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Abstract

Lorca, the city centre of which had been one of the first in Spain to be declared
an artistic historic site (1964), is an earthquake prone city. This is the reason why
its unreinforced masonry vernacular residential architecture includes
reinforcement features (quoins, pegs or ring beams) reducing the seismic
vulnerability and improving, consequently, their seismic behaviour.
Nevertheless, the seismic response of those buildings to the Lorca May 11th
2011 earthquake was very heterogeneous; it is important to point out that even
some of them were demolished in the aftermath of this event. Given that the
seismicity and construction and geometric characteristics (load-bearing walls,
floors, materials, height, facade layout, etc.) are similar in the historic centre, a
comparative study of the vulnerability of a sample of buildings with diverse
observed damage degrees has been carried out in order to understand why their
seismic response has been different. Results showed that notwithstanding the
influence of construction techniques, the level of building maintenance (masonry
and roofs) is a determinant factor in lowering the vulnerability of unreinforced
masonry structures in historic city centres and in improving their seismic
behaviour.

Keywords: Lorca earthquake, maintenance of the Spanish historic centres,
masonry residential buildings, seismic response, observed damage.
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1 Introduction

Lorca is an ancient city in southeast of Spain, which seismic activity has been
documented from historical sources since 343 BC. (Martinez-Solares and
Mezcua-Rodriguez [1]) and from instrumental sources since 1920 (IGN [2])
being the most important earthquakes in 1579, 1674, 1818, 1948, 1977, 1999,
2002 and 2005 (Cabanias et al. [3]).

On May 11th 2011, at 16:47:25, an earthquake of magnitude Mw=5.1,
preceded by a Mw=4.5 foreshock, struck Lorca, followed by a sequence of 135
aftershocks that finished on July 14" caused by the rupture of the “Alhama de
Murcia Fault”, spreading underneath Lorca and its environs. The seismic
intensities reached by the foreshock and mainshock were very high, VI and VII
(Cabafas et al. [3]), respectively, due to the soil amplification, the shallow
epicentres location (2 and 3 km) and the proximity of the city (3.5 and 3 km).

This earthquake, considered the worst to hit Spain in the last fifty years,
resulted in 9 deaths and 324 injured, affecting all the population and producing
damage in 80% of the buildings including historical heritage.

In the aftermath of the earthquake, more than 7800 buildings were inspected
(Goula et al. [4]) and preliminarily classified according to the observed damage
level by colours: 4.2% black (collapsed or to be demolished), 8.85% red
(significant structural damage), 17.08% yellow (low to moderate structural
damage, significant to moderate non-structural damage) and 69.87% green
(without structural damage, low to moderate non-structural damage, safe for
normal use). Although only one building collapsed during the event, today 1164
buildings have been demolished [5], mainly located in La Vifia district, 41%
(reinforced concrete structures), and in the historic centre, 16% (masonry
buildings).

The authors carried out three onsite post-earthquake surveys in order to assess
the real seismic vulnerability and damage level of residential buildings. One of
these surveys was focused on unreinforced masonry (URM) residential building
stock in Lorca’s city centre sector Il (fig.1), an area included in the Special
Protection and Rehabilitation Plan of the Historic and Artistic Site of Lorca
(PEPRI [6]). There has been no explicit concern over earthquake protection in
in this area so, except for the use of ring beams, quoins or iron ties, hardly any
upgrading intervention has taken place to improve their seismic vulnerability.

Figure 1: Lorca’s city centre sector II.
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Visual information of 1200 buildings regarding geometry, masonry materials,
structural and construction characteristics, conservation status, crack patterns and
damage level was collected and more than 3000 photographs were taken.
Observed data and cadastral records (building age, area, etc.) were stored in a
database connected to a Gis system and analysed. During this survey the authors
found that, despite of being built at the same period and having, apparently, the
same constructive and structural characteristics and dimensions, URM residential
buildings in the target area showed very heterogeneous damage (fig. 2).
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Figure 2: Buildings with heterogeneous damage in Cava Street.

Trying to understand why their seismic response has been so different, a more
detailed research has been conducted on a small sample of similar buildings,
setting their status before the event using Google Street View (actualized in
2009). For this purpose, a detailed inspection focusing in the definition of all the
parameters influencing the seismic behaviour of masonry buildings was carried
out, paying special attention to maintenance level, considering that, in this area, a
significant number of protected buildings were abandoned before the event.

