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Abstract

Long-term monitoring of structural movements in historic buildings and heritage sites allows assessing their stability and
recognizing damages that require intervention. The Punta Begofia Galleries, built in the earlier part of the twentieth century,
present pioneering techniques in the use of reinforced concrete in building construction. They stand directly over a coastal
cliff, and their recovery requires first to guarantee their stability, while maintaining their historic and patrimonial values.
Thus, with the goal of analyzing their global stability, as well as the extent of the observed damages, we implemented a
motion monitoring network that includes three boreholes for extensometric control, an inclinometer, and five crack gauges
(crackmeters). This monitoring was complemented with the recording of hydrometeorological variables at the surface and
in four piezometers. The spectral analysis of the signals of movements was performed by introducing the use of the Lomb-
Scargle (LS) periodogram, which is particularly well-suited for the analysis of unevenly spaced time series. This analysis
allowed us to differentiate the reversible seasonal elastic components of the records and to recognize the irreversible long-
term plastic displacements, which highlight the sectors with active instability. In our case, the identified damages are related
to two local problems of building support. Even though the irreversible component of the displacement after seasonal sinu-
soidal detrending is small (with maximums up to 0.12 mm/year), it does imply a dynamic plastic deformation, which calls
for the need to adopt structural stabilization measures.

Keywords Heritage sites stability - Long-term monitoring - Lomb-Scargle periodogram - Damage assessment -
Conservation plan

Introduction

Conservation and stabilization projects in environments of
well-known cultural relevance not only must address the
repairs of any existing damages, but also must ensure the
preservation of the historical value of the site (Guo et al.
2009). Thus, and following the recommendations compiled
in the “ICOMOS Charter — Principles for the analysis, con-
servation and structural restoration of architectural heritage
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(2003),” the rehabilitation measurements aim to address the
root of the problems while being minimally invasive in order
to guarantee the safety and durability of the site and to miti-
gate damage to the patrimony.

Consequently, the diagnosis and knowledge of both the
building techniques and the processes of alteration and
structural damages are fundamental to rehabilitate and
repurpose the historic building (Heinemann 2008, 2013;
ICOMOS 2010, 2014; Laborde Marqueze 2013; Custance-
Baker and Mac Donald 2014). The diagnosis must follow
specific methodologies in order to understand the structure
and building methods, to characterize the alteration pro-
cesses, and to evaluate and control the structural safety of
the site (Chang et al. 2003; ICOMOS 2003; Heinemann
2008; Laborde Marqueze 2013; Damas Moll4 et al. 2018,
2020). For cultural heritage and archeological sites consid-
ered to be affected by geologically based issues and geo-
hazards, monitoring strategies incorporate a wide range of
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complementary survey techniques (Margottini et al. 2015;
Themistocleous and Danezis, 2019), including, at the local-
scale (Themistocleous et al. 2018), in situ observation, 3D
laser scanning, differential GNSS, satellite and ground-
based radar interferometry, UAV imagery (Colomina and
Molina 2014; Tang et al. 2016), along with geotechnical
instrumentation for displacement control, mainly extensom-
eters and crack gauges (Ding et al. 2000; Greif et al. 2006;
Mulas et al. 2020), and environmental sensors.

It is within this framework that we approach the recovery
and revalorization of the Punta Begofia Galleries (Getxo,
Spain). Previous reports question the overall stability of this
early twentieth century building. The stability of its most
significant spaces, namely the Northwest and Southwest
Galleries, in relation to the stability of the cliff upon which
they were built was highly questioned, leading to pose the
need to demolish the building and only preserve architec-
tural elements of the facade. In this context, given the local
development of the damage observed, and the fact that these
are extremely slow movements, in the sense that they do not
pose an immediate threat to the structure, but have proven
to be detrimental over the long course of time (Greif et al.
2006), a permanent geotechnical recording system (Cempel
2003; De Stefano et al. 2016) was designed in order to moni-
tor the instability symptoms. This geotechnical monitoring
system is chiefly based on wire extensometers and crack
gauges seeking to identify the behavior of this dual context
in which the development of instabilities in the cliff can lead
to the development of damage to the building’s structure,
whose supports in turn alter the state of the terrain’s original
stresses.

Records from these devices are affected by temperature
changes giving rise, due to material’s thermal dilatancy,
to opening-closing cycles in the time series that can mask
significant and worrisome small irreversible displacements
(Weber et al. 2017; Janeras et al. 2017; Mulas et al. 2020).
To separate these reversible (elastic) components from
the signals and quantify the irreversible (plastic) displace-
ments, Weber et al. (2017) have proposed a linear fit method
between temperature and fracture opening. This approach
requires temperature series, so Mulas et al. (2020) propose
a sinusoidal wave fit of displacement time series, avoiding
the consideration of temperature series that may lead to
biased results as they observed significant timelag of the
temperature signal with depth. In this work, we introduce
the use of the Lomb-Scargle spectral analysis of the time
series (Lomb 1976; Scargle 1982). The Lomb-Scargle analy-
sis can be understood as a Least-Squares Spectral Analysis
(LSSA) method. This technique was originally developed
for the analysis of astronomical time series, but it has been
adopted to analyze time series in different geology fields
such as environmentology, climatology and paleoclimatol-
ogy (Pestiaux and Berger 1984; Schulz and Stattegger 1997,
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Hocke and Kampfer 2009), seismology (Park et al. 1987),
and cyclostratigraphy (Weedon 2003; Pardo-Igtzkiza and
Rodriguez-Tovar 2011; Vaughan et al. 2015). The main
advantage of this method is the ability to overcome the limi-
tations imposed by other methods that require continuous
and evenly spaced time series; thus, this method eliminates
the need to fill unevenly sampled time series with interpo-
lated values, which can have an effect on the spectral analy-
sis results (Schulz and Stattegger 1997; Pardo-Igtzkiza and
Rodriguez-Tovar 2012).

