, being especially
relevant when the amplification bands coincide with the natural period
of existing buildings, causing the resonance effect (Martinez Segura
et al., 2017).

The use of geophysical techniques to study the site effect is well
known. Thus, seismic microzonation studies are carried out on a large
scale (regional, local) to determine the seismic response of the ground to
a seismic event. On a smaller scale, studies such as Grassi et al., 2021
carried out a geophysical campaign using different techniques to eval-
uate the dynamic characteristics of the Maniace Castle and its subsoil,
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assessing the site resonance frequency and performing passive and
active multi-channel surface wave analysis (MASW) surveys, while the
horizontal standard spectral ratio (HSSR) and the random decrement
method (RDM) techniques were used to obtain the dynamic properties of
the structure. The subsoil beneath the San Michele Arcangelo Church
and its environs were studied using ground penetrating radar (GPR),
seismic refraction tomography (SRT), and MASW to determine the dy-
namic properties of the church building. To characterise the subsoil in
terms of fundamental resonance frequency and amplification,
horizontal-to-vertical spectral ratio (HVSR) measurements were taken at
floor level, the various roof levels, and outside the building (Grassi et al.,
2019). Giocoli et al., 2019 performed a study on the Orvieto Cathedral
and its subsoil to obtain preliminary information useful for seismic
assessment for a possible seismic event. For this purpose, the researchers
investigate the surface geology and the foundation by means of electrical
resistivity tomography (ERT) and the resonance frequency of the site by
means of HVSR.

Due to the economic and social importance of historic buildings, a
more detailed seismic study is required, specifically a building-scale
seismic microzonation study. This research aims to obtain a seismic
ground model at the scale of the building that allow us to know the real
amplification of the ground under seismic effect. This will offer struc-
tural engineers actual dynamic soil data for the structural analysis of this
building type. Thus, the geological and geotechnical characterisation
was conducted on the basis of 7 core borings and laboratory tests. Five
passive and active MASW profiles, 4 SRT profiles and 2 Mini-array
profiles have been carried out for seismic characterisation. The HVSR
of ambient noise has been also applied to obtain the predominant fre-
quency of the ground.

Therefore, the objectives of the present work are: i) to define the
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different layers of material from the boreholes taken, ii) to seismically
characterise each of the layers, iii) to obtain the ground velocity model,
and iv) to estimate the seismic amplification factor (AF) and acceleration
response spectrum (SA) of the site considering the ground surface
conditions.

2. Study area and geological setting
2.1. Regional seismicity

Murcia city, with around 231,000 inhabitants and a 12.86 km? urban
area surface, it is located in Murcia region (Southeastern Spain). This
area belongs to the eastern part of the Betic region (Fig. 1), an Alpine
chain placed at the westernmost part of the Eurasian and African Plates
interaction zone (Sanz de Galdeano et al., 1995). This region is the most
seismically active region in Spain, characterised by frequent earth-
quakes of small and moderate magnitude with moment magnitude (M,y)
usually smaller than 5.5. However, historical seismicity data reveal that
this region was affected by destructive earthquakes with epicentral
macroseismic intensity with values of Iy > VIII in EMS-98 scale(Euro-
pean Macroseismic Scale, 1998) and calculated My, > 6.0, among which
we highlight the 1431 earthquake (Granada), 1522 (Almeria), 1804
(Dalias, Almeria), 1829 (Torrevieja, Alicante) and 1884 earthquake
(Arenas del Rey, Granada) (Vidal, 1986; IGN, 2024).

Three seismic events of magnitude >6 have been recorded in the
study area from 1900 onwards: the 1910 Adra (Almeria) earthquake
with body wave magnitude (mp) = 6.2 (Stich et al., 2003), the 1954
Durcal (Granada) earthquake with mp = 7.1 and 630 km deep (Chung
and Kanamori, 1976) and the 2010 Granada earthquake with Mw = 6.2
and 650 km deep (Buforn et al., 2011). Most recently, several shocks
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Fig. 1. Seismicity in the Iberian Peninsula taken from the IGN catalogue and updated until 2024 for earthquakes with magnitude >3.5 (IGN, 2024). The size of the
marker indicates the magnitude of the earthquake while the colour the occurrence depth.
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have occurred in the region during the last quarter century with Mw >
4.5, such as the 1993 and 1994 Adra (Almeria) earthquakes (Mw 4.9 and
5.0 respectively), the 1999 Mula (Murcia) earthquake (Mw 4.7), the
2002 Bullas (Murcia) earthquake (M, 5.0), the 2005 La Paca (Murcia)
earthquake (Mw 4.8) and the 2011 Lorca (Murcia) earthquake (Mw 5.2).
These events have Iy ranging from VI to VII on EMS-98 scale (IGN,
2024). Some of these events have shown the relevance of shallow ge-
ology for the explanation of both the ground motion amplification and
the degree and spatial distribution of building destruction (Garcia-Jerez
et al.,, 2007; Navarro et al., 2014), highlighting the relevance of the
features of the seismic ground response and its influence on building
behaviour during the shaking.

Analysing the seismic catalogue of the Spanish National Geographic
Institute (IGN, 2024), most of the seismic events have a shallow depth
(h < 40 km), while a significant number have an intermediate depth (40
km < h < 150 km) and very few have a great depth (Buforn et al., 2011)
(Fig. 1). The new seismic hazard map of Spain (IGN-UPM, 2013) reveals
that this region has areas with expected peak ground acceleration (PGA)
onrock >0.2 g for a 475-year return period, reaching 0.23 g in the city of
Murcia.

