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RILEM, The International Union of Laboratories and Experts in Construction Materials,
Systems and Structures, is a non profit-making, non-governmental technical association
whose vocation is to contribute to progress in the construction sciences, techniques and
industries, essentially by means of the communication it fosters between research and
practice. RILEM’s activity therefore aims at developing the knowledge of properties of
materials and performance of structures, at defining the means for their assessment in
laboratory and service conditions and at unifying measurement and testing methods used with
this objective.

RILEM was founded in 1947, and has a membership of over 900 in some 70 countries. It
forms an institutional framework for co-operation by experts to:

e optimise and harmonise test methods for measuring properties and performance of building
and civil engineering materials and structures under laboratory and service environments,

e prepare technical recommendations for testing methods,

e prepare state-of-the-art reports to identify further research needs,

e collaborate with national or international associations in realising these objectives.

RILEM members include the leading building research and testing laboratories around the
world, industrial research, manufacturing and contracting interests, as well as a significant
number of individual members from industry and universities. RILEM’s focus is on
construction materials and their use in building and civil engineering structures, covering all
phases of the building process from manufacture to use and recycling of materials.

RILEM meets these objectives through the work of its technical committees. Symposia,
workshops and seminars are organised to facilitate the exchange of information and
dissemination of knowledge. RILEM’s primary output consists of technical
recommendations. RILEM also publishes the journal Materials and Structures which
provides a further avenue for reporting the work of its committees. Many other publications,
in the form of reports, monographs, symposia and workshop proceedings are produced.
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Preface

It is my pleasure to write this preface on the occasion of the 5™ Historic Mortars Conference
and to welcome you to Pamplona, and, in particular, to the University of Navarra. The HMC
series reaches a good number and takes us the opportunity to look back, remembering the
previous editions in Lisbon, Prague, Glasgow and Santorini. I would like to thank the effort
and underline the success of my colleagues who were at the head of the previous editions:
Rosério Veiga - who had the intuition and good judgment of promoting the first edition -, Jan
Valek, John Hughes and Ioanna Papayianni. Without forgetting Caspar Groot, who, as former
chairman of successive RILEM Committees on historic and repair mortars, encouraged and
contributed to the success of the previous events.

Thanks to the effort of all of them and their respective teams, we can confirm that HMC’s are
fully consolidated as a one-of-a kind forum to deal with historic mortars, renders and grouts,
the variety of their compositions and raw materials, diverse methodologies of study,
archeological sites, dating, preservation, durability, obtaining of repair materials and testing
methods, consolidation, and even the upgrade of the repair mortars by nano-technology.

This HMC 2019 gathers 140 scientific and technical high-levelled contributions of
participants from the five continents with a wide range of topics that enrich the final outcome
of the event. The profitable exchange between the science advances and the practice taking
place during the Conference is supported by contributions focused on a more theoretical
scientific point of view combined with those works more oriented towards real applications,
including case studies, assessment of the state of conservation of some ancient materials or
monitoring of the effectiveness of some rehabilitation procedures and repair materials.

The old Kingdom of Navarre offers you a thriving, avant-garde community with a great
natural and cultural diversity. In good connection with the framework of the Conference, the
preservation and restoration of the Built Heritage is made reality in Navarra. The institution
Principe de Viana of the Government of Navarra takes care of the vast Architectural Heritage,
part of which is ascribed to the Way of Saint James, which passes through these lands.

I take for granted that the University of Navarra, is a venue where the great eagernesses
devoted to this conference bear fruit. I must thank many people who have made this event
possible: those responsible for the University itself, the sponsors for their invaluable help and
my colleagues of the Department of Chemistry who have cooperated in the organization.

Finally, the success of this HMC 2019 stems from the know-how and competence of these
people below that are gratefully acknowledged: the members of the Scientific Committee for
their intense work and constructive criticism of all the submitted contributions, Prof. Antonia
Moropoulou for delivering such a remarkable inaugural lecture, Leopoldo Gil Cornet for
being an unbeatable guide to observe good practices of restoration, the chairpersons and, of
course, all the speakers and participants.

