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ABSTRACT:

Earthen structures present very appealing charstitsr regarding a more sustainable practice with t
preservation of our natural resources. However,néigbjected to earthquake ground motions, this tyfpe
construction may present a deficient performandaiclivmay cause significant human losses and impbrta
structural damage. The seismic response of eastinectures is typically characterized by fragilduiees. There
are several examples of recent earthquakes thattedf earthen buildings in a severe way, evidentieg
vulnerability of this type of construction, likealEl Salvador earthquake, in 2001, the Bam, Irathgaake, in
2003, the Pisco, Peru earthquake, in 2007 and tddyiChile earthquake, in 2010.

The construction of earth structures on earthqumkee areas must be carefully studied and showdide
seismic reinforcement solutions in order to imprther seismic performance.

In this paper, the performance of earthen strusturerecent earthquakes will be examined, analyfailgre
modes inherent to these particular constructiorer@s and associated construction techniques., Alsismic
reinforcement approaches and techniques will begmted in a comprehensive manner. Examples of tests
conducted for the assessment of retrofitting sohgiefficiency will be presented, and the resuttsimed will
be discussed.
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1. INTRODUCTION

Earth has been used in construction since anciemstdue to cultural, climatic and economic
reasons. In fact, this kind of materials presentaliies such as low cost, thermal and acoustic
insulation, local availability and recyclability,hich allow a more sustainable construction pragtice
with the preservation of our natural resourcesaddition, this type of construction is associated t
quite simple construction methods that require bmantities of energy. Currently, one third of the
world population lives in earthen houses [Minke; @003], as a result of cultural, climatic and
economic reasons. Large percentage of these bgslds currently associated to rural populations
with low economic resources. There is a vast agchital heritage stock, mainly in developing
countries, which needs to be preserved. From #eepland monuments classified as World Heritage,
10% are entirely or partially built in earth, anG4 of the ones that are in the list of heritageisit

are also built in earth [ICOMOS, 2003].

However, this type of material presents low tensitength and fragile behaviour, and can thus cause
a deficient response to horizontal actions. Pderbuwhen subjected to earthquake ground motions,
earth constructions can suffer severe structunalag@e and eventually total collapse, with significan
human losses. The seismic behaviour of eartheatstas is typically characterized by fragile fadar
[Tolles, E.; Krawinkler, H; 1990]. There are seveeaamples of recent earthquakes that affected
earthen buildings in a severe way, evidencing tlieerability of this type of construction, like ti
Salvador earthquake, in 2001, the Bam, Iran eaatkejuin 2003, the Pisco, Peru earthquake, in 2007
and the Maule, Chile earthquake, in 2010.



Being related to traditional construction, the 8xig knowledge concerning earthen construction is
still mainly empirical. Few countries have codestfe rehabilitation and building with earth, ahe t
existent codes are frequently incomplete [Delgddg, Guerrero, 1.; 2007]. On the other hand, the
study of earthen structures has been mainly odeta@ards the architectural and historical aspects,
while the material and structural characterizatias been systematically relegated to a second plan.
In addition, buildings are generally constructedd aehabilitated by non-specialized staff and
normally do not consider appropriate behaviour mapment solutions.

Earth construction continues to be used in plagdshigh seismicity which shows the urgent need to
develop means of improving the seismic behaviouhe$e structures [De Sensi, 2003].

In order to provide an adequate stability and teste to earth structures, it is necessary to
complement the utilization of the traditional constion materials and techniques with innovative
and inexpensive tools for repair, strengthening eettbfit which may allow reducing the seismic
vulnerability of this type of constructions. It isecessary to conduct research on retrofit and
performance enhancement solutions.

Nevertheless, important research work has beenucted on the characterization of earth buildings
behaviour under horizontal actions and on the dgweént of seismic reinforcement design. The
Civil Engineering Department of Aveiro Universitin Portugal, has been developing several
scientific studies on the behaviour of adobe stmast since 2005, concerning structural properties o
adobe and its constituting materials, such as ceitipn, resistance and stiffness, ductility, energy
dissipation capacity and collapse mechanisms ([Aeidal.; 2007], [Silveira et al.; 2007], [Varum et
al.; 2008], [Varum et al.; 2005]).