2.2. Cathedral Church of Saint Mary in Murcia

The Santa Iglesia Catedral de Santa Maria, also known as the
Cathedral of Murcia, is the architectural building par excellence of the
city of Murcia (Fig. 2a). It is a construction located in the southeast of
Spain of relevant historical and architectural interest, declared in 1931
an Asset of Cultural Interest, with the consideration of Monument. With
a surface area of almost 5000 m?, its construction began in the 14th
century from the modification of a Muslim Mosque and throughout its
history numerous interventions have been carried out, both for conser-
vation and configuration (Vera Boti et al., 1994).

Located in an area of seismic risk, the historic earthquakes of 1716,
1732 and 1829 were particularly relevant in the generation of damage,
with repairs being necessary in various areas, such as some of the church
vaults, certain sculptures, and the lantern of the tower. Even the
earthquake of 1732 aggravated the damage to the old facade of the
church and its total demolition was considered necessary (Martinez
Solares and Mezcua Rodriguez, 2002). The building complex has
different architectural styles, due to its long construction period. Made
of limestone masonry, it is composed of three main blocks, differentiated
by their use and architectural form, such as the temple, the cloister, and
the bell tower (Fig. 2b).
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2.3. Geological setting

The area under study is located in the eastern sector of the Betic
Cordillera. On a regional scale, two different Betic domains can be
distinguished: a northern or external one and a southern or internal one.
The first of these is subdivided into two different tectonic and palae-
ogeographic groups: the Prebetic, located in the outermost area,
autochthonous, with shallow facies; and the Subbetic, overriding the
former, allochthonous and with somewhat deeper facies. In the inner or
Intrabetic domain, four superimposed structural complexes can be
distinguished, more or less metamorphosed, from the Paleozoic Era. The
innermost is the Nevado-Phyllabridean, which does not outcrop in the
area; superimposed on this is the Ballabona-Cucharén, formed by slate,
quartzite, gypsum and carbonates, tectonically over the previous one is
the Alpujarride, composed of phyllites and quartzites, the highest
complex tectonically is the Malaguide, outcropping in the Sierra de
Carrascoy in the form of grauwacke, slates, pelites, carbonates and
quartzites (Mulas de la Pena, 2015; Tessitore et al., 2015).

Murcia is located in the Guadalentin Depression delimited between
two active fault systems. The Carrascoy Fault to the south and the
Alhama de Murcia Fault to the north. This depression has a narrow and
elongated shape with a general NE-SW direction and a variable elevation
between 100 and 300 m formed by fills of Neogene-Quaternary mate-
rials, with locally important thicknesses, due to subsidence (Martin-
Banda et al., 2016).

The Segura River flows into one of these subsidence pits, in a tectonic
valley about 8-10 km wide, in a WSW-ENE direction, filled with Qua-
ternary materials deposited by the river itself, fans and ejection cones of
the encasing sierras. The sediments are detritic of all sizes, including
clays and gravel, and can be up to 250 m thick, over silty loam deposits
(Aragon et al., 2006) (Fig. 3).

The city of Murcia is in the floodplain of the Segura River (also
known as the Vega Media of the Segura River), between the Contra-
parada (origin of the irrigation channel system of the Huerta) and the
province of Alicante (Mulas de la Pena, 2015; Tessitore et al., 2015). The
river flows through the plain, with a gradient of 5-6 m, forming closed
meanders that have been artificially rectified at many points by means of
walls, cuttings, channelling, etc. Four levels can be distinguished within
the alluvial area of the city of Murcia: a first section formed by a shallow
filling with a depth of between 0 and 15 m; followed by a second layer of
clay and clayey or sandy silt with a depth of between 0.6 and 30 m; a
third layer of silty sand and sandy silt with thicknesses between 1 and
14 m and, finally, a layer of gravel with thicknesses between 10 and 33
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Fig. 2. a) West view of the Cathedral Church of Saint Mary in Murcia with its main frontage and the tower; b) Plan view of the main parts of the Cathedral.
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Fig. 3. a) Study area location and geological map of the surroundings of Murcia city (IGME/COPOT, 2001); b) Cross-sections A-A’ and B-B' (Mulas de la Pena, 2015);
¢) Stratigraphic column obtained from Malecén and Barriomar boreholes (Segura Hydrographic Confederation. Ministry of Environment Spain, 2024).

m.

There are specific areas of the urban area where this stratigraphic
section is different from the previous one in its first few metres: such is
the case of the areas immediately next to the riverbed, where there are
significant thicknesses of fine saturated sand; in the abandoned meander
of La Condomina, filled with looser and less consolidated silt than the
surrounding area; the cava or ditch around the old wall, where the soil is
also looser and there is a greater thickness of anthropic fillings; and in
the vicinity of the old irrigation channels, where the soil is less consis-
tent and, in general, has a sandier character, etc. (Mulas de la Pena,
2015) (Fig. 3a,b). The seismic basement can be associated to thick
continuous layers of compact gravels (e.g. borehole 1 in Fig. 3c at about
70 m). Aragon et al. (2002) defined a high electrical resistivity basement
in the Cathedral area at about 60 m below the ground level. Deep
boreholes reached Triassic basement at a depth of about 300 m (see
borehole 2 in Fig. 3c).