Our main objective is to analyze the efficiency of the
installed monitoring network, as the basis of a cliff and
structural health monitoring system, and to show how the
Lomb-Scargle spectral analysis can be used to quantify the
magnitude of the instabilities and the scope of the damages.
This information will be essential for the design of mitiga-
tion strategies that would preserve the natural and cultural
value of the cliff-structure complex, while incorporating the
necessary safety measures for its public use.

Construction context

The Punta Begofia Galleries are located in the municipality
of Getxo, on the coastal cliffs of this sector of the Bay of
Biscay (Fig. 1). Designed by Ricardo Bastida as an exten-
sion of Horacio Etxevarrieta’s house, the galleries were built
directly on the rocky wall of the cliff, constituting a watch-
tower over the entrance of Bilbao’s Estuary.

From a geological point of view, materials outcropping in
this sector of the coast are Mesozoic and Cenozoic succes-
sions of marine deposits folded during the Alpine Orogeny
(Morales et al. 2004). In the area where the galleries were
built, these materials show a flyschoid alternation, con-
sisting of hemipelagic marls and marly limestones (Upper
Cretaceous gray and red marls and marly limestones). The
arrangement of rock strata shows a northwest-southeast
direction dipping deeply towards the south.

In this geological context, Punta Begofa Galleries were
built at the beginning of the twentieth century, adapting its
shape and structure to the morphology of the cliff (Fig. 1b,
¢). Their origin appears to be related to a rockfall that made
necessary the stabilization of the area. The architect Ricardo
Bastida designed, for this purpose, a wall with out-facing
pavilions in 1918, which eventually resulted, in 1921, in
a more ambitious construction: the current galleries. The
final building structure resulted in two main facades that are
perpendicular to each other: the so-called Northwest Gallery,
with a large room, called the Hall, followed by an elevated
corridor; and the Southwest Gallery (Fig. 2a). The galler-
ies are separated by a semicircular structure, known as the
“Tholos” that acts as a juncture.
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Fig. 1 a Geographical location.
b Image prior to construction.
¢ Punta Begona Galleries today

Their construction coincided with the beginning of the
use of reinforced concrete (Rosell and Carcamo 1994; Diaz
Morléan 1999, 2011). The facades are based on a sandstone
masonry wall (Fig. 2b, d), on which an intermediate sec-
tion of reinforced concrete blind wall was built. The blind
wall supports a corridor gallery with concrete columns and
prefabricated balustrades, crowned by an upper garden. The

pillars of the structure are also made of reinforced concrete
and were built directly on the original cliff (Fig. 2c, e, and
f), resting on small footings excavated in a staggered manner.
An important aspect to highlight is the differing relationship
between the rocky cliff and the structure of the building on
both facades. Namely, while the orientation of the Northwest
Gallery facade is perpendicular to the direction of the strata

Fig.2 a Plan of the Punta
Begoifia Galleries. b Exterior

of the Northwest Gallery Hall.

¢ Interior space underneath

The Hall, showing the pillars
standing on the cliffside. d and
e Exterior of the Southwest Gal-
lery. f Interior showing the sup-
porting pillars over the chalky
strata. S, stratification

a) b) and c) viewpoint
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(Fig. 2c¢), the direction of the stratification and the facade of
the Southwest Gallery are parallel (Fig. 2e, f).

Consequently, after years of neglect, when in 2014, the
Getxo City Council promoted the recovery and enhancement
of this heritage site; it emerged as a priority issue to establish
the nature and extent of the damages to the building. Initially,
its general stability in relation to the cliff-construction inter-
action was particularly questioned, so a monitoring strategy
was designed with the aim of measuring and assessing the
observed damage.

Methodology
Movement control network

As a first step, in order to have a highly accurate digital ref-
erence to include the different observations of the building,
we created a geometrical model of the building and its sup-
ports in the rocky slope. For this, a Terrestrial Laser Scanner
(TLS), with a FARO Laser Scanner Focus 3D X330 equip-
ment, was used to make a full scanning of the building and
the rocky slope. The TLS is an ideal technique for buildings
with irregular and not very accessible morphologies (Casula
et al. 2009; Montuori et al. 2014; Dong et al. 2020). The 3D
Point Cloud (3DPC) clearly depicts both the detailed struc-
ture of the building and the cliff. The 3DPC is essential for
the detailed management of high-value heritage elements,
before acting on them. In our project, the software Web
Share 2 Go (FARO 3D Visionary) enabled real viewing of
the scanned space through an external cloud service, which
allowed us to make measurements. We completed planimet-
rics based on the 3DPC point cloud using CAD software.

