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Abstract

Purpose — Heavy rainfall is one of the main causes of the degradation of historic rammed Earth architecture.
For this reason, ensuring the conservation thereof entails understanding the factors involved in these risk
situations. The purpose of this study is to research three past events in which rainfall caused damage and
collapse to historic rammed Earth fortifications in Andalusia in order to analyse whether it is possible to
prevent similar situations from occurring in the future.

Design/methodology/approach — The three case studies analysed are located in the south of Spain and
occurred between 2017 and 2021. The hazard presented by rainfall within this context has been obtained
from Art-Risk 3.0 (Registration No. 201999906530090). The vulnerability of the structures has been
assessed with the Art-Risk 1 model. To characterise the strength, duration, and intensity of precipitation
events, a workflow for the statistical use of GPM and GSMaP satellite resources has been designed,
validated, and tested. The strength of the winds has been evaluated from data from ground-based weather
stations.

Findings — GSMaP precipitation data is very similar to data from ground-based weather stations.
Regarding the three risk events analysed, although they occurred in areas with a torrential rainfall hazard,
the damage was caused by non-intense rainfall that did not exceed 5 mm/hour. The continuation of the
rainfall for several days and the poor state of conservation of the walls seem to be the factors that triggered
the collapses that fundamentally affected the restoration mortars.

Originality/value — A workflow applied to vulnerability and hazard analysis is presented, which validates
the large-scale use of satellite images for past and present monitoring of heritage structure risk situations
due to rain.
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1. Introduccion

Torrential rainfall is one of the primary weather hazards in Europe and can act as triggers
for floods, landslides and damage to infrastructure and buildings (Schauwecker et al., 2019).
In the coming years, climate change is expected to modify precipitation patterns on a global
scale, increasing the risk levels associated with heavy precipitation events
(Hosseinzadehtalaei et al, 2020; Kharin et al, 2013; Tabari, 2020; Trenberth, 2011). The
strong winds during the storm cause the water to fall obliquely and forcefully splash the wall
(Luo et al., 2019). In continental climates with strong winds, the studies carried out by Su et al.
(2022) have identified erosion processes up to 10 times stronger in rammed Earth walls
located in the windward.In the scenario described, heritage structures constructed with
Earth are particularly vulnerable (Beckett ef al., 2020; Bonazza et al., 2021; Cacciotti et al,
2021). This is the case for medieval rammed Earth fortifications, in which the infiltration of
water into the interior of the walls causes erosion, loss of material (Beckett ef al, 2020) and, in
the worst-case scenarios, collapse (Drdacky and Cacciotti, 2020). Faced with this type of
problem, monitoring, preventive conservation, and restoration work becomes an essential
activity to reduce the vulnerability of structures and to prevent damage during the rainy
Season.

In the long term, minimising the risk of loss of cultural elements requires articulated
decision-making and management strategies. From this theoretical framework, different
methodological proposals have emerged that analyse dangerous scenarios in heritage
contexts using Risk Index and Geographic Information Systems (GIS) (Bonazza et al., 2021,
Ferreira and Santos, 2020; Figueiredo et al, 2021; Sabbioni ef al., 2010; Sesana et al., 2020;
Canivell et al., 2020; Gutiérrez-Carrillo et al, 2020). Within these proposals, the Art-Risk model,
which have received the Europa Nostra 2021 award for heritage conservation research,
include multilevel systems that are based on very simple work tools to collect data iz situ, and
then overlay increasingly complete and complex proposals for the analysis of vulnerability,
hazards and risks (Cagigas-Muniz et al., 2018; Ortiz et al., 2018; Prieto et al., 2020).

The Art-Risk 3.0 software (Moreno et al., 2022a; Cagigas-Muniz et al., 2020) is designed to
analyse groups of heritage buildings and assess which ones are at higher risk of loss. Applied
to the monitoring of rainfall hazards, the Art-Risk 3.0 tool has a GIS (Moreno et al., 2022b) that,
by entering the coordinates of a heritage asset located in Spain, indicates the hazard values
according to average precipitation, it’s intensity and the probability of flooding from the
climate data from the last 30 years (Ortiz Calderon et al., 2021). The Art-Risk 1 model is based
on a Leopold matrix adapted to record vulnerability according to conservation status. Used
together with the Art-Risk 3.0 software allows to describe risk scenarios in detail (Moreno
et al,, 2019; Ortiz and Ortiz, 2016).