A research group from Catholic University of PeRWCP) has been performing an important role on
the knowledge acquisition on earthen constructidmehaviour and on the development of
reinforcement solutions against earthquakes. Ratteosignificant work developed by this research
group in the last 35 years is reported in detaViargas et al.; 2005]. Collapse modes of adobeHslo
have been characterized through experimental i€stsizao and Blondet, 1973]. In addition, several
reinforcement solutions have been studied with-seale shaking table tests. Geosynthetic, plastic o
metallic meshes were evaluated for seismic retaffiexisting adobe constructions [Blondet et al.;
2004]. The use of vertical canes, horizontal rogred enveloping plastic meshes was compared and
assessed [Torrealva, D.; Acero, J.; 2005]. Theopmdnce of adobe vaults with and without
reinforcement was also investigated [Torrealvd.e2806].

Other works have also been providing importantrmition on the theme [Dowling et al.; 2005],
[Noguez, R.; Navarro, S.; 2005], [Rodriguez et2003], [Zavala, C.; Igarashi, L.; 2006].

2. PERFORMANCE OF EARTHEN STRUCTURES UNDER SEISMIC ACTIONS

Earthen structures, if not properly reinforced, pagsent a deficient response to seismic actiams, d
to inherent material properties such as high miassted tensile strength, fragile behaviour, and
softening and loss of strength upon saturation. Meler seismic actions, these structures canrsuffe
severe and cumulative structural damage and cellapsusing innumerable human and material
losses. The statistics on losses caused by reeetitqaakes, in regions where constructions are
mainly made of earth, clearly attest the deficlagtiaviour of these structures.

In 2001, two earthquakes occurred in El Salvadan@dry, 13 and February, 13), with momentum
magnitudes (Mw) of 7.7 and 6.6, causing severe damar even collapse, on 200.000 adobe houses,
and the loss of 1100 lives [Blondet, M. et al.; 2D0n the same year, Peruvian regions of Arequipa,
Moquegua and Tacna were affected by an earthquakeaunomentum magnitude of 8.4 causing the
destruction of 36.000 houses, 25.000 of which weesle of adobe, and the death of 81 people
[Blondet, M. et al.; 2003]. In 2003, Bam earthquakigh a momentum magnitude of 6.6, caused
damage or collapse in 70% of the houses in Bantray@sg the earthen citadel of Arg-e-Bam, an
important ancient historical monument [Blondet, Agjuillar, R.; 2007].

In 2007, another earthquake was felt in the cobBteou, 169 km southeast of the capital, Lima. Its
magnitude reached 8 degrees on Richter scale, ngpusie partial or total destruction of
approximately 38.000 dwellings, the majority of wlinmade of adobe, and causing 500 casualties.



At the present time, a large part of the existiagheconstructions is located in regions wherensieis
hazard cannot be disregarded, namely in SouthetwpEuWestern North and South America, Central
America, some regions of Africa, Southern Asia, afdstralia [De Sensi; 2003]. Seismic
reinforcement techniques are required to improkgctiral performance and consequent reduction of
damages and casualties.

The failure of non-reinforced adobe structures thuseismic actions is a brittle failure. The small
tensile resistance of the masonry causes the dadtithe connection of the walls in the corners,
starting in the upper part. This isolates the whlten each other and conducts to a loss of lateral
stability, causing the collapse of the wall outlod plane. If the corners failure is controlledgritthe
walls can support horizontal seismic forces irpiene. The second type of failure that occurs & du
to shearing force. In this case, the typical iretircracks of diagonal traction appear.

Figure 1 shows adobe and rammed earth models witersmic reinforcement tested in PUCP
facilities, on the shaking table. In the adobe nhatlées possible to see vertical out-of-plane &amn

the corners, which correspond to the failure ofdbenections between walls, and in-plane diagonal
cracks, relative to shear failure. The rammed eartidel presents different crack patterns more
concentrated next to the model corners.

a)
Figure 1 — Experimental tests of unreinforced earthen mo@gladobe house, b) rammed earth house (credits:
[Zegarra, L. et al.; 1997])

3. SEISMIC REINFORCEMENT SOLUTIONS (performance based design criterion)

Walls are the fundamental structural elements nthea buildings. Earthquakes cause the sudden
formation of cracks in the earthen walls at theifmgigg of any ground motion. Adequate seismic
reinforcement solutions are needed to assure tetysaf earthen construction by controlling the
displacements of fissured walls. Furthermore, dudhe fact that the large majority of earthen
dwellings are located in developing countries, ithplementation of low-cost seismic strengthening
solutions using widely available materials is caliCi

Several studies to achieve this goal have beenucted, especially for adobe structures (e.g.
[Blondet, M. et al.; 2005], [Memari, A., Kauffmah,; 2005]). The main objectives of the developed
strengthening or reinforcement schemes are to essuproper connection between construction
elements and how to reach global stability behaviou

Before presenting seismic reinforcement solutiopsrformance based design criterion), it is

important to mention one simple and effective métifar structural rehabilitation in general, also

valuable for seismic retrofit: injection of grouits earthen constructions (strength based design
criterion).