The seismic vulnerability was then assessed and the failure mechanisms
identified with the Failure Mechanisms Identification and Vulnerability
Evaluation Method, FaMIVE, (D’Ayala and Speranza [7]) and mapped using the
GIS system.

2 Description of residential masonry buildings in Lorca’s
historic centre

Lorca’s historic centre is characterized by a very rich heritage (32% of the
buildings have any statutory level of protection) including not only monumental
or religious buildings (towers, palaces, churches or monasteries) but also an
heterogeneous residential stock, made mainly of unreinforced stone or brick
masonry (Catalogue of Protected Buildings [8]).

Masonry fabric varies according to age, style and typology: (a) multi-leaf
rubble or poorly cut stone (small or medium sized) with lime mortar; (b) brick
masonry with lime, lime-cement or cement mortar; (c) regularly dressed well
squared and graded stones blocks (in mansions) and (d) alternating layers of
brickwork and rubble (fig. 3).

Along the target area, irregular bulk-shapes blocks are subdivided into plots
of different dimensions and street fronts corresponding to: (a) fullrestored and
well maintained mansions with residential or administrative use, (b) traditional
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Figure 3: Masonry fabric: (a) rubble, (b) brick (c) stone blocks, (d) brick and
rubble.

Figure 4: URM buildings before the earthquake (Google street view).

residential buildings with different levels of maintenance, (c) new apartment
dwellings replacing the inside of a traditional building but keeping the original
masonry facade without structural use, (d) cleaned up buildings with braced
fagades and (e) abandoned buildings waiting to be declared ruined (fig. 4).

Mostly built in the XVIII and XIX centuries, one to two floor buildings
follow a traditional code of practice with bearing walls in simple stone masonry;
poorly connected with orthogonal walls or floors; showing deficiencies for the
stability under seismic actions. At the end of the XIX century, the quality of
stone masonry was improved and the use of bricks for residential dwellings
became common, increasing the height up to four storeys (Murphy [9]). Lately,
residential masonry buildings were built in brickwork, sometimes with four to
six floors.

Horizontal structures (fig. 5) are timber beams for lintels, beams and joists
with lightweight masonry vaults in floors (a), timber beams and joists with a
traditional horizontal covering made out of reed and plaster (named “cafiizo”)
and tiles in roofs (b) and, recently, reinforced concrete (RC) beams and joists
with ceramic vaults (c).

Figure 5: Horizontal structures: (a) timber floors, (b) roofs, (c) RC floors.
The vertical structural system consists of load-bearing masonry orthogonal
walls forming the facades and the party walls, carrying floors and roofs (fig 6).
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Sometimes, depending on the building plan, there are interior walls with
structural function. It is a common practice that adjacent buildings, when built at
the same time, share the party walls, presenting a continuity of the horizontal
structure and the roof overhanging. According to the direction of the horizontal
structure, the thickness of facades walls ranges from 30 cm to 80 cm, having,
sometimes, significant windows and balconies; whereas the thickness of walls
between adjacent buildings ranges from 20 cm to 30 cm.

@ (b) © (d ©) ®

Figure 7: Reinforcement features (a) quoins, (b) plinths, (c) timber ties or
ring beams, (d) timber lintels, (e) stone frames, (f) iron ties.

Being Lorca in a region of moderate seismicity, some reinforcement features
(fig. 7) can be found (stone quoins, plinths, floor and wall timber ties or timber
ring beams placed horizontally in the middle of the thickness of the wall, timber
lintels, stone frames around openings and iron ties)

3 Damage and seismic vulnerability assessment

The residential masonry buildings of the sample have been selected and
classified in two groups according to the observed damage level, being half of
them slightly damaged and the other half moderate to heavily damaged.

Buildings belonging to the first group have been paired with similar ones
from the second group attending to masonry typology, constructive and
structural characteristics (floor and roof typologies, orthogonal walls,
strengthening devices), geometry, position within the block, etc., and, when
possible, the age. All the buildings have a statutory protection. The level of
maintenance before the event has been set with the Catalogue of protected
buildings [8] and Google Street View. Examples of some of the analysed
buildings’ pairs are described in this paper.
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The first two buildings, no. 48100-23 and no. 47088-1, are shown in fig. 8
and fig. 9. They are located in a corner of the block, which is reinforced with
quoins. Facade layout, spandrels and piers dimensions are similar in both cases.
Pictures from the Catalogue (1994) and before the earthquake (January 2009)
defined their maintenance level (good for building 48100-23 and medium for
building 47088-1), confirmed also by the Catalogue’s file description.
Earthquake effects have been different (see pictures taken in June 2011). While
in the first building only a small nhumber of unnoticeable slight cracks appeared,
in the second one, the roof failed, the balcony partially collapsed and big cracks
occurred in lintels and near the corner.