In order to advance in the design of models that enable the prediction of risk situations, it is
necessary to assess historical data and past occurrences. For this, the Art-Risk model use
workflows developed for monitoring changes in climatic hazards through the use of historical
series of satellite images (Moreno et al.,, 2021, 2022c).

From this perspective, this research proposes an analysis of three rainfall emergencies
that caused damage to medieval fortifications located in southern Spain between 2017 and
2021. The main objective is to identify the characteristics of force, intensity and duration of
the rainfall that triggered the emergency, the degree of vulnerability presented by the
damaged structures and the climatic hazard of the environment through the use of satellite
resources. For this, the use of the different hierarchical modules of the Art-Risk methodology
is proposed. The Art-Risk 3.0 module (Moreno et al., 2022b) quickly categorises the climatic
hazard due to rainfall into the three contexts analysed. The second, more complex module
describes the risk scenario through the use of Art-Risk 1 vulnerability matrices (Moreno et al.,
2019; Ortiz Calderon et al, 2021) and satellite images from the Global Precipitation
Measurement (GPM) and Global Satellite Mapping of Precipitation (GSMaP) missions.
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This study presents and tests, a workflow capable of monitoring the volume of rainfall
and the duration in hours of a past rainfall emergency that cause damage in rammed
Earth fortifications. As far as the authors have searched, no similar references have
been found.

The results obtained allow to evaluate the reliability offered by GPM and GSMaP for
real-time monitoring, better understand the specific circumstances that caused the
emergency situations under analysis, and forecast future weather hazards that may cause
damage to earthen heritage structures. In turn, this method can be combined with
the methodology previously designed for the identification of climatic extreme
precipitation events through the use of CHIRPS and PERSIANN satellite resources
(Monica et al., 2022c).

2. Material and methodology

2.1 Case studies

The study area is southern Spain and the three rainfall emergencies analysed are those that
occurred in the fortifications of Marchena in 2017, Niebla in 2019 and Almeria in 2021
(Figure 1).

Niebla is located on a Huelva plain on the banks of the Tinto River. It currently
preserves a large part of the medieval rampart (Figure 2a). The origin of the defensive
system is pre-Roman (8th-7th centuries BC), but the preserved remains correspond to the
Islamic reforms and extensions of the Almohad period (12th century) (Canivell and
Gonzdlez, 2013). The rampart is built of monolithic rammed Earth improved with
limeOn 21 December 2019, heavy rainfall caused collapses in several of its sections
(ABCandalucia, 2020).

Marchena is located on the plain of the Sevillian countryside. It preserves fortified remains
of the rampart, the citadel and a recreational area associated with the citadel (Figure 2b). The
fortified remains are from the Almohad Islamic period (13th century) (Valor Piechotta, 2004)
and are constructed in a monolithic rammed Earth improved with limeln November 2017,
heavy rainfall caused the collapse of one of the towers belonging to the city wall
(ABCdesevilla, 2017).

Almeria is a coastal city in south-eastern Spain. It preserves a large portion of the citadel,
and some sections of the city wall from the Islamic Caliphate period (10th - 11th centuries)
with extensions from the Taifa period (11th century) (Gurriaran, 2020; Luque, 2014)
(Figure 2c). The Alcazaba (citadel) is made of a monolithic rammed earthenimproved
with lime. Despite the fact that Almeria has a sub-desert climate, in November 2021 the
rainfall caused erosion and landslides at one of the Arrabal district towers (Diario de
Almeria, 2021).

2.2 Satellite resources used

Precipitation data has been obtained from the Global Satellite Mapping of Precipitation
(GSMaP) reanalysis produced from the Global Precipitation Measurement (GPM) satellite
constellation, an international network with the GPM Core as its main satellite. GPM has
sensors for precipitation measurement that operate within the visible/infrared (IR) and
microwave (PMW) ranges (Bolvin et al, 2015; Huffman et al, 2020).

IR sensors are carried by satellites located in geostationary orbits (GEO) located
36,000 km above the Earth and cover large areas with very high temporal resolution. These
sensors use the correlation between cloud top brightness temperature and rainfall
development as an indirect indicator of rainfall occurrence. Although this type of sensor
confuses cirrus clouds with the presence of rainfall and does not detect precipitation that
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occurs at low altitudes (Liang, 2017; Sun et al, 2018) they are used because they offer high
temporal resolution.