Grout injection is one of the most common consdiiceand strengthening techniques applied to
masonry walls [Silva, R. et al.; 2009], and canoal®e an interesting solution for earthen
constructions. Other traditional techniques usedefmair cracks in earthen constructions are very
disturbing and intrusive when compared to grouwtdgtipn. This could be, however, a non-reversible
technique, which can originate durability and cotifjiity problems if non-suitable materials are



chosen to compose the grout [Silva, R. et al.; RO@&ticularly for earthen structures [GCI; 2008].
Earthen grouts could be good enough to get a wtetit of the low tensile strength of earthen
construction.

The improvement of the mechanical behaviour requaréuid grout with very good penetrability and
bonding properties, while durability requires trevelopment of a microstructure as close as possible
to the microstructure of the existing materialsrr€ntly, a design methodology for grout injectidn o
earthen constructions is trying to be developedrBeét, M. et al.; 2007], which could represents an
important step forward in the repair of these dtmes. However, mechanical injection techniques are
not totally yet developed.

On the other hand, strength based design critesamsually only a complementary support of a
performance based design criterion. Injection isdydout not good enough. Earthquake engineering
needs ductility to dissipate seismic energy anslrguires reinforcement.

3.1 Cane or timber internal reinforcements

This type of reinforcement consists of placing @aterinal grid, with vertical and horizontal elements
able to bond efficiently with the structure, impimy its seismic performance (see example in Figure
2). The vertical elements should be convenientlshared to the foundation and to a collar beam on
top of the walls. The spacing of the vertical oribantal elements should be such to provide an
efficient connection to the structure. [Blondet, Mguillar, R.; 2007] provides design rules for $he
reinforcements. Bamboo canes or eucalypt dry tiniberecommended for these reinforcements
[SENCICO; 2000]. It should be noted that this tygereinforcement can only be done in new
constructions.

g

Figure 2 - Internal cang mesh reinforcement (credits: [Vargial.; 2005])

However, the placement of the horizontal layersukhbe carefully carried out, as these can become
weak points, which, under seismic forces, can caoseontal cracks. In the case of rammed earth, it
is difficult do compact the earth near the reinésnent, while for adobe structures, in order to gev

an effective bonding, mortar thickness between tows of adobe blocks, with reinforcement in
between, can become larger than desirable [Minke,2G01]. Laboratory tests proved that high
thickness mortars correspond to less wall masanepgth.

Full-scale shaking table tests were conducted atitbbe houses using this kind of reinforcement,
demonstrating a good response to save lives [Btoadal.; 1988]. The model reinforced with an

internal cane mesh suffered significant damage dimihot collapse. A major restraint in using this
strengthening solution is the fact that cane olgadte timber is not available in all seismic region

[Blondet, M.; Aguillar, R.; 2007].

3.2 Cane external reinforcement

For repair or seismic retrofit of existing stru@sy an external reinforcement using a grid of canes
ropes can be a good solution. Canes are placedallyrtand externally to the wall, on both sides,
inside and outside. Ropes are then positioned draafly tying the vertical canes along the wallgl an
involving the structure. Different rows of horizahtopes are placed along the height of the wah wi
a spacing of 30~40cm. In order to connect the thasgoutside and inside grids, and thus confire th



earthen structure, small extension lines are placedhecting the two grids, crossing the wall from
one side to another through holes, made at eacd08dr: This reinforcement grid can then be
covered with plaster for adequate finishing, prowdat the same time more confinement to the earth
structure.

Figure 3 shows an example of this type of reinforeet applied to a real-scale model tested in PUCP,
where only part of the structure was covered widister.

The main limitation of this type of reinforcemestthe fact a great quantity of cane is required. As
cane is not available in all regions, industriatenial must be studied and tested.