Based on this planimetric model, and after reviewing
the building’s structural damages, we set up the movement
monitoring network together with a hydrogeological control
system (Fig. 3):

Northwest gallery

The area known as “the Hall” is located here. This is the area
where most activity is registered by researchers and where
the main social and outreach events take place, including
thematic workshops and some of the most attended activities
open to the public, such as the regular venue for the Inter-
national Image Festival Getxofoto (www.getxophoto.com).

In this facade (Fig. 4a), despite the orientation of the
strata being perpendicular to the slope, and therefore favora-
ble for stability, previous reports identified a crack, with a
maximum aperture of 1 cm, in the upper concrete slab at its
northeastern corner (Fig. 4b), coinciding with the access
stairway to the building from the upper esplanade. This
observation was interpreted as a sign of global instability of
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the building in relation to the cliff, so the first extensometer
set (EXT-1) was installed in 2014 from the lower masonry
wall of the galleries (Fig. 4a). For this purpose, an 11-m
deep horizontal drilling was carried out, with a diameter of
101 mm for the first 3.60 m, and of 86 mm for the remaining
depth. This drilling went through 1.20 m of wall, clayey fills
of anthropic nature up to 3.40 m deep, 0.20 m of fragmented
rock without matrix, and marly rocks and marly limestones
up to the end of the drilling. We then performed the extenso-
metric control by placing 2 potentiometric sensors arranged
in an external head, with two sets of rods fixed with hydrau-
lic anchors (Fig. 3a): from 2.50 to 3.25 m (short rod) and
from 10.00 to 10.75 m (long rod), respectively (Fig. 4a).
The measuring range of the IKM potentiometers (DPF Sen-
sors) is 50 mm, with an accuracy of +0.01 mm. A Camp-
bell Scientific CR200X Series datalogger recorded, at the
desired time step, environmental temperature, and ground
movements on both rods. The frequency of data recording
has varied throughout the research period, as needed, from
hourly to every 4 to 12 h.

Slightly further south, in the most prominent zone of the
original cliff, and therefore of the building, we decided (in
2016) to perform one inclinometric drilling (INC-1) from the
upper esplanade. The borehole reaches a depth of 21 m, with
a diameter of 101 mm. Initially, it passed through 1.20 m
of loose material and fill before reaching the rock massif,
consisting of an alternation of marls and marly limestones.
This borehole was equipped with an inclinometric pipe. The
inclinometric measurements were made with a Soil Instru-
ments C17-pro biaxial probe with a monthly periodicity,
which allows quantifying the relative horizontal movements
on a vertical line.

At the same time, we installed a hydrogeological moni-
toring system (Fig. 4a), consisting of two piezometers, one
located on the upper terrace of the building (SP-3 piezom-
eter) and the other at its base (SP-1 piezometer). Each of
these piezometers was equipped with water temperature,
water level, and electric conductivity control devices (CTD-
Divers) from the brand Schlumberger. In both boreholes,
barometric devices were also installed at 20 cm depth to
record air temperature and pressure. Figure 4 shows the
monitoring network in the area around the Hall.

Southwest gallery

Unlike in the Northwest Gallery, the direction of the fagade
in the southwest side of the building is parallel to the strati-
fication. The stability of this gallery was compromised as
part of the structure was loaded on the original cliff strata
(Figs. 2f and 5a). In fact, the Southwest Gallery is the sec-
tor that shows the main damages, including several cracks
affecting its structure, particularly in two well-localized
sectors: the “Tholos,” with a maximum crack aperture of
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a) Extensometer

Fig. 3 Movement control and hydrogeological monitoring devices in Punta Begofia Galleries. Equipment installation: a extensometers, b incli-
nometer, and ¢ crackmeters. EXT, borehole for extensometric control; CRK, crackmeter; INC, inclinometer; SP, piezometer

1 cm (Fig. 5d), and the section where the gallery widens,
in which cracks reach 2 cm of aperture in the upper terrace
(Fig. 5b) and up to 1 cm in other parts of the building, as in
the facade (Fig. 5¢).

With the aim of analyzing the evolution of damages in
both sectors, two extensometric control units were imple-
mented in 2014 (EXT-2) and 2016 (EXT-3). The extensome-
ter set EXT-2 was located in the “Tholos” (Figs. 3 and 5). To
install it, we carried out a horizontal drilling of 9 m in length
and a diameter of 101 mm for the first 1.10 m, and 86 mm
for the rest of its length. After 1.30 m of masonry wall, we
reached the marls and marly limestones of the rock massif on
which the “Tholos” rests. Two potentiometric measurement
sensors were installed, with the technical characteristics pre-
viously indicated, as well as two sets of rods with hydraulic
anchors from 2.5 to 3.25 m (short rod) and 8.00 to 8.75 m
(long rod), respectively.