PMW sensors measure the natural release of water droplets within this range of the
light spectrum. They are direct measurements that offer more reliable data than those
obtained via IR. Despite their location on Low Earth Orbit (LEO) platforms, which implies low
temporal resolution (Liang, 2017; Sun et al, 2018) they are used because they offer very
reliable data.

The GPM mission, led by the National Aeronautics and Space Administration (NASA),
enables the combination of data obtained by a constellation of IR and PMW sensors using the
IMERG algorithm (Huffman et al, 2020). Thus, the satellite images offered by GPM-IMERG
combine the improvements of both sensors: they increase the temporal resolution of PMW
data and minimise the uncertainty associated with IR data (Huffman et al, 2020). The
available satellite images provide the precipitation rate (mm/30 min) with a spatial resolution
of 0.1° (approx. 11 km) from the year 2000 to the present. The available bands include the
values collected individually by the IR and PMW sensors, as well as and the combination
thereof through IMERG.

In turn, the GSMaP reanalysis belonging to the Japanese Space Agency (JAXA)
provides an adjustment of the GPM satellite data to the values of ground-based weather
stations (Mega et al, 2019; Okamoto et al, 2005). The resulting images show the
precipitation rate (mm/hr) with a spatial resolution of 0.1° (approx. 11 km) from the year
2000 to the present.

In order to know the reliability of the output data for each satellite resource, this study
compares the values shown by the GPM IR and PWM sensors, the combined values of the
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Figure 1.

Study area: (a) Niebla;
(b) Marchena; y (c)
Almeria
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Figure 2.
Ortophotograph with
the preserved medieval
fortifications
highlighted in black
and current detail view
of the sections affected
by the rainfall: (a)
Niebla; (b) Marchena;
v (¢) Almeria

(b)

IMERG algorithm and the values adjusted to GSMaP ground-based stations with the ground-
based weather stations of the Spanish Meteorological Agency (AEMET).

2.3 Workflow
The past rainfall emergencies were selected from a bibliographic search in the press
(ABCandalucia, 2020; ABCdesevilla, 2017; Diario de Almeria, 2021).

The climatic hazard from the environment surrounding Niebla, Marchena and Almeria was
evaluated using the Art-Risk 3.0 tool (Moreno et al, 2022a, b, ¢; Cagigas-Muniz et al, 2020). For
the Spanish territory, this tool allows coordinates to be entered and the hazards from the
environment to be obtained according to a hazard scale from 1-5. Of the 7 variables provided by
Art-Risk 3.0, this study has only used the 3 variables related to rainfall hazard: average rainfall,
rainfall erosivity and probability of flooding. Table 1 shows the qualitative assessment used by



the GIS of Art-Risk 3.0 to classify the output hazard values. The average precipitation indicates
the climatic average of the volume of annual precipitation per surface unit (mm/m2) over the last
30 years. The rainfall intensity coefficient indicates the relationship between hourly rainfall and
the corrected daily average. The data on flood zones corresponds to that defined by the National
Flood Zone Mapping System based on different return periods (Moreno et al, 2022a, b, ¢). Art-
Risk 3.0 is available at: https://www.upo.es/investiga/art-risk-service/art-risk3/and has manuals
to interpret the results obtained (Ortiz ef al, 2019).

The vulnerability of the 3 fortifications was evaluated at the wall level using the
assessment matrix and the vulnerability index for rammed Earth walls from the Art-Risk 1
model (Moreno et al., 2019). For this reason, the 3 fortifications located in public spaces were
divided into minimum analysis units (tower and walls) Marchena was divided into
40 minimum analysis units, Niebla into 106 and Almeria into 101. This matrix includes a list
of rammed Earth wall weathering forms and their magnitude or capacity to cause damage
(Table 2). The frequency of the weathering forms in each wall was recorded manually with
values of 1-3 (1: low, 2: medium and 3: high) and the intensity of the damage was obtained
from the following equation /i = Mi+(Fi —1) where [ is the intensity, M is the magnitude and
F is the frequency (Ortiz and Ortiz, 2016).