Building no. 48100-23 (C/ Santiago 1) position within the block: corner
protection grade: 2 facade restraining elements: quoins
date: XVIII century facade lengths: 13 mand 21,5 m
storeys: 5 maintenance level: good (1994, 2009)
% :

I o

|ESTADO DE CONSERVACION: BUENO |
Catalogue of Protected Buildings data (1994)

e i
Building in January 2009 Building in June 2011, earthquake effects: slight cracks in facade

Figure 8: Building no. 48100-23, Santiago Street 1.

The second couple corresponds to adjacent protected houses, in “La Cava”
street 48 (no. 49117-20) and 46 (no. 49117-19), built in the XIX century, sharing
a partition wall and with nearly identical dimensions, construction techniques
and structural characteristics. Masonry fabric consists of rubble stone and floors
are made with timber joists orthogonal to the fagade strengthened with timber
ring beams (fig. 10). According with the Catalogue’s file description, the
maintenance level in 1994 was good for house no. 48 and medium for no. 46.
There isn’t any photograph from Google Street View, due to the street
dimensions, however, in May 2011, before the earthquake, no. 48 was inhabited
and well maintained while no. 46 was abandoned, as was reported by the
neighbours. Earthquake effects are shown in fig.11; while no. 48 has no damage,
in no. 46 big cracks in the facade and total failure of the roof can be seen. A
summary of both buildings is presented in figs 12 and 13, the only difference
being their maintenance level.
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Building no. 47088-1 (C/ Selgas 11) position within the block: corner
protection grade: 3 facade restraining elements: quoins
date: 1850 fagade lengths: 8 mand 18,5 m
nce level: medium (1994) bad (2009)

storeys: 4

Tiowicio oo
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ESTADO DE CONSERVACIONLMEQIM
Catalogue of Protected Bmldlngs data (1994)

s 5]

K NN 1 i
Building in June 2011, earthquake effects: roof collapse, balcony partial collapse, cracks in lintels and walls)

Figure 9: Building no. 47088-1, Selgas Street 11.

Figure 10:  Masonry wall and timber ring beam.

Figure 11:  Cava Street 48, 46.
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Building no. 49117-20 (C/ Cava 48) position within the block: intermediate
protection grade: 2 facade restraining elements: ring beams
date: XIX century facade lengths: 4,7 m

storeys: 3

MANZANA
9 @9117) |
FINCA
20

~ EDIFICADG.

There are no pictures of
the building before the
earthquake, neither in
Google Street View, nor
in the PEPRI catalogue.
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The owner herself
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had suffered slight
damages

Building in June 2011, sl |ght'cracks in facade

Figure 12:  Building no. 49117-20, Cava Street 48.

Building no. 49117-19 (C/ cava 46) position within the block: intermediate
protection grade: 2 facade restraining elements: ring beams
date: XIX century facade length: 5,1 m

storeys: 3 maintenance level: medium (1994)

INFORMACION URBANISTICA

There are no pictures of
the building before the . ~ T d'e}
earthquake, neither in a D 1m.1om | osTonson
Google Street View, nor ’ 2P0 ELEMENTO PUNTUAL
in the PEPRI catalogue.

= | ELEMENTO DISTORSIONADOR N CATALOGO |
ma | cantes |

'éétalogue of Protected Buildings data (1994)
@>

However, next door
owner reported that the
house was abandoned
before the earthquake

Building in June 2011, earthquake effects: roof and floors collapse

Figure 13:  Building no. 49117-19, Cava Street 46.

FaMIVE inspection forms, results and predicted mechanism are shown in
fig. 14. The predicted mechanism for both fagades is a partial overturning,
mechanism D (D’Ayala and Speranza [7]), with a slightly different crack angle
(32.22° for building no. 48 and 35.04° for no. 46). A total failure of the roof is
also predicted, which matches with the observed damage and the crack pattern in
house no. 46 (fig. 13) but not with house no. 48. It is worth mentioning that
conditions regarding a bad maintenance level are difficult to define accurately, in
fact, changing the masonry maintenance level in the FaMIVE inspection form,
does not modify the final results of the predicted vulnerability index values,
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damage index, failure mechanism and cracks angle, although this has been the
reason for the different seismic performance.