3. Available data

This section includes information stored in the Instituto de Patri-
monio Cultural de Espana (IPCE. General Archive) concerning bore-
holes, laboratory and field tests carried out by the company Centro de
Estudios, Investigacién y Control de Obras, S.L. (CEICO, S.L.) at the
request of the Spanish Ministry of Education and Culture. Directorate
General of Fine Arts and Cultural Heritage. Institute for the Conservation
and Restoration of Cultural Heritage.

Seven vertical boreholes (BH1-BH7) were drilled for a total of 158 m
length (Fig. 4a). Thirty standard penetration tests (Nspr), 19 unaltered
samples and 2 hand samples for laboratory tests were conducted. Visual
recognition and description of the samples, granulometric analysis and
Atterberg limits were performed in order to identify and characterise the
soil parameters. Simple compression tests to determine the geo-
mechanical characteristics of the soil were also carried out. Together
with the resistance to simple compression, the specific weight and nat-
ural humidity of the samples were obtained. Finally, Oedometric tests
were performed to determine the compressibility of the soil.

4. Methodology
4.1. Estimation of shear wave velocity (Vs) from Ngpr

Vs of the surface sediments is the primary factor controlling the site
effect. While direct determination of Vs through in-situ seismic methods
and laboratory test is preferable, stablishing a reliable correction be-
tween Vs and penetration resistance would offer considerable
advantages.

Many empirical correlations between uncorrected Ngpr and Vs have
been described in the literature for particulate soils. Most studies use the
functional form Vs = AN®, where N is the 30 cm standard penetration
tests value (Nspr), and the constants A and B were determined by sta-
tistical regression of a data set. Correlations found in 24 different
research works were summarized by Dikmen, 2009. Some other studies
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include the depth of material (h), which has an important influence in
the resistant properties of soils, as an additional parameter together with
Ngpr (Ohta and Goto, 1978; Alfaro, 2007). An empirical correlation
between Vs, Ngpr and measurement depth was obtained for the metro-
politan area of Madrid using 84 SPT test (Pérez-Santisteban et al., 2016).
These equations have been summarized in Table 1.

Table 1
Some statistical correlations between Ngpr and Vs, including the depth of
materials.

Author(s) All soils correlation coefficient
Ohta and Goto (1978) Vs = 61.62 h%222 NO-25 0.82
Alfaro (2007) Vs = 91.44 h0-291 N0-298 0.46
Pérez-Santisteban et al. (2016) Vs = 71.05 h%-382 N0-259 0.76

4.2. Geophysical data analysis

4.2.1. Mini-Array method

The Mini-Array method (Cho et al., 2013) is a technique to estimate
the Vs structure from a microtremor measured by a miniature seismic
array. The locations of the measurement points (the Herndndez Amores
Square and the Apostoles Street) are just outside of the Cathedral
(Fig. 4a, b). At each measurement point, we set six seismographs on the
ground surface. One at the centre and three evenly spaced on a
circumference of 60 cm radius (Mini-array). Other two seismographs
were set on the ground surface 5-10 m apart from the centre seismo-
graph (Irregular array). The seismographs used in this study were JU410
three-component accelerometers. The sampling rate and recording time
were 200 Hz and 16 min respectively.
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4.2.2. HVSR method

The HVSR method (Nakamura, 1989) was applied to obtain the
predominant period of each site (Fig. 4a, b) by using two types of seis-
mographs. One of them was similar to those used in Mini-array mea-
surements and another one consisted of portable triaxial Giiralp CMG-
6TD seismometers to record the three components (North-South, East-
West and Vertical) of ambient noise vibrations. A sampling frequency
of 100 Hz and a recording time of 20 min were chosen for each point.

4.2.3. MASW method

The MASW surveys (Xia et al., 1999, 2000) were conducted in the
outer areas surrounding the Cathedral, consisting of 5 profiles with a
total of 406 m (Fig. 4a, c). The possibility of performing linear transects
of lengths >60 m enabled the use of a land streamer equipment being
designed to carry out continuous transects on the pavement without
causing damage to it. In all the profiles, the active and passive methods
have been combined, obtaining study depths larger than 30 m. For the
active method, a 50 kg weight (drop hammer) falling from a height of a
metre and tapping on a Teflon plate was used. For the passive method,
the environmental noise produced by traffic, movement of people and
other activities characteristic of urban environments, which are quite
important in the area where the Cathedral is located, was used as a
seismic source.

The equipment used consisted of a multi-channel recording system
(seismograph), called the SUMMIT II compact unit from DMT (Ger-
many) and a land streamer consisting of a hose on which 24 4.5 Hz
geophones are distributed at 2 m between geophones. It is a mobile
system, dragged at one end by an all-terrain vehicle, with the seismic
source at the other end in the case of the active method. In each of the
profiles, measurements were taken with a short distance to the first
geophone (offset) of 10 m, a stack of 3 shot records for each site.

4.2.4. Seismic refraction tomography method

An SRT survey was carried out in the outer areas surrounding the
Cathedral and consisted of 4 profiles (SRT1-SRT4) with a total of 192 m
(Fig. 4a, c). The same array setup and the same seismic source used for
MASW were employed for SRT. In each of the profiles, 9 shots were
carried out at stations spaced 6 m apart, which is equivalent to taking
one shot every 3 geophones. Smooth inversion tomography relies on a
physically feasible model of first-break propagation for P and S wave
soundings. The 1D velocity-depth profiles along the seismic line auto-
matically generated from traveltime seismic data by horizontal aver-
aging of the Delta-t-V method constituted an initial 1D model.
Subsequently, a refined 2D model was obtained by applying 100 itera-
tions of wavepath eikonal traveltime inversion (Schuster and Quintus-
Bosz, 1993).