The vulnerability index (VI) was obtained by dividing the total value of the alteration indicator
intensities recorded for each wall (Vx) by the sum of the total value of the alteration indicator
intensities (> _vdp) if their presence was 3 (most unfavourable situation) (Ortiz and Ortiz, 2016).

VI = VX/(ZVdp) x100
f=3

Once the vulnerability index was calculated, the results were migrated to a GIS according to the
methodology developed by (Moreno ef al, 2019) and grouped into 5 vulnerability groups in
accordance with a classification of natural breaks based on the Jenks algorithm to maximise the

Categories GIS variable Qualitative valuation
Environmental hazards Average Rainfall (AR16) (1) very low: <600 mm/m? (2) low: 600-700 mm/m;
by precipitation (3) moderate: 750-1,000 mm/m? (4) high: 1,000~
1,200 mm/m?; (5) very high: >1,200 mm/m?>
Raindrop impact: rain (1) very low: <7; (2) low: 7-8; (3) moderate: 8-9; (4)
intensity coefficient high: 9-10; (5) very high: >10
(AR17)

Flooding hazard (AR21) (1) very low: not floodable; (2) low: return period
500 years; (3) moderate: return period 100 years; (4)
high: return period 50 years; (5) very high: return
period 10 years
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Table 1.

Rainfall hazard
variables applied from
the art-risk 3.0 model

Weathering form group Weathering forms and magnitude

Discoloration and deposits Moist area (5); efflorescence (3); concretion (3); pigeon droppings (2); surface
deposit (1); coloration or discoloration (1); iron rich patina (1); soiling (1)

Fracture and deformations Fragmentation (10); fracture (5); deformation (3); crack (2)

Losses of material and Detachment (5); missing part (5); erosion (4); alveolization and cavernization (4);

detachment diferential alteration (4); sanding (4); scaling (3); scratching (1)

Biological colonization Vegetation (3); biological colonization (2)

Table 2.
Magnitude of the
weathering forms

according to the art-
risk 1 model
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differences between classes This statistical classification tool is available in most of the
Geographic Information System softwares. The natural breaks method partitions classes based
on the natural and inherent groupings of the data. The results obtained reduce the variance
within a group of data and maximize the variance between the other groups (Smith, 2018).

The characteristics of the rainfall that caused the emergency situations were assessed
from the GPM and GSMaP satellite resources in the Google Earth Engine (GEE) satellite
analysis software. As far as the authors have searched, no similar references have been found
in Heritage studies of this type.

In order to observe the behaviour of the estimated precipitation models of the GPM-IR, GPM-
PMW, the GPM-IMERG combination and the GSMAP adjustment, daily precipitation data from
over three months of the rainy season (January—March 2021) was obtained in the GEE and was
compared with the data obtained by the ground-based stations of the Spanish Meteorological
Agency (AEMET). AEMET data has been selected as the quality standard because it is taken
according to the recommendations of the World Meteorological Organisation (Organizacién
Meteoroldgica Mundial, 2012). For each of the GPM satellite resources (IR, PMW and IMERG),
which provides data every 30 min, 4,320 images were analysed and 2,160 images for GSMaP,
which provides data every hour. The GSMaP coefficient of determination with respect to the
AEMET values was calculated to quantify the adjustment provided in the three study areas
analysed. The points analysed correspond to the coordinates of the AEMET stations closest to
the three collapse cases analysed: Almeria airport (36.846389; —2.356942), Mor6n de la Frontera
(37.164459; —5.611393) and Huelva (37.278359; —6.911664).

The precipitation values collected by GSMaP for the coordinates and dates on which the
damage occurred were used to analyse the precipitation events that occurred in Niebla,
Marchena and Almeria. Subsequently, information was collected regarding the strength,
duration and intensity of the rainfall from satellite images.

The strength of the precipitation was defined as a function of the volume of daily rainfall
(mm/day). This variable was categorised according to the Alpert classification (2002) for the
Spanish Mediterranean area, which distinguishes light rainfall (<4 mm/day); light-moderate
(4-16 mm/day); moderate-strong (16-32 mm/day); strong (32-64 mm/day); strong-torrential
(64-128 mm/day); and torrential (>128 mm/day).

The duration was established according to the number of hours that the rain lasted and
the intensity according to the distribution of the volume of rain that fell during the period of
time that the event lasted. In order to assess the hazard by its intensity, the scale defined by
the AEMET was used, which establishes 15 mm/hour as the minimum threshold for rainfall
to be considered heavy with the associated risk (AEMET, 2015).

