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ABSTRACT

Rammed earth buildings, with resistant and monialithialls, often have constructive pathology. A
survey on more than thirty rammed earth buildingaijnly in Alentejo region (South Portugal), was
conducted. As a result, it was found that surfaeeeribration of the walls seemed to be an usual
problem.

Many rammed earth buildings are deteriorating du@dk of maintenance and rehabilitation, but also
due to incorrect repairs. Several of them were irepaby applying cement-based mortars in the
attempt to overcome the general decay, of the wlaiscould or not be deep.

This paper presents the most common pathology:lemab due to water ingress and low drying
capacity; salt transport and contamination; cowsiva technology like voids left from the formworks
biological attack; different mechanical behaviouetviieen the walls and the repair mortars -
mechanical incompatibility.

An intervention methodology for repair the degramatof exterior surface, including anomalies
diagnosis and application of these repair mortargoroposed. The support samples preparation -
laboratorial rammed earth blocks with surface detation - is also described. Finally, an
experimental campaign foreseen for the developm@edtapplication of earth-based mortars for repair
rammed earth walls is presented.
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1 INTRODUCTION

Earth buildings are nowadays redrawing the attandioprofessional and scientific communities due
to peculiar characteristics of earth materials.yTéwe environmentally friendly, recyclable, low tos
accessible, incombustible, provide good acoustittharmal insulation and thermal inertia. Rammed
earth - earth compacted between formworks - is gntbe oldest and most widespread building
techniques in the world. In recent years, this négpie has seen a revival and new developments. In
Portugal, it has been used in new constructionsatswdin old rammed earth buildings rehabilitation.

For build with earth it is necessary to understidradmain construction methods, the characterisfics
the materials used and their mechanisms of degoaddfthis knowledge is also needed in order to
hold proper rehabilitation and/or conservation rveations. When those factors are not taken into
account it may lead to errors and premature anesappearance in buildings. The development of
suitable repair methods for rammed earth is thesef@cessary. Indeed, many old buildings are still
deteriorating due to lack of maintenance or reftabidns works, what leads to the need of deep
interventions. Because the knowledge on rammed dariiding techniques is still far from being
consolidated, new buildings often present problemss is related with the fact that this type of
construction was not used for a long period of tiamel the investigation about it ceased with the
appearance of new building materials, such as atektoncrete.

The anomalies are usually caused not only by ohéya combination of different agents. However,
water is probably the main decay agent - moisteduces the internal cohesion and mechanical
strength of the material, increments the destractiction of soluble salts and favours biological
development. The result is often the walls surfdegradation. One of the major difficulties in
rehabilitation works regards the correct use ohireportars. Sometimes the repairs are inadequate
due to the use of incompatible materials. The fiseastars based on hydraulic binders, as cement, is
a bad example of an attempt to overcome degradation

2 PATHOLOGY AND CAUSES OF DEGRADATION

Old earth buildings are considered vernacular techire but, in the last decades, many new earth
constructions have been built in Portugal and imeotcountries. In some of these countries the
industrialization and regulation of this kind ofildings is becoming a reality, like the German
reference, Lehmbau Regeln [2009]; however, the Cam® Standard support is still not enough
developed in Europe, unlike countries like New Zadl Australia, New Mexico and USA. The
preservation and conservation of these buildingsjiedd out by the owners, is often very weak or
inexistent.

Most rehabilitation interventions, or even new domndions, do not take into account the specific
characteristics of the raw material or the speitjfiof the construction system, leading to errand a
premature appearance of anomalies in buildingso/lieg to several authors [Guettatal. 2006,
Atzeni et al. 2008, Hall & Allinson 2009] it is important not ynto understand the materials and
techniques of these constructions, but also thelrabior when exposed to natural agents. Surface
coatings, renders and plasters have a very imgoftenction in protecting the wall against such
actions as climatic - mainly water, moisture anchdvi-, mechanical actions or environmental
contamination. They also contribute to improve m@rand acoustic comfort, namely indoors, to hide
wall imperfections and to change building aestlsetiecause exterior surface coatings - paint layers
and renders - are exposed to many potentially uigste actions, these elements are more prone to
degradation in constructions.

Analyzing the most frequent anomalies in earth togsons, several deterioration agents can be
identified, namely water which is the main degramatagent that causes the most important and
frequent anomalies. When combined with other agemtger can cause serious damage to the
materials. After analysingn situ, over than thirty rammed earth buildings - old arev ones -
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recurrent anomalies were detected in the extetiofase of the walls in a significant humber of
buildings.