Final results are summarised in fig. 15: 71.43% of the buildings with a good
maintenance level had slight damage, while all the buildings with a medium or
bad maintenance level had moderate or heavy damage. However, a good
maintenance level was not enough to guarantee a good seismic behaviour, as a
small percentage (7.14%) of the studied well maintained buildings had heavy
damage.

ROCFFLOORS
COLLAPSE

Figure 14:  FaMIVE forms and results.

T143% 71.43%
] 57.14% 57,14%
. Slight
42.86%  qamages 2o Bood
maintenance
mModerate 21.43% level
damages
B Heavy bad

maintenance

medium or
level

bad

Maintenance level

damages Slight Moderate Heavy
damages damages damages

Figure 15:  Damage grades and maintenance levels.

One of these buildings is Marin Ponce de Leon Manor House, built by 1630
(fig. 16). Divided into two different vertical properties, it suffered important
changes by 1950, when a jetty was built in San Vicente Square’s facade, having
at this time, a good conservation status, according to the Catalogue’s file
description and picture, matching with Google Street View (January 2009),
except for the jetty which has already been removed. Despite of being well
maintained, the effects of the 11 May earthquake were devastating. In the
aftermath of the event, firemen had to demolish the overhanging to prevent
people to be hurt and a steel structure was built to avoid collapse of the facades.
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Building n° 50098-10 (C/ Corredera 56) position within the block: corner

protection grade: 2 facade restraining elements: quoins

date: XVII century facade lengths: 10,8 mand 10,8 m

storeys: 3 maintenance level: good (1994, 2009)
e TN TEDIFICIO : CASA DE LOS MARIN - PONCE DE LEON [noaaw: 1
MANZANA |ANTIGUEDAD: S XVI_| N"CATALOGO: 2408 | DECLARACION BLC.
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Catalogue of Protected Buildi

Marin Ponce de Leon Manor House built by
1630.

Square of St. Vincent’s facade reflects the
changes produced in this building in the 50s
(construction of a jetty, see photograph on the
left, which lately was removed).

It is noteworthy the miliaria Roman column
from the time of Augustus (years 8-2 BC) at
the corner.

Building in 1994

Building in December 2012, underpinned by a steel structure

Figure 16:  Building n°® 50098-10, Corredera Street 56.

Due to safety reasons it was not possible for the authors of this study to get
into the building in order to define precisely the walls and floor distribution and
to search for seismic structural or reinforcing elements. Taking into account that
this building has suffered many restructuring processes (according to cadastral
database, the house is today divided into four properties: two in the ground floor
with commercial use and one with residential use in each floor) and considering
new live styles, it can be thought that the original structure and wall distribution
has been changed, modifying the seismic behaviour.
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4 Conclusions

In this study the authors have compared a sample of unreinforced masonry
residential buildings in Lorca’s city centre sector Il (area included in the Special
Protection and Rehabilitation Plan of the Historic and Artistic Site of Lorca)
whose response to 11 May 2011 earthquake has been very heterogeneous,
although having, apparently, the same geometric, constructive and structural
characteristics.

Results of the research reveal that, undoubtedly, the maintenance level has
influenced in their seismic behaviour. Well maintained buildings have suffered a
widespread but slight and repairable damage (small cracks in the roof
overhanging or in the facade and partition walls), being quickly repaired by their
owners. However, abandoned or long time unmaintained buildings presented
moderate to heavy structural damage (cracks in facades, partial collapse of
cornices and balconies, floor and/or roofs partial collapse) with a few number of
out of plane mechanisms, giving their owners the opportunity to proceed with
demolition, even without maintaining the facades in some cases.

On the other hand, it is important to point out that, in this district, no
residential building collapsed during the earthquake, however, in the following
months, many demolitions took place, including grade 3 protected buildings,
keeping, in those cases, the facades underpinned. The reason to tear down these
protected buildings has been not only the damage caused by the earthquake, but
also their value in economical terms. Being mostly abandoned, the cost of
repairing the damage was considered higher than the value of the building itself
(disregarding its heritage value) and, according to the Spanish legislation, a
declaration of ruin can be obtained, allowing the heritage building owners to
demolish the protected building. Sadly, the opportunity to have a new building
within the city centre has not been neglected.

Historical heritage is, unguestionably, an irreplaceable asset that must be
preserved. Active cultural and patrimonial policies of intervention including
maintenance programs should therefore be stimulated, supported and
strengthened to prevent and reduce further decay, degradation and loss,
especially in earthquake prone areas where damage can be irretrievable.
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