4.3. Amplification factor and acceleration response spectrum

The soil amplification factor in terms of peak ground acceleration
(PGA) is defined as the ratio between the PGA values obtained in the
seismogram recorded on the surface (PGAg) and that corresponding to
the recording at a reference site (PGAR).

_ PGA;

FA= PGAg

(€Y

To estimate the amplification factor due to ground surface condi-
tions, the PGA values of the north-south (N-S) horizontal component of
the reference earthquake and the simulated surface record, obtained
from the convolution between the previous record and the ground model
at each site, were compared.

For this purpose, we computed the ground motion acceleration of the
shallow structure obtained at Hernandez Amores Square and Apdstoles
Street, which were chosen as calculation points. Three seismic events
with magnitudes Mw between 4.9 and 5.1 corresponding to the main-
shocks of the seismic series occurred in Adra (1993-1994) and Lorca
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(2011) were selected as input. These events were recorded at the strong
motion stations of the national seismic network (IGN, 2024), located on
bedrock outcrops composed mainly of schists, quartzites and phyllites.
These earthquakes may be regarded as representative of the expected
seismicity in the study area. In fact, for the city of Murcia, earthquakes
with the greatest contribution to the seismic hazard for a return period
of 475 years are those of moderate magnitude, ranging from 4.5 to 5.0
Mw, and a small source-to-site distance, between 0 and 10 km (SISMI-
MUR, 2006).

We used version 9.1 of Degtra A4 software (Ordaz and Montoya,
2012), which performs linear analysis of shear wave propagation in a 1-
D stratigraphy with viscoelastic properties by the Thompson-Haskell
method. To perform the calculation, it is necessary to provide the
shear wave velocity, mass density, damping ratio and thickness for each
one of the strata that make up the soil column. It is assumed that the
stratigraphic column overlies an elastic half-space, whose properties
must also be provided. Additionally, it is necessary to establish the angle
of incidence. In our case, the analysis has been conducted using SH
waves with an angle of incidence of zero (vertical incidence). Then, the
simulated ground motion acceleration was computed by convolving the
input accelerograms with the response of each 1-D model (Fig. 5), and
the AF is calculated by dividing the PGAs of the simulated seismogram
by the PGA of the input.

Finally, as a way to characterise the shaking severity of the simulated
waveforms, the acceleration response spectrum (SA) has been computed
via Duhamel’s integration (also implemented in Degtra A4). The SA
response represents the maximum absolute acceleration of damped
single degree of freedom (SDOF) oscillators with different free periods T.

5. Results
5.1. Geotechnical parameters from available data

Seven boreholes were drilled achieving a depth range from 17 until
34.90 m. Analysis of the stratigraphic columns of the boreholes and the
results of the laboratory tests are shown in Table 2.

Due to the location of the building, the subsoil around the cathedral
follows the pattern of the alluvial area of Murcia. As mentioned above,
four levels can be distinguished: superficial filling, clay and clayey or
sandy silt, silty sand and sandy silt, and finally, a layer of gravel. In this
study, we found seven layers distributed as follows: a first layer of su-
perficial filling, following by a layer formed by clayey and sandy silt,
which reaches approximately 10-12 m deep with a soft to medium
consistency, simple compressive strength values mostly between 0.25
and 0.5 kg/cmz, Nspr < 9, and a high compressibility, which seems to
decrease with depth. Below this silt, there is a level of silty sand and
sandy silt with gravel of variable compactness, depending on the pro-
portion of gravel that it contains. Thus, we have Ngpr between 7 and 53,
which gives an idea of the heterogeneity of this level. At a depth between
12 m and 16.30 m, there is a layer of sandy gravel with high compact-
ness and Ngpr in the range between 20 and rejection, with a mean value
of 35 and 40. Below these gravels, a series of silt and sand strata can be
detected, with a very rigid consistency, as well as compact gravel, being
very compact from a depth of approximately 30 m onwards. The ma-
terials below the first layer of gravel already have a high level of
compactness, as shown by the Ngpr tests carried out on the gravel at the
base of borehole BH1, which present rejection in the two tests conducted
(Fig. 6a).

Between 1994 and 1996 the water table dropped by 8 m, causing
relative settlements of 10-12 cm in buildings in the city of Murcia
(Rodriguez Ortiz and Mulas de la Pena, 2002). Such was the concern for
the stability of the Cathedral that, between August 1997 and April 2001,
sequential monitoring of the oscillations of the water table was carried
out using piezometers. The measurement showed that in four years there
had been a drop of >5 m with respect to the initial conditions, estab-
lishing the piezometric level in April 2001 at a depth of >9.5 m (IPCE.
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General Archive). Due to the risk of possible liquefaction as the building
is located on silty and sandy layers and the proximity of the Segura
River, new measurements of the groundwater levels were carried out.
The boreholes that allowed these measurements to be taken were BH6
and BH7. The results are shown in Table 3. The average depth of the
piezometer was around 4 m with maximum centimetric variations found
of 6 cm during the measurement period.