Prof. José Ignacio Alvarez

Chairman 5™ HMC 2019
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Abstract

Indoor air quality is very important for comfort but also for buildings inhabitant’s health,
since poor indoor air quality can lead to adverse health effects, like allergies and chronic
diseases such as asthma. Therefore it is considered that is extremely important to
understand if plasters have the ability to capture indoor pollutants and contribute to the
regulation of indoor air quality. In the present study, five different plasters are analysed to
compare the behaviour of earth-based plasters with commonly used plasters. Before
assessing the contribution of plasters to the capture of pollutants, it is necessary to
characterize the m. It is possible to conclude that the addition of air lime to an earth
plastering mortar decrease mechanical strength and hygroscopic capacity. Earth plasters
show high sorption and desorption capacity when compared to commonly used plasters,
such as cement and gypsum-based. The lower sorption capacity of plasters with current
binders may induce a lower air pollutants capture capacity but that still needs to be tested.

Introduction

World Health Organization (WHO) estimates that 3.8 million annual causes of death are
attributed to indoor air pollution from buildings [1]. Indoor air quality (IAQ) is very important
for comfort but also for health of buildings inhabitants, since poor IAQ can have a high
impact in health, comfort, well-being and cognitive performance of building occupants.
Particularly long term exposure of building occupants to a poor quality indoor air can
produce various symptoms in the buildings occupants, like fatigue, eye irritation, headaches,
dizziness, skin irritation, chronic problems, among others [2]. It is important to emphasize
that people spend much of their time inside buildings. Currently, around 50 % of the world’s
population lives in cities and about 80 — 90 % of their lives is spent inside the buildings
(home, work and leisure) [3-5]. For this reason, the IAQ is a major issue not only for new
construction but also for the conservation of old buildings. Therefore, it is necessary to
consider the materials that are used inside the buildings and, above all, analyse its
contribution to improve IAQ.
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There is a lot of tradition on cement-based construction around the world; cement is the
second most consumed substance in the world by weight [2] and widely used in interior
finishes, such as cement plastering mortars. However, it is known that about 900 kg of CO,
are emitted into the atmosphere during the production of 1 ton of cement [2]. Given these
facts, whenever possible, it is very important to use environmentally friendly building
materials — ecological, sustainable, with lower CO, emissions — and materials that may also
contribute to improve IAQ of buildings.

Earthen mortars present several advantages: the raw material is natural, non-toxic, low
costly, involving low CO, emissions to be applied as a building material, with low embodied
energy, reusable (when not chemically stabilized). Through the hygroscopic capacity of clays,
earth plasters have a high capacity to adsorb and release water vapour, contributing to
balance indoor relative humidity (RH) and temperature, promoting the comfort of the
occupants and indoor air quality [6-15]. The interest of the scientific community by earth
plasters has emerged in the last decade. But earth plasters characteristics are not often
tested in comparison with common plasters. With regard to earth plasters pollutants
absorption capacity, no study has yet been carried out to prove this capability. However,
there are already some advances in this area regarding cement mortars [2].

In order to improve IAQ, it is extremely important to understand the relationship between
indoor air pollutants and the ability of a plaster system, based on mortars, to capture these
pollutants and contribute to the regulation of temperature, RH and, consequently, 1AQ.
Before understanding the contribution of plasters to pollutants capture, it is necessary to
characterize them physically and mechanically. In consequence, in the present study the
physical and mechanical characteristics of three earth-based plastering mortars are
evaluated — a pre-mixed earth plastering mortar, a laboratory formulated earth mortar and a
pre-mixed earth-air lime plastering mortar—, in comparison to two pre-mixed plastering
mortars commonly used in Portugal, one based on hemi-hydrated gypsum and the other on
cement. Mortars are characterized in the fresh and hardened states, in terms of bulk
density, mechanical strength, capillary, drying, sorption and desorption.

Materials and methods

Characterization of materials

In the present study five different plastering mortars are analysed: a pre-mixed earth mortar
with natural fibres (T_E), produced by Embarro; an earth mortar formulated in laboratory
(T_AP), with a red clayish earth (RCE), fine (FS) and (CS) coarse sands; a pre-mixed earth-air
lime mortar (T+CL), produced by Aldeias de Pedra company; a pre-mixed cement mortar (C)
— RHP Manual Interior —, produced by Secil Argamassas company; and a pre-mixed gypsum
mortar including a finishing coat (G) — Project 2010 and Massa de Acabamento —, produced
by Sival company.
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The T_E mortar is composed by a clayish earth, from Algarve region, fine sand with particle
size distribution of 0 — 2 mm and straw fibres cut with less than 10 mm in length. Other
researchers analysed a similar pre-mixed earth mortar from the same producer and
concluded that this mortar was produced with an ilitic clay [16-18]. The proportions of each
constituent of this mortar are not exactly known. The T_AP mortar was formulated in
laboratory conditions and was produced with volumetric ratio of 1:3:1.5 and mass ratio of
1:3.04:1.78 (RCE:FS:CS). The T+CL mortar is composed with yellow clayish earth (YCE),
provided by Sorgila, coarse sand (CS), limestone powder (LP) and an addition of air lime
putty (ALP). The exact proportions of each constituent are not known. The same happens
with cement (C) and gypsum-based (G) mortars, since these are already marketed as pre-
mixed.