The extensometer set EXT-3 was installed in the outer
facade corner where the Southwest Gallery widens (Fig. 3).
For this purpose, a 20.80 m horizontal drilling was made,
with a diameter of 101 mm along its entire length. Due to
its parallel disposition to the wall, it ran along the wall for
5.30 m, where it reached the marls and marly limestones of
the rocky substrate on which the corner rests. The control
equipment has a head with two OG400VW vibrating wire
sensors (OTR) and two sets of rods with hydraulic anchors
fixed from 10.00 to 10.75 m and from 19.50 to 20.25 m,
respectively. The measurement range of these sensors
is 50 mm, with an accuracy of +0.1 mm. The Geosense
Geologger LINX data logger continuously records the envi-
ronmental temperature and the movements of both rods. The
periodicity of data acquisition was varied as needed.

In order to monitor the activity of the main cracks in
this gallery, five crackmeters were installed: three KLR
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Fig.4 a Schematic cross-
section of the Point Cloud of
the Punta Begoiia Galleries in
the Hall, with the location of
the EXT-1 extensometer, SP-1
and SP-3 piezometric boreholes.
b Image of the existing crack in
the upper slab of the building

potentiometric ones (Novotechnik) at the “Tholos” (CRK-
1, CRK-2, and CRK-3), with an accuracy of +0.05 mm; and
two VWDT vibrating wire (Geosense VW) on the facade
where the Southwest Gallery widens, with an accuracy

a)

Fig.5 a Schematic cross-
section of the Point Cloud of the
Punta Begoiia Galleries in the
“Tholos” and Southwest Gal-
lery. b and ¢ Images of the main
cracks in the section where the
gallery widens. d Main crack in
the “Tholos” facade
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of £ 0.05 mm, named CRK-4H and CRK-4 V (set CRK-
4). The data were recorded in the same data loggers that
collected the extensometric information and with the same
periodicity, ranging from 1 to 12 h increments.
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Monitoring in this sector was also completed with two
piezometers (Fig. 5), one in the upper terrace (SP-5) and the
other at the foot of the galleries (SP-2).

Spectral analysis of data series

From the information obtained in the field campaign, we
used the time series analysis to differentiate between the
reversible tendencies characterized by cyclic compo-
nents, representative of elastic behavior, and the irrevers-
ible tendencies that would point to the existence of plastic
deformations.

To this end, after importing the data with the pandas data
analysis tool (McKinney 2010; Reback et al. 2020), first
we performed a least-squares linear fit to all the signals to
remove any linear trend. After removing the linear trends
and the mean from our signals, we performed a spectral anal-
ysis using the Lomb-Scargle method (Lomb 1976; Scargle
1982) to identify the most dominant periods of cyclic revers-
ible changes. To perform the calculation of the periodogram,
we used the gastpy package developed by VanderPlas and
Ivezi¢ (2015). Specifically, we use the fast periodogram
implementation based on the algorithm developed by Press
and Rybicki (1989).

For a data series x, sampled at nonuniform times ¢, the
expression for the Lomb-Scargle periodogram is given by:

where A, is the average value of the oscillation, which
depends on the initial setting of the equipment.

Results
Monitoring data

In this section, we present the results obtained from the
crackmeter set CRK-4, and extensometers EXT-1 and EXT-
2, which are the three control units that provided the most
significant information regarding the cliff-building stability.
In order to allow for a comparative view of the data regis-
tered by these instruments, in Fig. 6, we include the direct
observations obtained from 2015 to 2019.

Thus, in Fig. 6a, we show the data from the crackmeter
set CRK-4, which registers the horizontal (CRK-4H) and
vertical (CRK-4 V) displacements in the fagade’s main crack
in the sector where the Southwest Gallery widens (Fig. 5c).
Both signals show a clear periodicity, with a peak-to-peak
amplitude of 0.566 mm for the horizontal displacement
(CRK-4H) and of 0.403 mm for the vertical displacement
(CRK-4 V). In this figure, we also show the variation in
ambient temperature recorded in the nearby weather station
of Punta Galea (Getxo). The daily average temperatures
also show a clear seasonal tendency, with highs of up to
25 °C during the summertime and lows of 5 °C during the

),
Pps(f) = 5{ ¥, x,c08%(2zf [t, — 7])

, (Znsin(af, - <])) } 0
>, x,sin’ (2zf (1, — 7])

where f is the frequency and 7 is an offset specified for each
frequency to ensure time-shift invariance:

1 B Y, sin(4xft, )
T=—tan || S )
4rf Y cos(4xft,)

When written in this form, the expression for the peri-
odogram resembles that of the classical periodogram of
evenly sampled data using the Fourier transform. The Lomb-
Scargle method can also be interpreted in terms of a least-
squares fit to a sinusoidal function at each frequency of the
form:

¥(t.f) = Agsin(2xf (1 = o)) 3)

where the amplitude A, and the phase ¢, parameters can
vary as a function of frequency and are fitted to the data
using a least-squares method (VanderPlas 2018). In our case,
we use:

Y(t.f) = Ay + Assin(2f (1 = @;) ) “4)

wintertime. As can be seen, the displacements in the crack
show a logical inverse relationship with the ambient tem-
perature (Mulas et al. 2020), with maximum crack openings
corresponding to colder periods, and crack closing during
the warmest months, in relation to the thermal retraction-
dilatation processes of the facade materials, respectively.
In Fig. 6b, we present the data from the extensometer
EXT-1 in the Northwest Gallery (Fig. 4), those obtained by
the rod anchored between 10.00 and 10.75 m (long rod) and
those obtained by the rod anchored between 2.50 and 3.25 m
depth (short rod). These signals show a clearer cyclicality,
with a peak-to-peak amplitude of 0.533 mm for the long
rod and 0.723 mm for the short one. We note that during
the first year and a half, the long rod showed a relatively
static behavior (Fig. 6b), but after replacing the sensor, its
measurements were similar in magnitude and direction to
those obtained from the short rod. In both cases, the larg-
est elongation of the rods corresponds to the winter time.
This apparently paradoxical behavior can be explained
taking into account the offset of the temperature evolution
inside the ground. In order to clearly show this evolution,
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Fig.6 Records from 2015 to 2019: a crackmeter CKR-4, horizon-
tal (CRK-4H) and vertical (CRK-4 V) movements, together with the
ambient temperature at Punta Galea weather station; b extensometer
EXT-1 long rod (anchored at 10.00 to 10.75 m depth) and short rod

Fig. 7 shows the standardized records of ambient tempera-
ture, air temperature at 20 cm depth in the SP1 piezometer
(measured by the barometric device), and water tempera-
tures recorded by the CTD-divers in the piezometers SP-1,
SP-2, SP-3, and SP-5. This figure clearly shows how there
is essentially no noticeable offset between the ambient tem-
perature and the air temperature inside the piezometer, and
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(anchored from 2.50 to 3.25 m depth), together with temperature
evolution at SP-3; ¢ extensometer EXT-2 long rod (anchored at 8.00
to 8.75 m depth) and short rod (anchored from 2.5 to 3.25 m depth),
together with temperature at SP-5 piezometer

how the latter is a smoother version of the former. Regarding
the piezometers located at the base of the building, Fig. 7
(panels a and b) shows how the water temperatures recorded
at depths of 6.1 m and 8.6 m in the piezometers SP-1 and
SP-2 exhibit lags of 80 to 106 days with respect to the previ-
ous signals, and a clear incidence of the arrival of rainwater
in the records. Finally, the CTD-divers located at depths
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Fig.7 Hydrometeorological records and temperature evolution inside
de rock massif trough piezometers groundwater monitoring: a precip-
itation at Punta Galea meteorological station and groundwater level at
piezometer SP-3; b comparison between ambient and air temperature

of 19.4 m (SP-3) and 21.7 m (SP-5) in the piezometers of
the upper terrace of the building exhibit lags of 228 and
194 days (Fig. 7c), respectively, in their temperature signals,
which are not significantly affected by rainfall water. In this
regard, even though the water level recorded by piezometer
SP-3 is clearly influenced by the arrival of rainfall waters
(Fig. 7a), the location of the CTD-diver in the practically

recorded at the barometric device placed 20 cm depth in SP-1 and
temperatures registered in the piezometers SP-1 and SP-2; ¢ compari-
son with temperatures registered in the piezometers SP-3 and SP-5

impervious bottom of the piezometer (Uriarte et al. 2020)
minimizes its thermal response. These temperature offsets,
evidenced through piezometer water, are much larger than
those reported by Mulas et al. (2020) in fissure clayey fill-
ings at depths of up to 1 m and show a complex thermal
context in which contraction and dilation processes differ-
entially affect the materials as a function of depth. The final
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result in extensometer EXT-1 is a practically inverse evolu-
tion with respect to the ambient temperature and to some
extent directly proportional to the temperature recorded by
piezometer SP-3 (Fig. 6b).

Finally, in Fig. 6¢, we show the records from extensom-
eter EXT-2, located in the “Tholos” (Fig. 5), those cor-
responding to the rod anchored between 8.00 and 8.75 m
(long rod) and those corresponding to the rod anchored
between 2.5 and 3.25 m (short rod), together with the tem-
perature evolution recorded in the piezometer SP-5. The
displacements show a markedly cyclical behavior, with a
peak-to-peak amplitude of 0.578 mm for the long rod and of

0.380 mm for the short one. The largest elongation is once
again recorded during the winter months, with a moderate
offset with respect to the signal from extensometer EXT-1,
and of the temperature signal recorded by the piezometer
SP-5. In any case, an upward trend in the long-term displace-
ment signal of this extensometer can be seen.

Lomb-Scargle spectral analysis results

Once the displacement records were obtained, discrimi-
nating reversible temperature effects from irreversible
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Fig.8 Periodograms and phase curves for the data series obtained: a and b horizontal and vertical crackmeters; ¢ and d extensometer EXT-1

short and long rods; e and f extensometer EXT-2 short and long rods

@ Springer



Bulletin of Engineering Geology and the Environment (2022) 81:485

Page 110f 17 485

damaging effects is required (Bottelin et al. 2013; Weber
et al. 2017; Mulas et al. 2020). Since our instruments are
exposed to the elements, rainfall and winds produce gaps in
the registry of the instrumental records (Fig. 6). To account
for this, we introduce the use of the Lomb-Scargle spec-
tral analysis method to analyze the spectral content of the
signals, as this technique is particularly well-suited for the
analysis of unevenly sampled time series.