5.2. MASW surveys

The MASW was aimed at determining the shear wave velocities of
each of the layers. The MASW1 (Fig. 4a) runs along Barrionuevo and
Salzillo Streets. In the Barrionuevo Street, the mentioned three well-
defined layers can be identified. The first one, with a depth of 12 m,
shows velocity inversions (Fig. 6b). Thus, this layer can be subdivided
into two sections, the first corresponding to the shallowest part down to
~ 7.5 m, with shear wave velocities varying from 269 to 303 m/s, taking
the average velocity of 285 m/s. The second section, between ~ 7.5 m
and 12 m with velocities of 228-268 m/s, is lower than the previous
section. Then, from 12 m and = 19 m velocity values between 457 and
499 m/s are shown taking the average velocity of 478 m/s. Finally, from
19 m onwards, velocity values >600 m/s. In Salzillo Street, three layers
were also found: a surface layer with shear wave velocities ranging from
260 to 285 m/s down to 12 m, a second layer with an average Vs of 373
m/s down to 22 m, and a third layer with an average Vs of 459 m/s to the
maximum depth of 30 m. Two profiles were conducted in the Hernandez

Amores Square (MASW2 and MASW3), where two layers were also
detected: a layer with a Vs of 273 m/s down to 15 m, and a layer of
higher Vs of 472 m/s to the maximum depth of 25 m. Three layers were
found in the Cardenal Belluga Square (MASW4): a first layer with shear
wave velocities ranging from 260 to 300 m/s down to 10 m, a second
layer with a Vs of 358 m/s down to 13.3 m, and a third layer with an
average Vs of 453 m/s to the maximum depth of 30 m (Fig. 6b). In
Apostoles Street (MASWS5), two well-defined layers were found: a layer
with a Vs of 293 m/s down to 12 m, and a layer with a Vs of 478 m/s to
the maximum depth of 29 m.

5.3. Seismic refraction tomography

Just like the Vs values for the different layers of the subsurface, the
Vp values have also been determined. Four SRT profiles (sites SRT1-
SRT4) were conducted on the streets adjacent to the Cathedral
(Fig. 4a). On the Salzillo Street and the Cardenal Belluga Square (SRT1),
three layers were found: a variable silt layer, with a maximum thickness
of 15 m in the area of the Escultor Salzillo Street, decreasing until it
disappears from the main facade of the Cathedral (Cardenal Belluga
Square) at velocities <600 m/s. This is followed by a second layer with
velocities between 600 and 1500 m/s, more homogeneous between 15
and 23 m depth, which would correspond to the layer of sand and gravel.
And, finally, a layer is shown from 23 m with velocities above 1500 m/s
corresponding to the gravel layer. This layer cannot be correlated with
the borehole as the borehole depth was ~ 20 m.
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Table 2
Results of the laboratory tests.
BOREHOLE  Depth (m) Gravel Sand(%) Fines(%) USCS*  AASHTO**  Compressive Bulk Moisture Eoed Compression Specific
(%) >0.08 mm <0.08 mm strength density Content ok Index gravity
>5 mm (kg/cm?) (kg/ (%) (kg/
cm®) cm?)

BH1 2.4-2.8 - - - - - 0.46 2.08 20.2 - - -

6.0-6.6 0 6 94 CL A-6(9) 0.22 2.01 26.3 - - -
8.4-9.0 - - - - 0.36 2.16 22.6 61 0.13 2.70

10.8-11.4 - - - - - 0.46 2.12 22.6 - - -

12.6-13.2 38 53 9 SP-SM A-la - - - - - -

GP-

21.0-21.6 52 37 11 oM A-la - - - - - -

24.0-24.6 - - - - - 0.5 2.14 25.7 - - -

2.0-2.6 - - - - - 0.36 2.06 24.0 - - -

4.2-4.8 - - - - - 0.30 - - - - -
6.0-6.6 0 3 97 CL A-6(15) 0.64 2.07 26.1 80 0.16 2.68

BH2 8.4-9.0 - - - - 0.26 217 24.3 - - -

11.2-11.4 - - - - - 1.32 1.98 23.1 - - -
11.4-12.0 0 28 72 ML A-4(7) 0.42 2.04 24.5 72 0.14 2.69

15.0-15.6 40 44 16 SM A-1b - - - - - -
2.4-3.1 0 13 87 CL-ML A-4(8) 0.61 2.00 22.0 96 0.15 2.67

4.8-5.4 - - - - - 0.45 2.02 27.1 - - -

BHS3 8.3-8.9 0 44 56 ML A-4(4) - - - - - -
10.8-11.4 - - - - - 0.27 217 26.4 160 0.08 2.67

GP-

18.0-18.6 64 29 7 oM A-la - - - - - -
4.2-4.8 0 20 80 CL A-4(8) 0.21 2.05 24.4 61 0.14 2.67

BH4 6.0-6.6 - - - - - 0.15 2.10 259 - - -
7.8-8.4 0 3 97 CL A-6(8) 0.27 2.08 27.3 96 0.14 2.67

11.4-12.0 0 40 60 ML A-4(5) - - - - - -

5.5-6.1 0 30 70 ML A-4(7) - - - - - -

11.0-11.6 0 83 17 SM A-2-4 - - - - - -

BH5 12.8-13.4 48 39 13 GM A-la - - - - - -

23.7-24.0 - - - - - 0.73 1.97 24.8 - - -

24.6-25.0 0 25 75 ML A-4(8) - - - - - -

*Unified Soil Classification System; **American Association of State Highway and Transportation Officials;

Two profiles were conducted at Hernandez Amores Square (SRT2-
SRT3). The SRT2 profile reached a study depth of about 30 m where a
first level of silt ~ 6-10 m with velocities <600 m/s can be observed.
Then there is a layer between 600 and 1500 m/s located ~ 6-17 m deep,
which can be correlated with the layer of sand and gravel. Finally, there
is a layer with a higher velocity located from 17 m onwards with ve-
locities of 1500 m/s, which can be associated with the gravel layer. It
should be noted that from 20 m onwards, the velocity increases to values
of over 2000 m/s, which could correspond to the more compact gravel
package (Fig. 6d).