The direction, average daily speed and wind gusts (maximum speeds per hour) were
obtained from data from AEMET weather stations. The threshold for a wind to be considered
strong was 40 km/h (AEMET, 2015).

3. Results and discussion

3.1 Climatic hazard from local rainfall patterns

Figure 3 shows the danger from the environment due to average precipitation, rainfall erosivity

and floods in the three case studies analysed. The maps included identify the areas prone to

flooding over a 500-year return period and the maximum height reached by the water (Figure 3a).
The fortified enclosed area of Niebla (Figure 3b) is the one with the highest hazard level.

According to the average rainfall, it is an area with low hazard levels (2) and accumulated

annual averages of 600-750 mm. The rainfall erosivity presents a very high hazard (5)

associated with intensity coefficients >10, which indicate that the daily volume of rainfall is

concentrated into a few hours. Despite the fact that the banks of the Tinto River can suffer
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floods of up to 2 metres within a 500-year return period, the Niebla fortification is located in an
area that is not subject to flooding and more than 10 km from the hazard zones.

The fortified complex of Marchena (Figure 3c) is the site with the lowest hazard levels. The
hazard due to average precipitation is low (2), it is an area that is not subject to flooding and
the erosive power of the rain is moderate (3).

The fortified complex of Almeria (Figure 3d) is in a coastal city, but it is an area that is not
subject to flooding and is over 2 km from the port areas that are subject to flooding. The hazard
due to average precipitation is very low (1) and has values below 600 mm. The rainfall erosivity
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Figure 3.

Water hazards
obtained from model
art-risk 3.0: (a) flood
risk in Andalusia; (b)
water hazards in
Niebla; (c) water
hazards in Marchena;
(d) water hazards in
Almeria




BPA
21

100

presents a very high hazard (5) associated with intensity coefficients >10 and an irregular
distribution of precipitation.

In the three case studies evaluated, the rainfall erosivity is the variable that presents the
greatest hazard. This situation corresponds to the characteristics of a Mediterranean
macroclimate, in which rainfall is seasonal and highly torrential (Fernanda and Lépez, 2003;
Ministerio de Medio Ambiente, y Medio Rural y Marino de Espana, 2011; Pena Gallardo et al,
2016). Regarding average rainfall, the lowest hazard values recorded in Almeria are related to
the semi-arid continental Mediterranean microclimate of the area, which is characterised by
low, but highly torrential rainfall (Gémez-Zotano et al, 2015). In turn, both Niebla and
Marchena have a semi-oceanic Mediterranean microclimate, in which humid airflows from
the west and southwest determine the rainfall pattern (Gémez-Zotano et al, 2015) and the
values recorded.

3.2 Vulnerability of fortifications according to their state of conservation

To assess the vulnerability of the fortifications, the assessment matrix of the Art-Risk 1 model
was used (Ortiz and Ortiz, 2016). Figure 4 shows the results obtained from the vulnerability
index in each minimum unit of analysis (towers and walls between towers), indicating the least
resilient structures and outlining the areas damaged during the analysed emergencies with a red
dashed line. The classification into five groups is based on the natural breaks (Jenk) of the
vulnerability indices recorded in all the fortifications analysed. This classification system is
based on natural groupings inherent in the data and maximises the differences between classes.
17% is the minimum threshold that separates the group of structures highly vulnerable.

In Niebla, it has been found that 41% of the 106 walls analysed have high vulnerability
indices (>17%). These walls are indicated in Figure 4a in orange-red and mainly exhibit
detachment (62%) and fractures (58 %), weather forms that facilitate the infiltration of water
into the interior of the walls and reduce their strength (Figure 5a).

The values recorded in Marchena indicate that 17% of the 40 walls analysed have high
vulnerability indices (>17%). The main weather forms are erosion (58 %) and fractures (25%)
in untreated areas; and moisture stains (50%) and saline concretions (8%) in restored
sections. The tower that collapsed after the rainfall in 2017 (Figure 4b) acts as a dividing wall
for the modern buildings and, in addition to erosion and fractures, exhibits displacement and
loss of material. This tower is currently covered by a protective mesh to prevent new
detachments from harming pedestrians (Figure 5b).