Given the difference in the recording rate of the instru-
ments, we used daily averages in all the analyses. First,
before calculating the power spectrum of each signal, we did
a least-squares linear fit to the raw data. After signal detrend-
ing and demeaning, the spectral power analysis allowed us to
recognize the most representative periods in the data series.
The spectral analysis results along with the phase curves of
all the signals are shown in Fig. 8. In Table 1, we show the
values of both the linear fits used to detrend the raw data as
well as the parameters of the sinusoidal fits derived from
the spectral analysis.

As can be seen from Fig. 8, all of the periodograms show
a clear peak around 365 days, with spectral peaks between
0.4 and 0.8. These peaks are particularly well defined for
the two EXT-1 rods and for the long rod of EXT-2. For the
crackmeter signals, the peaks are broader due in part to the
lowest number of cycles available in the registry as shown
in Fig. 6. In addition to this, for the crackmeter CRK-4H
and the short rod of extensometer EXT-2, the main peak
height is lower due to the large dispersion of the data, as can
be seen in the corresponding phase curves. However, for all
cases, the annual periodicity derived from the main peak is
highly significant. In this sense, the precision with which
a peak’s period (or frequency) can be identified is directly
related to the width of the peak and often the half-width at
half-maximum is used (Vanderplas 2018). The peak width
would be the inverse of the observational baseline, which
is somewhat different for all our signals. The precision of
the periods in our periodograms is marked by the shaded
vertical region in Fig. 8. The figure also shows the line cor-
responding to the 5% false alarm probability (FAP) level

Table 1 Parameters of fits to the displacement signals. PLS(%) is the
period determined through power spectrum analysis; A, and Af are the
mean value and amplitude of the signals derived from sinusoidal fits to
Eq. (1) above; A,,_, is the peak-to-peak amplitude, obtained as 24, and

calculated using the Baluev (2008) method. This is the typi-
cal approach to quantify the significance of a peak in a peri-
odogram, as it represents the probability that a series with
no signal would lead to a peak of similar magnitude. It gives
an estimate of the level that corresponds to a 5% false alarm
probability for the largest peak, assuming a null hypothesis
of non-varying data with Gaussian noise.

In addition to the clear annual period, there are other
peaks that are less significant. At periods shorter than the
main annual period, these peaks are a combination of har-
monics of the annual signal as well as high-frequency noise.
Some other peaks, like the one found around 3 and a half
years present in the EXT-2 spectra, are too broad to be sig-
nificant, despite being above the FAP level, and are associ-
ated with periodicities in the signal residuals. Finally, other
imprecise peaks, like the one between 1.5 and 2 years in
the same EXT-2 spectra, would be caused by aliases of the
main seasonal signal with periodicities introduced by gaps
in the data series.

The values of the main periods (P;¢=1/f) derived from
this method for the main peaks range from 364 to 375 days
(Table 1). The values of the amplitude (Af) range from lows
of about 0.16 mm in the crackmeter CR-4 to highs of about
0.305 mm in the extensometer EXT-1 long rod. The peak-
to-peak amplitude values (4, ,=2A,) are slightly lower to
the ones previously derived directly from the experimental
data (A, , exp)-

From this information, we plotted two new sets of fig-
ures: Fig. 9, which shows the evolution of the signals before
and after removing the linear trend, together with the sinu-
soidal fits; and Fig. 10, which shows the permanent dis-
placements not explained by the seasonal variation, after
removing the sinusoidal trend. With this detrended series,
further least-squares linear fits were made, whose slopes,
as expected, were very close to those obtained from the raw
data (Table 1). These complementary figures facilitate the
interpretation of the information contained in the records,
highlighting the non-reversible component of the signals that
informs about the active instability process.

A,_pexp are the values obtained directly from the raw data. The first
column (Lin slope) shows the slope of the linear fit to the raw data,
while the last column (Lin slope detr) shows the slope after detrending

the sinusoidal fit

Signal Lin slope P Ag Ar A, Appesxp Lin slope detr
(mm/year) (days) (mm) (mm) (mm) (mm) (mm/year)

CRK-4H 0.05 375 0.174 0.158 0.316 0.566 0.07

CRK-4 V —0.13 375 0.151 0.161 0.322 0.403 —0.09

EXT-1 short —-0.03 362 —0.167 0.305 0.610 0.723 —0.01

EXT-1 long —-0.03 351 —0.200 0.223 0.446 0.533 —0.02
EXT-2 short 0.11 364 —0.133 0.148 0.296 0.380 0.11

EXT-2 long 0.10 364 0.022 0.269 0.538 0.578 0.12
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Extent of instabilities