The SRT3 profile has reached ~ 25 m deep, presenting 3 layers: a first
layer located between the surface and the first 10 m with velocities
between 200 and 600 m/s, corresponding to the silt layer. A layer
located between 10 and 15 m deep, with a velocity between 600 and
800 m/s, being related to a layer of silty sand or gravel. Finally, a layer
from 15 m deep with velocities of over 1000 m/s, corresponding to the
gravel layer (Fig. 6d). Profile SRT4, conducted on Apdstoles Street, did
not yield any results as the street is built on an old irrigation canal.

The profile SRT2 has been obtained with an error of 5.5%, which is
equivalent to 4.44 ms after an inversion with 100 iterations at 50 Hz and
a signal width of 10%. The profile shows velocities from 200 m/s to
2000 m/s. For better interpretation, the P-wave velocity isolines are
highlighted in 250 m/s intervals.

5.4. Mini-Array method

The Rayleigh wave velocities and dispersion curves at the Apdstoles
Street (MA1) and the Hernandez Amores Square (MA2) estimated from
microtremor data have been obtained. The phase velocities at the
Apostoles Street were more stable compared to the Hernandez Amores
Square. The dispersion curve at the Hernandez Amores Square shows a
frequency range from 6.8 to 48.0 Hz and phase velocities between 330

Oedometric Modulus.

and 670 m/s. On the other hand, the dispersion curve at the Apostoles
Street shows a frequency range from 7.8 to 46.7 Hz and phase velocities
from 270 to 525 m/s. The phase velocities obtained at the Hernandez
Amores Square are slightly higher than those obtained at Apdstoles
Street. The shear velocity model at the Hernandez Amores Square pre-
sents values of Vs between 344 and 756 m/s for a depth range between
3.8 and 50.3 m, whereas at Apéstoles Street, Vs ranges from 269 to 721
m/s for a depth from 3.6 to 36.8 m (Fig. 6¢). The S-wave velocity up to
25 m depth at the Herndndez Amores Square, north side of the Cathedral
is a little higher than that of the Apdstoles Street (east side of the
Cathedral). The average shear-wave velocity in the uppermost 30 m of
the ground (Vs3p) values at Hernandez Amores Square and Apdstoles
Street, estimated from the phase velocity at a wavelength of 40 m
(Konno et al., 2000), are 450 m/s and 380 m/s respectively. According
to these values, the grounds at these points are type II and III respec-
tively under Spanish seismic code (NCSE, 2002) and class B according to
Eurocode 8 (EC8) EN 1998-1 (2004) (Table 4).

5.5. HVSR method

The predominant period of the ground was determined from the
spectral ratio between the geometric mean of the horizontal components
and the vertical component of the ambient noise recordings (Fig. 4a).
The results show that the maximum amplitude of the spectral H/V ratio
at Hernandez Amores Square (site HVSR2) corresponds to a period of
0.37 s (frequency 2.7 Hz) (Fig. 7). At Apdstoles Street (site HVSR1), the
calculated predominant period is 0.38 s, with an associated frequency of
2.6 Hz (Fig. 7). A second dominant peak can be observed at low fre-
quencies. It is especially clear at Apdstoles Street. This peak can be
associated with impedance contrasts between deeper layers.
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Table 3
Piezometric results.

Borehole Date 6/4/2021 11/25/2021 5/13/2022
BH6 4.2 4.11 4.07
BH7 Piezometric depth (m) 4.1 4.07 4.03

Table 4

Identification of ground types described on Eurocode-8 (EC8) and Spanish
seismic code (NCSE, 2002).

Ground type General description Vs3o (m/s)
EC8 NCSE-02 Hard rock EC8 NCSE-02
A I Medium hard rock >800 >750
B I Hard soil and soft rock 360-800 400-750
C 11 Medium to soft soil 180-360 200-400
D Soft soil <180

I 2
E v Special soils liquefaction <200

6. Discussion

A complete characterisation of the elastodynamic properties of the
subsurface structure provides a more reliable estimate of the seismic
amplification of soils. For this, complementary geophysical techniques
have been used in this work. SRT provided the Vp structure while MASW
presents a high sensitivity to the Vg profile. An optimized common
experimental setup allowed SRT and MASW measurements to be

performed with high productivity. The mass density was determined
from geotechnical tests. Microtremor array measurements using high-
sensitivity seismometers and simulation of the HVSR of ambient noise,
which is highly sensitive to impedance contrasts, allowed us to extend
the Vs structure to higher depths, beyond the engineering basement.

The boreholes are in two areas, the first very close to the tower of the
Cathedral (BH1, BH2, BH3, BH6) and the second in the opposite corner
of the same, specifically on the Main Facade in the outside and inside the
building (BH4, BH7) and, at the intersection of Apéstoles Street and
Cardenal Belluga Square (BH5). The seismic profiles were arranged with
two criteria, the first was to try to be as close as possible to the soundings
and the tower and, secondly, to obtain information from all the streets
surrounding the Cathedral (Fig. 4).

Mulas de la Pena, 2015 classified the soils of the city of Murcia into
four type columns to obtain the response spectra. These columns were
grouped according to soil types, characteristic thicknesses, Vs and spe-
cific weight (Table 5).

The results of the present study correspond to the type A column
proposed by Mulas de la Pena, 2015, always taking into account average
values (Table 5).