In the fortified complex of Almeria, 27% of the 94 walls studied have high vulnerability
indices (>17%). The monolithic rammed Earth walls are more vulnerable than the stone-lined
walls. The most frequent weathering forms are moisture stains (68%), fractures (45%) and
detachment (52%) (Figure 5¢). The tower affected by the rainfall is made of exposed earthen
walls and currently exhibits very high vulnerability.

The cartography formulated in Figure 4 shows that the three collapses occurred in areas
in which several of the walls exhibit high vulnerability (>17%). A relationship is also
observed between the presence of restorations affected by detachment and fractures, as well
as the collapse during rainfall events.

In presence of water, rammed Earth walls behave as a ductile material (Beckett and Thomas,
2011; Jaquin, 2008). During the rains they can suffer displacement, cracking and even collapse,
especially in soils with high geotechnical danger that are affected by heavy and prolonged rains
(Suradi et al,, 2020). In rammed Earth fortifications, the existence of displacements in the lines of
the putlog holes can be an indicator of damage associated with the geotechnical problems of the
terrain (Jaquin, 2008). These weathering forms, which are studied in the Art-Risk 1 vulnerability
matrix model, have not been identified in the field inspections carried out in any of the 3 analysed
fortifications. The geotechnical study, the type of foundation and the thickness of the walls
showed that the collapses were not associated with this threat.
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The identified cracks and detachment affect only the restorations mortars and indicate an
incorrect grip of the mortars due to the erosion of the original wall. This type of weathering
form is associated with different thermal expansion coefficients between the original wall and
the additions, as well as increases in the volume of the wall (Jaquin, 2008). Its presence is
favourable for the access of water to the interior of the wall, reduces the mechanical resistance
and erodes the surface of the original rammed Earth (Beckett ef al, 2020). The 3 analysed
collapses present this deterioration process.

In a risk study, the proposed method identifies the most problematic points of a wall. The
results obtained can be complemented with other characterization and analysis techniques to
understand the factors that are causing degradation processes. Thus, in the case of rammed
Earth structures, knowing the proportion of lime and clay, granulometry, chemical and
mineralogical composition, dry density and construction technique is essential to assess their
durability (Jaquin, 2008; Beckett and Thomas, 2011; Avila et al.,, 2021; Mota-Ldpez et al., 2021,
Martin-del-Rio et al,, 2021). Used as a complement to these studies, the proposed method
preserves the geospatial values of vulnerability, allows to identify spatial patterns, and relate
them to environment hazards.
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Figure 4.
Vulnerability values
(V1) at wall level. (a)

Niebla; (b) Marchena;

(c) Almeria




BPA
21

102

Figure 5.
Detachment, fractures
and erosion processes
identified: (a) Niebla; (b)
Marchena; (c) Almeria

(b)

(©

3.3 Hazards according to the strength, duration and intensity of the rainfalls

3.3.1 Validation of GPM and GSMaP according to AEMT data. In order to validate the use of
GPM and GSMaP in rainfall monitoring, these satellite resources were compared with the data
provided by ground-based AEMET stations. Figure 6 shows a graph with the precipitation data
recorded from January to March 2021. The “y” axis values are obtained from the statistical
analysis of the series of GPM satellite images (GPM PWM, GPM IR, GPM IMERG) and GSMaP.
All the satellite resources tested are capable of detecting the total number of precipitation events
that have occurred, although there are large variations between the absolute values of
precipitation estimated by the models. In GPM the IR sensors and the IMERG unified algorithm
show overestimated values, while the PWM sensors provide very close and slightly
underestimated values. GSMaP is the model that provides a better fit to the AEMET data.
The data obtained by the GPM PWM sensor also provides a minimum margin of error, but as
explained at the beginning of this study, they offer a low temporal resolution.

Figure 7 shows the comparison of data from GSMaP and the AEMET for a full year at
points close to the three areas under study. The adjustment level of the model has been
obtained from the calculation of the coefficient of determination (#2). The observed values
reach 72 = 0.986 in Morén de la Frontera, 72 = 0.961 in Huelva and 72 = 0.857 in Almeria,
which indicate that the GSMaP model is a good fit for the weather stations and, despite
responding to the values of an area of 11 km2, permit the validation of its use in Andalusia.
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3.3.2 Use of GSMaP. The presence of water is one of the main dangerous meteorological
factors that conditions the durability of the wall (Beckett and Thomas, 2011; Jaquin, 2008;
Beckett et al, 2020). Although there are long-term studies that simulate aging processes
outdoors (Bui et al, 2009; Richards et al., 2019) and in the laboratory (Cuccurullo ef al., 2021;
Villacreses et al, 2021), there is a gap regarding the analysis of real cases that makes it
difficult to develop realistic risk models.