Thus, Fig. 9a and b and more clearly Fig. 10a and b show
a slow irreversible trend in the evolution of the facade’s
main crack monitored in the sector where the Southwest
Gallery widens (Fig. 5c). It displays a slight opening of the
horizontal crackmeter (0.07 mm/year) and a closing ten-
dency from the vertical one (—0.09 mm/year). Two main
things to highlight from these figures are as follows: first,
the very low magnitude of the irreversible plastic defor-
mation with respect to the peak-to-peak amplitude of the
seasonal displacements, which are slightly over 0.3 mm
(Table 1); second, the lack of specific seasonal moments of
acceleration in the detrended signals, which show a linear
tendency (Fig. 9a, b). Regarding the stability of this sector
of the building, the observed trends imply a very slowly
sinking and moving outward motion of the outermost ele-
ment of the southwest facade. This motion is consistent with
the slight expansion (0.12 mm/year) recorded by the long

@ Springer

and long rods. The red line shows the sinusoidal fit to the detrended
data with the period found through the spectral analysis

rod of extensometer EXT-3, which is located as shown in
Fig. 3; it should be noted, at this point, that its short rod
was only functioning during the first year of monitoring
(14/06/2016-19/09/2017). Contextualizing all this infor-
mation into the observations of this sector, the origin of the
instability would be in the intermediate pillars that were built
directly on the original cliff (Fig. 2f) and more precisely in
the intermediate pillar that is located underneath the stairs
that give access to the upper terrace (Fig. 5). The greater
load of this pillar breaks the superficial stratum locally and
produces a slight descending displacement towards the exte-
rior of the building. This motion is jointly transmitted by
the concrete structure producing the traction crack in the
staircase of the upper terrace (Fig. 5b) and the detachment
of the upper part of the facade with respect to the base of
the building, which is directly grounded on the underlying
terrain. Even though the irreversible component of the dis-
placement is small, it does imply an active plastic deforma-
tion, which calls for the need to reinforce the supports of the
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intermediate pillars. In any case, the rocky massif as a whole
is stable, not developing pressure on the structure.

Referring to the data from extensometer EXT-1, it shows
a similar tendency for the short and long rods, with a clearly
marked seasonal component (Fig. 9¢c, d). The displace-
ments after removing the cyclic component (Fig. 10c, d)
show that there is almost no irreversible plastic deforma-
tion since the slopes are barely —0.01 mm/year for the short
rod and —0.02 mm/year for the long rod. This behavior,
indicative of a stable environment in the Northwest Gal-
lery, is consistent with the rest of the observations in this
part of the building, including those from the inclinometer
INC-1, which does not show any movement. Regarding the
crack found in the top slab, it was determined that this was
caused by the careless demolition carried out by a backhoe
at the upper entrance to the gallery. Thus, the rocky massif
as a whole provides a stable support for the building in this
sector.

Finally, the data from extensometer EXT-2 show that the
short and long rods follow a similar evolution (Fig. 9e, f).

The irreversible plastic displacements, after sinusoidal fit
detrending, evidence in this case a clear elongation tendency
(Fig. 10e, f) with small but continuous displacement values
of 0.11 mm/year for the short rod and 0.12 mm/year for the
long rod. Again, it is worth noting the limited amplitude
of these movements, compared to the peak-to-peak ampli-
tudes of the seasonal displacements that go from 0.3 mm to
slightly over 0.5 mm (Table 1); in addition, after the sinu-
soidal fit detrending, the signal shows a linear upward trend,
without accelerations associated with specific seasonal peri-
ods (Fig. 10e, f). The fact that practically all the displace-
ment can be explained by the motion registered in the short
rod, which is anchored at a depth between 2.5 and 3.25 m,
would indicate that the movement occurs in the outermost
environment of the cliff-building complex. Putting into con-
text all the information derived from the observations in this
sector, the origin of the instability would be in the different
foundation of the “Tholos,” whose innermost part is placed
directly over the rocky massif, while its outermost part is
placed over a cavity and supported only by the perimeter
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wall of the facade. With this layout (Fig. 11), the load of the
outermost columns of this pavilion causes the subsidence
and local cracking of the facade wall and the inner concrete
slab. The slight downward movement towards the outside
recorded by the extensometer is consistent with apertures
of the order of 0.12 mm/year recorded in the cracks of this
sector. Also, in this case, even though the irreversible com-
ponent of the displacement was found to be very small, its
dynamics prompts to take action aimed at reinforcing the
support of the outermost columns of the pavilion. As in the
previous sectors, the rock massif is stable and is not in itself
the cause of the existing damage.

Discussion
Monitoring issues

The identification, damage assessment, and evaluation of the
exposure of cultural heritage sites to geo-hazards, in order to
establish appropriate corrective and conservation measures,
are currently a great challenge. To address this challenge,
different monitoring techniques including satellite and aerial
imagery, satellite and ground-based radar interferometry,
laser scanning, total station, and geotechnical networks have
proven to be useful to analyze more and more precisely dis-
placements at different scales, ranging from medium-large
site scale to local-scale displacements and structural defor-
mations (e.g., Greif et al. 2006; Roje-Bonacci et al. 2014;
Margottini et al. 2015; Janeras et al. 2015; Themistocleous
et al. 2018; Dal Cin and Russo 2019).