The calculation of velocities and thicknesses of the layer formed by
infills has not been considered. This is because our main objective is to
correlate the results of the different seismic techniques with the results
of the boreholes. In this case, the geotechnical survey does not refer to
the backfill layer. However, the thicknesses of this infill layer are
negligible.

The second layer proposed by Mulas de la Pena, 2015, composed of



M.A. Martinez-Segura et al.

101| : ' :

HA Spectral Ratio

101 L L .
0 5 10 15 20

Frequency (Hz)

Fig. 7. H/V Spectral ratio at Hernandez Amores Square (blue colour) and
Apdstoles Street (red colour). Solid lines show mean values, and dashed lines
limit one standard deviation intervals. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

clay, silt and sand with a Vs = 270 m/s (type A), has been separated into
two sublayers. The upper one composed of silt and clay and the lower
one of sandy silt and silty sand. This subdivision was considered due to
the presence of levels of gravels mixed with the sand which show a
significant variation in geotechnical properties and shear wave velocity.

Silt and clay layer with a thickness of between 10 m and 12 m, ac-
cording to the boreholes, and 9.3 + 5.3 m, according to the geophysical
campaign, of soft-medium consistency, compressive strength values
mostly between 0.25 and 0.5 kg/cmz, Ngpr < 9, and a high compress-
ibility that seems to decrease with depth shows shear velocities are Vs =
305 + 32 m/s and compressional wave velocities Vp = 586 + 73 m/s.
Layer of sandy silt and silty sand with variable thicknesses about 4 m,
missing in some areas. It presents variable compactness depending
largely on its gravel content; thus, we have Ngpr between 7 and 53,
which gives an idea of the heterogeneity of this level. This is also shown
by the values of Vs = 296 + 62 m/s and Vp = 699 m/s.

The first layer of sandy gravel, with variable thicknesses =~ 11.5 m,
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high compactness, as shown by the values of the SPT carried out, with
the gravel located at the base of borehole BH1, where rejection was
obtained in the two tests conducted.

Table 6 compares, for three materials, the thicknesses, the average
Ngpr values, the Vs values estimated from Ngpr (relationships in
Table 1), the MASW and Mini-array Vs models, and the SRT Vp model
recovered from two adjacent locations surrounding the Cathedral:
Herndndez Amores Square and Apostoles Street (Fig. 6). It should be
noted that the gravelly sand layer appears and disappears, with variable
thicknesses and Vs values depending on the gravel content of the layer.
In these two measurements, the layer made up of sand with gravel was
not found.

The estimated Vs values show a higher standard deviation than the
values measured with the MASW and Mini-array methods, highlighting
the discrepancy when averaging relationships obtained in different
geological settings. However, the average relative variation between
estimated and measured values is <10%.

The comparison between Vs values from MASW and Mini-array re-
veals a similar trend in the silty sediments up to a depth of 12.9 m, 305
and 361 m/s in Hernandez Amores Square with values of 293 + 17 and
277 m/s in Apostoles Street. It is followed by a layer of gravel with sand
with higher velocity: 437 and 427 + 26 m/s in Herndandez Amores
Square and 478 + 21 and 336 + 43 m/s in Apdstoles Street,
respectively.

The Vp values at these two stations could not be compared because
no results were obtained at Apdstoles Street. Velocities of 586 + 73 m/s
for the silt layer and 1470 + 490 m/s for the gravel and sand were
measured at depths of 12.9 and 25 m, respectively.

Based on the above results, a 3D velocity model of the subsoil of the
Cathedral Church of Saint Mary in Murcia (Fig. 8) has been made. The
model shows an upper layer formed by backfill that has been considered
continuous, both inside and outside the Cathedral. However, the actual
distribution underneath the Cathedral is unknown, because it may be
part of the foundations or fillings that exist underneath the Cathedral
and cannot be assimilated to the exterior areas.

Simulations of the HVSR from the underground structure using the
diffuse field approach (Garcia-Jerez et al., 2016; Sanchez-Sesma et al.,
2011) suggest that the peak at 2.5-2.6 Hz is caused by an impedance
contrast at a depth of about 63 m, beyond the range investigated by the
performed seismic tests, with a stiffer layer of Vs ~ 1100 m/s (Fig. 9).
The result is consistent with the Vs profiles of the study area obtained by
Gestion del Subsuelo S.L. (unpublished results) by using passive MASW

Table 6
Layer thickness, Vp and Vs obtained from different methods

Layers Thickness Nspr Vs (m/s) MASW Mini- SRT
appears from 16 m in the boreholes and from = 15 m in the geophysics (m) estimated from Vs (m/  Array  Vp (m/
campaign. The standard penetration test values are between 20 and N-SPT 5) Vs(m/ s
rejection, and a typical value of approximately 35-40 can be adopted. S
. . . o . .
'ljhls allows to deduce a relative den51Fy of about 40%, an internal frlg il 03453 9 975 + 83 305 + 319+ 586+
tion angle of about 34° and a deformation modulus of about 500 kg/cm?. sand 32 42 73
. . . an
In this layer, values of Vs of about 440 + 39 m/s were found, similar to with 40440 30 300 + 89 296 + _ 699
the Vs reported by Mulas (440-460 m/s). Values of Vp of 1470 + 490 m/ gravel 62
s were Obtaln.ed. ' Gravel 115 + 375 440+ 150 440 £ 416+ 1470
The materials located below the first layer of gravel already present a 3.5 39 37 + 490
Table 5
Typical columns of the City of Murcia (Mulas de la Pena, 2015).
A B C D
Vs h Tw Vs h Yw Vs h Tw Vs h YTw
Anthropic Fill 170 2.20 1.92 - 115 3.0 1.70 170 1.0 1.92
Clay, Silt and Sand 270 9.05 2.02 270 23.75 2.02 270 15.0 2.02 270 21.80 2.02
Gravel 460 - 2.35 460 - 2.35 460 - 2.35 460 - 2.35