2.1 Exterior surface pathology and causes of degration

The pathology can range from a simple alteratioseteere degradation. The main anomalies found in
the exterior surface of walls are: surface detation - loss of cohesion, cracking, appearancelof s
deposition, detachment, patch repair poorly madst dnd dirt. The main causes are: structuralrstrai
lack of ductility, continued acess of water, salhtamination, low drying capacity, lack of adhesion
substrate and lack of rendering. They can be duein@ppropriate conception, inappropriate
construction technique, the use of inappropriat¢éerias, sloppy application, aging of materials and
lack of maintenance. In many cases the exteridaserrof the wall was never rendered and was not
protected, the coating no longer exists or is dyedetached, endangering wall integrity (Fig. 1).

Figure 1. Rammed earth house in Bemposta, Odemira. Detadhofi¢he coatings due to
capillary rising and problably hygroscopic saltsthadegradation of the wall.

In rammed earth walls is usual to detect anomadliisto the application of incompatible renders. The
renders should be made of mortars with similar @laysmechanical and chemical properties with the
walls where they are supposed to be applied, hahdhis does not happen. The main problem with
renders is ensuring the long-term integrity of bdmdween the render and the earth substrate; this
characteristic is very important but also diffictdtachieve.

There are many anomalies with respect to exteridiase of walls but in this paper only the most
frequent will be discussed. It is usual to observatings detachments, with different depths, causin
wall degradation. This kind of pathology is due different anomalies which may be, or not,
associated with each other. It is usual to find/\@ittle coatings, with very low cohesion, thatiéa
begin to disintegrate. This defect leads to theeapmmce of recesses and degradation with different
depths that may even reach the support. It is maalised by the loss of the binder from the mortar,
washed by water. On unrendered or unmaintainedswadian happens on the surface of the support.
These anomalies occur mainly in more exposed are#se wall surface like corners [Houben and
Guillaud 1994].

Render cracking is another common anomalie in eadkings, that often accelerates its rate of failur
and increase the risk of water penetration. Crackg be few but wide open or very numerous with
small aperture. Microcracks may evolve into largercks over time. If the mortars of the new render
are too stiff and cannot support the wall moveméstsause of the incompatibility between materials -
mortar and substrate -, the adherence between ¢harbe very weak and the render may crack; the
stiff and strong render can also induce the waliresak within its superficial thickness.

After the application of a mortar it will tend thrink due to evaporation of the water contained; th
shrinkage is restrained by the adhesion to thetsibsand it will lead to the development of temsil
stresses in the coating which may tend to cracks 3iirinkage will also develop shear stressesen th
plane of contact between the coating and the stjppbich may leads to their detachment.
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Crazing is a network of fine cracks on the surfata material; they are in infinite number verynthi
and linked. If the mortar is less rich in bindedapplied in a thin layer, cracks are usually ssp,
less spaced and the stress levels are smaller.oBiyast, in a mortar with very rich binder, for
example containing a high clay fraction and whiglguite active, the cracks tend to be fairly wide,
separated from each other but quite deep.

Salt crystallization commonly occurs near the ifisiee between the support and the render, and it may
accelerate the coatings decay and detachment. chsiallization usually produces crystalline or
amorphous deposits of alkali or alkaline saltsboaates, chlorides, sulphates and nitrates, causing
usually small white or gray colourful halos in thalls surface. According to Faria Rodrigues [2005]
and many other studies, the movement of saltsestathe moisture flow inside the wall that tenals t
carry them in its dissolved state to the surfackepending on the drying capacity of the different
layers -, where they accumulate. It often occuth pwroblems of water penetration - as it can be the
case due to capillary rising (Fig. 1). Sucessivdes/of drying/hydration of the salts produce tensi
which induces loss of cohesion in the materialeknsthe salt deposit [Goncalveisal. 2007].

It is important to repair these anomalies in otdgurevent the continuous deterioration of the \aafl

to restore its protection. For a proper intervemtioright combination of the repair mortar and the
substrate is needed. It may be necessary to diteadpep repair, which may lead to multiple mortar
layers. For this type of intervention compatiblpaie mortars need to be developed and the effect of
shrinkage of the new mortars on the rammed eartls wg&avery important and should be taken into
special account.