The maps and graphs obtained from GSMaP enable us to describe the three precipitation
events analysed. The maps in Figures 8a, 9a, and 10a indicate the annual accumulated
precipitation values in Andalusia. Graphs 8b, 9b and 10b show the daily precipitation values
and indicate the distribution and strength of the rainfall. Graphs 8C, 9C and 10C show the
hourly precipitation from the days prior to the occurrence of the emergencies and the duration
and intensity of the rainfall.

Figure 8 illustrates the Niebla case. In 2019, the accumulated precipitation values ranged
between 200 and 300 mm (Figure 8a), ranges lower than those expected according to normal
climatic conditions and associated with a dry year. Graph 8B indicates the seasonal nature of the
rainfall and places the rainy season from September to May. In general, they are light and
moderate rains (3 to 10 mm/day) except for the heavy rains in December that reached 35 mm/day
and were responsible for the collapse. Figure 8c shows the hourly distribution of the event and
indicates that the rains lasted for several days, but were not very intense. The drizzle began in
the early morning of the 16th and remained uninterrupted until 6:00 pm, with maximum peaks of
less than 2 mm/hr at noon. It continued to rain on the 18th, 19th and 20th, with maximum peaks
of 3.5 mm/hr. The rainfall was accompanied by light north-easterly winds (18-24°) with average
speeds below 9 km/hour and wind gusts of less than 20 km/hour (Table 3).

The characteristics of the rainfall that caused the collapse of the Marchena fortification are
illustrated in Figure 9. The values of accumulated annual precipitation (300—400 mm) in 2017
were lower than expected according to normal climatic conditions. The rainfall is distributed
from October to May, with values between 5 and 25 mm/day and maximums of 31 mm/day in
November (Figure 9b). The rainfall associated with the collapse exhibits values of 20 mm/day,
being considered moderate-heavy (Alpert et al, 2002). As in the previous case, Figure 9c
indicates a rainfall intensity of less than 5 mm/hr, a range far removed from the 15 mm/hr

Remote sensing
and forecast

of potential
collapses

103

Figure 6.
Precipitation data
(mm/day) recorded in
Huelva from january to
march 2021
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Figure 7.
Precipitation data
(mm/day) recorded in
2021. Comparison
between AEMET
ground-based stations
and GSMaP reanalysis.
(a) Huelva; (b) Morén de
la Frontera and (c)
Almeria

Huelva (37,278359; —6,911664)

(@)

Mordn de la Frontera (37,164459; —5,611393)

—GSMaP  ----- AEMET
(b)

Almeria (36,846389; —2,356942)

01/01/2021

considered to be a risk by the AEMET. The average wind speeds below 3.3 km/hour indicate
calm winds on those days with slight temporary increases in the form of gusts of less than
10 km/hour (Table 3).

In turn, Figure 10 outlines the emergency experienced at the fortification of Almeria. The
accumulated annual precipitation values in 2021 ranged between 200 and 300 mm, values
higher than those expected in terms of normal climatic conditions. The rainfall between
October and May with maximums of 32 mm/day in March and periods without rainfall in
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in November that reached maximums of 11 mm/day (Figure 10b). Figure 10c shows that it is
rainfall of weak intensity with maximums of 2 mm/hr, but that it continuously increases

summer and winter. The damage detected in the wall was caused by the light
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and east. They were light winds with average speeds below 10 km/hour and gusts of wind

during the 22nd and 27th of November. The prevailing winds were from the north, northeast
below 20 km/hour (Table 3).
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The results obtained indicate that there were no serious episodes of torrential rainfall or
strong winds that could be the cause of the collapses in the fortifications analysed. The winds
recorded are always light and the intensity of the rainfall is weak. Thus, the daily volume of
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Figure 10.

Rainfall that caused the
collapse in Almeria
(october 2021). (a)
accumulated rainfall in
2021 in Andalusia; (b)
strength of the rainfall
in mm/day; (c) intensity
of the rainfall in mm/
hour during the
collapse
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Table 3.