Short rod
///
0 5m

_—

Fig. 11 Movements explanatory diagram at the “Tholos” (explanation
in the text)
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In the case of extremely slow movements (Greif et al.
2006), geotechnic networks placed on site allow for continu-
ous monitoring with high precision. In this regard, image-
based methods can attain sub millimeter precisions, with
an accuracy of 0.5-0.7 mm for GB-InSar (Ferrigno et al.
2017), while the extensometers and crackmeters used in this
work have an accuracy of +0.01 mm (extensometer EXT-1
and EXT-2) to+0.05 mm (crackmeters CRK-1 to CRK-4)
and + 0.1 mm (extensometer EXT-3). The main limitation of
these devices is their limited spatial reach (Zhu et al. 2017,
Themistocleous et al. 2018), while their main advantage is
that they allow for the continuous direct record of displace-
ment in short- and long-term scales.

Our records show an evident relationship with tempera-
ture. In the case of the most superficial devices, crackme-
ters, the records display reversible opening-closing seasonal
movements characteristic of the materials thermal response
to ambient temperature variations (Mentes 2012; Colombero
et al. 2018). The extensometers, which measure displace-
ments relative to internal points in the rock massif, show a
more complex behavior, with the highest elongations occur-
ring cyclically during the coldest months. This evolution
would be related to the offset of the temperature signal in
the interior of the rock massif (Bottelin et al. 2013; Mulas
et al. 2020). In our work, this thermal signal offset has been
recognized by the water temperature records of the hydro-
geological monitoring piezometers. At this point, a more
detailed analysis of these seasonal evolutions would require
a specific monitoring system, e.g., by including temperature
sensors at different depths in the extensometric boreholes. In
any case, these elastic movements are reversible and would
not involve destabilization processes by themselves (Greif
et al. 2006; Weber et al. 2017; Mulas et al. 2020).

Lomb-Scargle analysis and damage assessment

The removal of these seasonal reversible evolutions is the
starting point to characterize often less marked trends of
irreversible nature that condition the stability of the cultural
heritage site in the medium-long term. For this purpose, we
introduce the use of the Lomb-Scargle analysis to identify
seasonal trends in geotechnical data series. This analysis,
like the one proposed by Mulas et al. (2020), avoids the bias
that the consideration of temperature series (Weber et al.
2017) could introduce in the results, and as Vanderplas
(2018) points out, it is the optimal statistic for fitting a sinu-
soidal model to data. Furthermore, an additional advantage
of this methodology is that it allows working with unevenly
spaced time series, which is a notable advantage given the
considerable exposure to the elements of the measurement
equipment that in many cases leads to discontinuous series.
In our case, all the periodograms obtained from daily data
series showed a clearly marked annual cyclical component,
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with the remaining cyclical components not being statisti-
cally significant.

Detrending of the signal with the sinusoidal fit derived
from the Lomb-Scargle spectral analysis allows to ultimately
display the magnitude and temporal evolution of the irrevers-
ible damage. In our work, long-term monitoring of move-
ments in the Punta Begofia Galleries shows a clearly dif-
ferentiated behavior: the Northwest Gallery is stable, while
the Southwest Gallery shows evidence of slow continuous
displacements in the two monitored sectors, with velocities
up to 0.12 mm/year. The small magnitude of these move-
ments, when compared to the seasonal component between
0.3 and 0.5 mm, highlights the need of a continuous moni-
toring system composed of accurate geotechnical devices.
These movements are not related to instability processes of
the massif, which appears stable, but to local support prob-
lems of the building structure. In addition, the records do
not show movement accelerations associated with specific
weather events, displaying the residuals a linear tendency.

Overall, the Lomb-Scargle analysis proved to be a par-
ticularly well-suited tool for the analysis of long-term geo-
technical records at cultural heritage sites. Its applicability,
to analyze and characterize movements in environments
where accelerations associated with specific seasonal events
(such as snowmelt, freeze—thaw cycles or intense rainfall
periods, e.g., D’Amato et al. (2016); Frayssines and Hantz
(2006); Sandersen et al. (1997)) give rise to steps in the
signal of residuals, remains to be investigated.

Conclusions

The monitoring of long-term structural movements in the
most compromised sectors of the Punta Begoiia Galleries
and the processing of the data series through Lomb-Scargle
spectral analysis have allowed us to recognize the nature of
damage and its temporal evolution in this building sited on
a coastal cliff.

The main advantage of the Lomb-Scargle spectral analy-
sis is that it allows work with unevenly spaced data series
to facilitate the identification of periodic components in the
signals. From this, it is possible to recognize the role of
seasonal patterns in the measurements and to understand the
long-term evolution of the series, differentiating reversible
elastic movements from irreversible plastic ones.

In our case, it has been possible to distinguish the stable
behavior of the Northwest Gallery of the building, contrary
to the active dynamics of two sectors of the Southwest Gal-
lery. The limited magnitude of the identified irreversible
movements (with a maximum of 0.12 mm/year) underscores
the need for long-term monitoring for an adequate contextu-
alization of the information. This information is particularly

necessary for the recovery of heritage buildings and natural
environments that require interventions that respect their
values, avoiding irrecoverable losses (Heinemann 2008;
Kyriazi 2019; ICOMOS 2014).
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