3 DIAGNOSIS

To achieve a reliable diagnosis for the rehabititatof a rammed earth building it is necessary to
know it beyond what is in sight. It is essentialitalerstand: the materials used and their consenvat
condition, the building’s structural typology, theuilding’'s current uses and the surrounding
environment. The building and its surroundings iar@an equilibrium that may be disturbed by the
implementation of any construction works. AccordingGuillaud [2008], there is a "golden rule" that
should be applied whenever conservation and ratadioh interventions are needed. This rule defines
the following course of action:

- observe and document the baseline conditioneobtlilding;

- minimize the intervention, with compatible ma#siand techniques;

- assure the reversibility of interventions;

- document the interventions;

- make a regular inspection and maintenance.

Before any intervention it will be necessary toedetine which degradation processes occur and if the
circumstances which led to the deterioration anmpiex or combined. In most cases the "domino

effect” is rather drastic: one problem creates laroproblem, which in turn generates another and so
on. The diagnosis should be sought to addressahses and origins of the anomalies found in the
building. No intervention should be held while tbeuses and origins of the anomalies are not yet
properly addressed and resolved.

4 INTERVENTION METHODOLOGIES

Mortars need to be formulated and tested in orddvet applied in repair interventions. There is a
premise in all mortars application, especially floose with common binders: the first layer applied
should not be stronger than the substrate anditioiedbcontent should not increase along the coating
thickness from the inside to the outside, avoidhegycreation of tensions that could lead to craking
peeling of the upper layer. As said before, algortfaterials used for repairs must be compatible wit
the original material. These characteristics amglar between any repair mortars, being them earth-
based mortars or not. Whenever possible, matdoalsarth-based mortars should be collected from
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the same place as those originally used. It isssag to check if the materials are suitable fer th
objective set and how the mortars can be furthpraned.

Repair mortars for total or partial replacementesfders and thickness reconstitution of the wéidl s
contribute to the protection of those walls beingadble and without contributing to their degradatio
Compressive and flexural strength and elasticitguhas should be compatible to the original support
materials. The resistance to the pullout shouldb®ohigher than the tensile strength of the support
The capillary absorption should not be high butipalarly the drying capacity of the new mortars ca
not be lower than those of the support and intéaipers.

Taking into account all the characteristics mergghran intervention methodology based on the use of
earth-based mortars is proposed, supported by periemxental campaign for the development and
application of repair mortars for rammed earth svalh variety of repair mortars will be
characterized for the most critical properties meéisional stability, mechanical resistance,
adherence, water absorption and drying, durabibtambiance factors - and tested on different
rammed earth laboratory blocks - samples that thtenreproduce different rammed earth walls
with common anomalies.

It is necessary to choose the most promising nwrfsacording to Moropoulou & Bakolas [1998] the
selection process of a mortar compaosition shouldrbierative process, idea that is accepted bgroth
authors [Valeket al. 2000, Veigaet al. 2001, Papayianni 2008]. This process should cortaé
following steps:
1. determination of the approximate constitutiod #me physical and mechanical characteristics of
the original mortar;
2. preparation of a mortar similar in terms of d¢dnSon and appearance, with similar aggregates,
preferably local,
3. testing to verify minimum requirements and tmailarity of the main features;
4. corrections to the formulation tested in ora@eapproximate the characteristics;
5. repetition of steps 2 through 4 until reachingremsonable likeness of the fundamental
characteristics and therefore expected proper li@hav
6. realization of experimental panels at work site;
7. again, if necessary, carry out adjustmentsarfdbmulation tested.

4.1 Rammed earth blocks

Before the execution of experimental panels at wsitk, and in order to develop and evaluate
different repair mortars, some rammed earth bloekse manufactured. The material used was
obtained from non deteriorated walls of rammed hedildings. Ten rammed earth blocks were
produced with three different compositions of s&iach material composition represents a material
gathered in a diferent building. They were pattidy chosen in an attempt to represent differeris s
usually used for rammed earth technique in Portugeth different grain size distribution, type of
clay and colour. In order to obtain similar dry a&s the existing building wall, it was conducted a
test based on LNEC Specification E205 by measuhagveight and volume of undisturbed samples,
that were collected directly from the building wallhrough the values obtained in the test it was
extrapolated the value of the mass needed for oheme of the each block, with dimensions 30cm
x20cmx28cm.