Vs = Shear wave velocities (m/s); h = thickness (m); Yw = specific weight (t/m3).
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Fig. 8. 3D velocity model of the subsoil of the Cathedral Church of Saint Mary in Murcia.
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Fig. 9. Interpretation of the HVSR curve in the study area. (a) S-wave profile obtained at MA2 extended downwards from HVSR fitting; b) Experimental H/V curves
at MA1 (red colour) and MA2 (blue colour) and simulated H/V (black line) for the model in panel (a). Stratigraphic interpretation of deepest layers is based on
Borehole 2 (Fig. 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with 1 Hz geophones arranged in L-shaped arrays. This depth also
matches well with the high electrical resistivity basement found in
previous studies through the use of time domain electromagnetic
(TDEM) surveys (see profile 7-SEDT in Aragon et al, 2002),

11

corresponding to an impermeable layer that covers a thick formation of
compact gravels (see borehole 1 in Fig. 3, as well as the interpretation of
several boreholes in Murcia town and its surroundings, carried out by
INYPSA, 2007). This layer can be considered as the seismic basement in
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order to compute ground amplifications. Another velocity contrast is
expected at about 350 m to reproduce the bump or broad peak found in
the H/V below 1 Hz. That contrast can be attributed to the impermeable
metamorphic basement of Triassic schists and phyllites described in a
deep hydrogeological survey carried out 1.2 km SE of the Cathedral
(Fig. 3c). Unfortunately, the density of sufficiently deep boreholes that
reach these materials is scarce. Finally, peaks above 4 Hz are related to
the shallow layering in the top 20 m.

The estimation of ground amplification factor will be of particular
importance for the subsequent calculation of the soil-structure interac-
tion for the Cathedral. Once the seismic-velocity ground model has been
estimated, the ground amplification factor can be determined by
dividing the PGA values of the simulated surface seismogram by the data
sets used as input. These inputs have been applied at the engineering
basement at 65 m depth (Fig. 9).

Fig. 10 shows the seismograms corresponding to the N-S components
of the main earthquakes of the 2011 Lorca, and 1993 and 1994 Adra
seismic series, recorded and simulated on the surface at Hernandez
Amores Square and Apostoles Street. The respective SA responses for the
horizontal components are compared in Fig. 11.

The mean amplification factor in PGA found for the horizontal
components are 1.66 + 0.11 at Hernandez Amores Square and 2.11 +
0.14 at Apostoles Street. These results agree with the range of values
obtained by Mulas de la Pena (2015) for the study area and are
consistent with the expected amplification factors considering that the
soils at these sites are type II and III respectively, according to the
Spanish seismic code (NCSE, 2002). Note that the ground motion due to
Lorca 2011 event, with horizontal peak ground acceleration reaching
0.37 g on rock site conditions and SA responses exceeding the design
spectra of the Spanish seismic code for periods up to 0.5-1 s (Fig. 11) can
be considered exceptional. Such high values have been explained by the
combined result of a small epicentral distance (< 5 km), a very shallow
hypocentral depth (4.6 km) and the effects of strong source directivity
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(Alguacil et al., 2014).
7. Conclusions

This article focuses on the detailed study of local effects in a his-
torical building soil, the results of which are applicable to the analysis of
the seismic risk of the monument. For this purpose, the seismic ampli-
fication of the soil around the Cathedral Church of Saint Mary in Murcia
has been calculated.

The first step was to geologically and geotechnically classify the soil
layers based on the results of the boreholes. The study revealed a
stratified structure consisting of three layers in the upper 30 m. An upper
layer of clayey silt with Vs = 305 4+ 32 m/s and Vp = 586 + 73 m/s. This
is followed by a layer of sandy silt and silty sand with Vs =296 + 62 m/s
and Vp value of about 700 m/s. Finally, a layer of sandy gravel with Vs
=440 £+ 39 m/s and Vp = 1470 + 490 m/s. A 3D model of this shallow
structure has been obtained. Vg3( values correspond to soils of category
II-IIT (NCSE, 2002). A simplified model of the deeper structure, down to
300 m has been proposed.

Then, three seismic events with Mw magnitudes between 4.9 and 5.1
were used as input to estimate the amplification factor. The results
reveal a PGA amplification in the horizontal components between 1.66
£ 0.11 and 2.11 + 0.14. The variability in the results even in short
distances emphasize the importance of performing detailed seismic site
effect studies for heritage buildings.

The results of this study could be an important step forward in the
correct seismic assessment in areas where the existing subsoil materials
are prone to amplification, helping the preservation and risk reduction
of existing cultural heritage structures through scientific and engineer-
ing knowledge. In this paper, we demonstrate how to provide input data
that allows accurate calculation of the soil-structure interaction.
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Fig. 11. SA response (5% damping) for the horizontal motion components of the 2011 Lorca, and the 1993-1994 Adra mainshocks, recorded at rock site and
simulated at Hernandez Amores Square (MX1) and Apéstoles Street (MX2). The results are compared to the design spectra prescribed by the Spanish seismic code

(NCSE-02) for Murcia town on type II and type III soils.
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