The loose bulk density of the materials were analysed by EN 1097-3 [19], taking an average
of three specimens of each material and can be seen in Table 1.

Table 1. Loose bulk density of the materials

Material Loose bulk density [kg/dm?’]
Pre-mixed earth mortar (T_E) 1.40+0.01
Red clayish earth (RCE) 1.36+0.01
Yellow clayish earth (YCE) 1.20+0.00
Limestone powder (LP) 1.37+£0.02
Fine sand (FS) 1.38+0.00
Coarse sand (CS) 1.61 +0.00
Pre-mixed cement mortar (C) 1.50+0.00
Pre-mixed gypsum mortar (G) 0.81+0.01

Figure 1. Particle size distribution of the materials (T_E, RCE, YCE and LP by wet method and sedimentation,
and by dry method for FS and CS) and T AP mortar.

Particle size distribution of the materials were performed by EN 1015-1 [20]. The wet
method was used for the clayish earths (RCE and YCE), pre-mixed earth mortar product (T_E)
and limestone powder (LP). The dry method was used for fine and coarse sands (FS and CS).
To complement the particle size distribution of RCE, YCE, T_E and LP materials, since these
materials presents particles lower than 0.075 mm, the sedimentation was also analysed,

7
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according to LNEC specification E196 [21]. From the particle size distribution of the materials
present on T_AP mortar (RCE, FS and CS) it was possible to determine its particle size
distribution. The results are shown in Figure 1. According to the producer's indication, the
cement-based mortar present particle size lower than 1.2 mm, by EN 1015-1 [20].

Mortars and specimens

The pre-mixed earth, earth with air lime putty and cement mortars (T_E, T+CL and C) were
produced only by addition of the water content indicated by each producer (15 %, 20 % and
14 %, respectively). Due to lack of indication from the producers, for T_AP and G mortars a
water content was defined (10 % and 43 %, respectively) by an experienced craftsman to
assure good workability.

In order to reproduce, as much as possible, the method carried out on construction site, all
mortars were produced using a mixer blade (Figure 2a). Dry materials were placed in a
bucket and the water was slowly added. An initial mixture of 8 minutes was carried out;
after this period, the mortar that adhered to the bucket edges was removed and added to
the remaining mortar, followed by a further 3 minutes of mixing (Figure 2Figure 2a). This
was considered time enough for the mortars to be homogeneous. The T+CL mortar was
produced the day before of their specimens were moulded. The remaining mortars were
produced the same day of moulding. For each plastering mortar different types of specimens
were produced in metallic moulds: six prismatic specimens with 40 mm x 40 mm x 160 mm
(Figure 2b and Figure 2c), moulded in two layers mechanically compacted with 20 strokes
each and manually levelled; three planar specimens with 200 mm x 500 mm x 15 mm (Figure
3), manually compacted and levelled.

(a) (b) (c)

Figure 2. Production of the T_E mortar (a), prismatic specimens of T_AP and T+CL in the metallic moulds (b)
and prismatic specimens of C mortar (c).

(a) (b) (c)

Figure 3.Finishing of planar specimen of T AP plaster (a) and planar specimens of T+CL plaster (b) and planar
specimens of G plaster(c).

8
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The gypsum finishing coat was only applied, with 1 mm of thickness, to the G planar
specimens. Only the prismatic specimens were demoulded when dried, after at least 7 days.
All specimens were placed in laboratory conditions at 20 + 2 °C and 65 £ 5 % prior to the
characterization tests. The age of the specimens of each plastering mortar for each
characterization test can be observed in Table 2. A longer aging of T+CL mortar was justified
by the fact of being the only mortar with slow reaction due to carbonation. For this reason,
the mechanical strength was only assessed after 4 months. Unstabilised earth mortars (T_E
and T_AP) harden just by drying. Cement-based (C) and gypsum-based (G) mortars are
known by their fast hardening reactions. Therefore these mortars were tested for strength
after 2 months.