Two types of anomalies, most currently found in éx¢erior surfaces of rammed earth walls, were
recreated on the sample blocks: superficial irr@gyl with loss of cohesion and deep voids (Fig. 2)

The block samples are being kept in a controllethiante - 20°C and 50% RH. The repair mortars
will be applied over the two types of anomalies,omler to verify the compatibility between the

substrate and the repair mortars and the appligahiid effectiveness of the intervention.
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Figure 2. Rammed earth laboratory blocks with differentsaihd with two types of surface
degradation - deep voids and superficial irregtyaniith loss of cohesion.

4.2 Constituents for repair mortars

Rammed earth has a relatively weak surface andotdolerate strong renderings. There are some
recomendations in the literature for the compositid mortars for rammed earth walls: Delgado &
Guerreiro [2006] recommend the use of earth-limetans; Ashurst & Ashurst [1995] recommend a
lime/sand composition of 1:2.5/3 prepared with lipugty; Gernot [2006] refers that an earthen render
should contain 5-12% of pure clay.

All earth-based mortars have a binding agent thatlwe only clay or added lime or cement. In the
twentieth-century most of the references on cordiEm of earth construction, in order to improve th
waterproofing properties of renders, recommendedattidition of Portland cement. However some
other studies refer that this component is notmenended for the repairs [Ashurst & Ashurst 1995],
which may be a problem and represents a colossalakel when used in unstabilised earth
constructions [HB 195 2001, Guelberth & Chiras J0@:ment wicks moisture into the interior of
walls causing deterioration. Also Delgado & GuawdR006] do not agree with the use of cement-
rich renders to cover unstabilised walls. Figursh®ws an unrendered rammed earth house with a
cement mortar in a localized repair; it is possiolesee biological agents of degradation underneath
the repair.

FL'"

Figure 3. Rammed earth market house in S. Luis, Odemira, teggair with hard cement; and right,
agents of degradation namely insects underneattetaér.

These recommendations can be used as a startimigoinot as a rigid solution. It is well knowrath
all cases are different (soil change from regiomeigion) and is therefore necessary to assess which
features exist in the building and try to get tlestlsolution for a repair mortar.

The repair mortar to be used in earth buildingstrhase the following features: suitable workability

and adherence to the support, ecological sustdityabithis should be consistent with the rammed
earth walls -, effectiveness as repair and protectiystems. The final quality of repair mortars
depends on the proportions but also on the quafligach component. It is necessary to understand th
main characteristics introduced by each compométitough these recommendations, cement will be
used in some compositions in order to show its lprab and the results will be evaluated and
compared with other ecological mortars that will dygimized, for efficient and protective repair

applications.
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In this study four types of components will be ugardthe repair mortars: clay soil, sand, eventuall
binder - lime or cement - and hemp fibbers. The amof water used will be strictly the one needed
to make the mortar workable and adhesive. Alsoraposition for a standard soil to use for repair
mortars will be pursuit. Different earth-base motampositions will be characterized and the most
promising will be tested in the three differentagmf rammed earth blocks.

5 DISCUSSION

Rammed earth construction is an old traditionalhoetout most of their characteristics and propgrtie
still remain poorly investigated. The shortage rafrning courses and the lack of specific specalist
and researches in this area do not allow the umglafi knowledge; in this field the know-how lies on
elderly people that have experience (in terms oltoction practices or even maintenance) but they
are disappearing. However, since the last dec#uesnterest on earthen architecture, both natipnal
and internationally, raised awareness for the itgmbrgains of this construction technique, as asgll
for the need of its conservation and preservation.

The maintenance of this type of buildings is fundatal. If the exterior drainage of the wall base is
assured, if the roof is properly functioning, iktkvalls are protected and if the interior ventiatof

the dwellings is assured, the longevity of the ding) is guaranteed. In order to assure the supedrfic
protection of the exterior walls, at least whendeek they must be rendered and painted. The paint
should be compatible with the render and the remdtdr the wall - mechanically, physically and
chemically - and, for the time being, that can lgabe assured with traditional and ecological
materials: lime paints for finishing layers and éirmortars, earth-lime mortars or earth mortars for
renders or for deterioration repair.

Lime paints and lime mortars have been investighyeshany researchers all over the world; not many
studies have been held for earth-based mortarsaifiinef the continuity of this study, in the frammie
the first author PhD, intends to contribute foredtér knowledge on this type of mortars and for the
possibilities of applications in order to repaitotwery common types of degradation that occurken t
exterior surface of rammed earth walls. As saidbigeft is fundamental that repair mortars for this
type of application must fullfill specific requiremts and present specific characteristics, inctudin
compatibility with existing elements (in order tifeetively protect the taipa walls) and durability.
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