Strength and direction
of the winds during the
rainfall that caused the
collapses (prepared
from AEMET data)

Date Average speed (km/h) Gust (km/h) Direction (°)
Niebla 16/12/2019 69 172 21
17/12/2019 33 10 30
18/12/2019 4.2 11.7 18
19/12/2019 86 16.9 20
20/12/2019 75 181 24
21/12/2019 72 16.4 24
Marchena 03/11/2017 14 72 22
04/11/2017 3.3 10 23
05/11/2017 0.8 36 26
Almeria 21/11/2021 6.1 11.7 25
22/11/2021 6.7 14.4 25
23/11/2021 75 164 23
24/11/2021 33 12.8 34
25/11/2021 4.2 14.4 26
26/11/2021 53 11.7 99
27/11/2021 6.7 20 99

falling water and the long duration in time seem to be the probable causes that make the
rainfall moderate-heavy and hazardous for this type of construction in the rammed Earth
fortifications analysed. In other words, the time factor seems to condition the hazard from the
rainfall.

4. Concluding discussion

The study conducted presents a work methodology based on the use of vulnerability indices,
geographic information systems and satellite resources capable of recording the hazards and
vulnerability associated with a risk situation due to rainfall in rammed Earth fortifications.
This model has been validated and tested in three past situations in which rainfall caused the
collapse of historic rammed Earth fortifications in Andalusia.

The data obtained from satellite images are consistent data that allows to compare
emergencies that occurred in different places and dates. The validation of the two main
satellites available allows to knowing their precision-accuracy and reduces the uncertainty
associated with the incorporation in the risk model. The analysis of satellite resources
indicates that GSMaP offers a better fit to data from ground-based weather stations and, at
least in the cases analysed, provides greater precision in areas far from the coast. The high
coefficients of determination observed (>0.85) support its selection in the monitoring of
rainfall events in Andalusia. Although GPM IMERG is capable of accurately identifying the
occurrence of rainfall, it overestimates the absolute values.

In the cases analysed, the three emergencies occurred in environments with a moderate-
high hazard level in terms of the erosive power and intensity of the rainfall and a low hazard
level in terms of the average accumulated rainfall. Despite this, the rainfall that generated the
emergencies did not exceed 5 mm/hr and cannot be considered intense rainfall according to
the AEMET (2015). The long duration of the rainfall, which ranged between 2 and 5
consecutive days, seems to be the cause of the weakening of the earthen walls and the damage
that occurred to areas in a worse state of conservation, and which are more vulnerable to
water infiltration. In this vein, previous studies have already pointed out, both in the theory
(Beckett et al., 2020) and in simulated tests (Cuccurullo et al., 2021; Richards ef al,, 2019), the
hazard associated with long-term rainfalls that favour the internal dampening and
mechanical weakening of the earthen wall structures. The results obtained in this study



corroborate these hypotheses and future studies should carry out i sifu monitoring to  Remote sensing

compare the data recorded by satellite and laboratory tests to better understand the factors
involved in the collapse of rammed Earth fortifications caused by rainfall.

As expected, the areas with the most vulnerable walls and towers are those that suffered
collapses during the rainfall. In turn, the correlation observed between the presence of
restorations that tend to fracture, become dislodged and separate from the original and the
occurrence of collapses is also a critical factor. It seems possible that the differences in the
swelling and drying processes associated with a rainfall event, and the loss of the mechanical
and adhesive capacities of the original mortar when moistened (Morel et al., 2012) are the
direct cause of the collapses of restauration mortars. Currently, the poor performance of
mortars with lime and cement additives in historical rammed Earth walls has been pointed
out by various authors (Gomes et al, 2016, 2018; Silva et al., 2018), but there are still numerous
factors to evaluate regarding the degree of functionality and durability presented by
restoration mortars in different rainfall hazard contexts.

In summary, the preliminary results of this study help to identify the most problematic
points of a wall and evaluate the duration, strength, and intensity of the rainfall during an
emergency. Characterization studies and laboratory techniques must be added to this
methodology in order to understand the degradation processes of historical rammed Earth
walls triggered by rainfall. The results are of great interest for the development of more
realistic risk models, capable of forecasting emergency situations in the future.
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