Figure 3 - External cane-rope mesh reinforcement (creditsrrgalva y Acero et al.; 2005])

3.3 Reinforced concrete as internal reinforcements

This technique consists of building first the adalls with gaps in the corners, or connectionfiwit
other walls to be filled by concrete. Steel bakes then placed and the concrete is poured in oader t
form a confined system with columns and collar be&his solution is rather expensive, conducting
to a high stiffness system with low ductility [MiekG; 2001]. Furthermore, important collapses in
earthen construction with reinforced concrete etgmevere reported, implying that this can be an
inadequate reinforcement solution, though moreistudn the subject are required. Figure 4 shows
examples of collapses after reinforcement usingciEta: Tarapaca Cathedral, Iquique earthquake,
2005, Chile and San Luis de Cafiete Church, Pistbhgeemke, 2007, Peru. In Tarapaca Cathedral, the
bending of the reinforced concrete beam destroysdptetely the main adobe wall with 1.30m of
thickness. In San Luis de Cafiete Church, the frashesinforced concrete changed the behaviour of
the structure and unfilled adobe walls were overdr

Figure 4 —Examples with collapses after reinforcement usimgceete: a) Tarapaca Cathedral, Chile, 2005
[Chesta, J; 2005] b) San Luis de Carfiete Churchu, R807 (credits: [Vargas, J. et al.; 2007])



3.4 Synthetic mesh strengthening systems

Reinforcement solutions with synthetic meshes (gdeyinvolving the walls have been studied and
tested, proving its applicability, simplicity anéfieiency. Figure 5 show examples of applicatiom. |
[Oliveira, C. et al.; 2010], real-scale tests oblael walls with and without reinforcement were tdste
and compared. The solution for filling the wall cka (injection of hydraulic lime grout) combined
with the strengthening solution (synthetic meshoiporated in the plaster) proved to be very
effective. Figure 6 shows the comparison betweedlswahe tests on the retrofitted wall
demonstrated that the lateral strength increasghitlsi, and the ductility and the energy dissipatio
capacity improved significantly. The wall was atdaecover its initial stiffness.

a) " b)
Figure 5— Synthetic meshes in adobe structures: a) [Obvé&ir et al.; 2010]; and, b) [Blondet, M.; Aguillar
R.; 2007]

In [Blondet, M. et al.; 2006], several similar feitale adobe housing models with different amounts
and types of synthetic mesh were tested in a spatdhle. The results showed that the damage
decreased as the amount of synthetic mesh plagelviimg the walls increased. In [Vargas, J. et al,;

2007], the use of geogrid in adobe constructiorsiensively explained, with comprehensible details
on how to cut and place the grid with the objectif@nproving seismic performance.

The use of synthetic mesh bands involving the adedles and covering them with cement mortar is
also possible. The mesh is placed in horizontahamtical strips, following a layout similar to thaf
beams and columns. This solution is able to proaidéitional strength to the structure, though the
failure mode observed was brittle and dangerousr@t, M.; Aguillar, R.; 2007]. The use of cement
also makes this an expensive solution.

-40 o _ 7 40

—— Original wall

—— Strengthened wall

Figure 6 — Adobe wall tests: Horizontal force verssi displacement - original and strengthened wall
([Oliveira, C. et al.; 2010])



3.5 Base Isolation

Earthen constructions are ideal candidates to isengmlly protected with base isolation. This is an
innovative strategy that has been adopted for memntsth masonry buildings, since it does not
involve great interventions on the upper struc{@aerreiro, L.; 2006]. It decouples the horizontal
movement of the building from the horizontal grountbtion. This causes a decrease in the
fundamental frequency of the structure, consequergtiucing the seismic force demand. The
adaptation of this system for earthen constructidhbe of great value. However, the application of
this technique for repair and seismic retrofit nb@ycomplex as the stability of the structure mest b
assured while the connection to the foundatioetisaved and substituted by base isolation bearings.

4. CONCLUDING REMARKS

Earth construction is one of the oldest and mostespread construction materials in use, due to its
unique properties and accessibility. In spite sfappealing characteristics, earth constructioagmte
important structural fragilities. These structuresve brittle failure with low tensile resistance,
showing a deficient behaviour under seismic acti@hsrently, in many of the high seismicity places
zones in the world, earth is the only affordableetpf construction material. It is well known tlaek

of official dissemination or educational programn@shange the rural population costumes to build
without reinforcements. Furthermore, it is hardctange construction habits from generations that
have gained cultural roots in the population. luigent to develop, disseminate and apply low-cost
and effective reinforcement techniques.

Presently, there are several reinforcement solstipossible to apply in order to improve their
structural performance and to prevent their coblagsring earthquakes. However, these techniques
are still not established in worldwide standardd ssgulations. It is urgent to conduct an effective
dissemination of available successful seismic oeggment solutions, with information spread to the
populations through education and standards, asasehe description of the behaviour of earthen
structures under seismic actions.

In this paper, an overall view of the behavioueafthen structures under seismic actions is predent
along with seismic reinforcement solutions teche&jalready developed and tested.
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