Table 2. Age of mortar specimens for each characterization test

. Age of specimens mortars (in days)
Characterization test TE T AP T+CL C G
Dry bulk density 28 41 111 40 33
Flexural and compressive strength 54 68 138 67 60
Capillary absorption 56 75 146 109 68
Drying 61 75 153 116 75
Sorption and desorption 118 124 194 138 131

Methods

There is no specific standardization for earthen mortars, except the German standard DIN
18947 [22], which refers to some European standard tests for masonry mortars and
complementary ones. Due to the fragility of earth mortars in the presence of water and low
mechanical strength, these mortars present constraints more stringent than cement or
gypsum-based mortars. For this reason, some adjustments were necessary to be made on
the test procedures. In order to obtain comparable results, the adjustments made to test the
earthen mortars were also carried out for testing the remaining mortars.

Fresh state

All mortars were characterized in fresh state by flow table consistency, according to EN
1015-3 [23] and by wet bulk density, according to EN 1015-6 [24]. The results are the
average of two measurements for each mortar.

Dry bulk density and strengths

Six prismatic specimens of each mortar were used to evaluate the dry bulk density and
flexural and compressive strengths. The dry bulk density was geometrically determined by
the ratio between the dry mass and the volume of each specimen, provided by an electronic
digital scale with 0.001 g of precision and a digital calliper, according to the DIN 18947 [22]
and EN 1015-10 [25]. The flexural and compressive strengths were determined by DIN 18947
[22] and EN 1015-11 [26], using a Zwick Rowell Z050 equipment, with load cells of 2 kN and

9
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velocity of 0.2 mm/min for flexural strength and 50 kN and velocity of 0.7 mm/min for
compressive strength.

Capillary absorption and drying

The capillary absorption of the mortars were evaluated according to EN 15801 [27] and EN
1015-18 [28]. Six cubic specimens with 40 mm x 40 mm x 40 mm were used, for each type of
mortar. These specimens were cut from the prismatic specimens with a circular saw. The
specimens were prepared according to the procedure used by Gomes et al. [29] for earth
mortars: the lateral faces of the cubic specimens were waterproofed with a mixture of 50%
of beeswax and 50% of pitch blond (mass proportions); the bottom face was covered with a
cotton cloth; the specimens were placed in partial immersion, on a layer of 1 — 2 mm of
water, on a saturated damp cloth with 5 mm of thickness, inside a box with a lid, which was
only opened for weighing the specimens, to limit evaporation from the specimens. The test
was carried out in controlled environment conditions of 20 + 2°C temperature and 65+ 5 %
RH.

The weight gain of the specimens over time was recorded. With these results the absorption
curve of each mortar (the average of six specimens) was obtained with the amount of water
absorbed per unit area (kg/mz) as a function of the square root of the time (sl/z). The
capillary absorption test ended when the difference of the mass of water absorbed by the
specimens between two successive weightings in 24 hours did not exceed 1 % [27]. The

1/2)) is the slope of the linear section of

capillary water absorption coefficient (AC, in kg/(m?.s
the absorption curve and was calculated by linear regression using at least 5 successive

aligned points [27].

For the drying test, according to EN 16322 [30], the same specimens used for the capillary
absorption test were used. The drying test began immediately after the capillary test. The
specimens were maintained under controlled environment conditions of 20 + 2°C and 65 + 5
% with only the top face exposed to the air, so that drying only occurs through that surface.
The drying curve of the first phase of each mortar (the average of six specimens) was
obtained with the amount of evaporated water (kg/m?) — measured by periodical weightings
— as function of the time (s). With this curve the drying rate in the first phase (D1, in kg/m?.h)
and the drying index (ID, dimensionless) [30] were determined. For determination of the

h1/2

drying rate of the second phase (D2, in kg/m2 ), the drying curve obtained with the

amount of evaporated water as a function of the square root of the time (51/2) was plotted.

Sorption and desorption

The sorption and desorption of the plasters were determined with three planar specimens in
the metallic moulds of each plaster, according to DIN 18947 [22]. Therefore, only one face of
the specimens was exposed. Initially the specimens were placed in the climatic chamber at
23 °C and 50 % RH for 24 hours, until constant mass (less than 2 % of variation). Then, the RH

inside the climatic chamber was increased to 80 % (maintaining the temperature at 23 °C),
10
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starting the sorption phase of the plasters. The water vapour gain by the plasters, in g/m?,
was determined after 1, 3, 6, 12 and 24 hours, by weighing of the specimens using an
electronic digital scale with 0.1 g of precision. Although DIN 18947 [22] reported a weighting
in the first 30 min (0.5 hours), this was not performed, once this period (between the first 30
min until 1 hour) was considered too short to stabilize the climatic chamber and with
negative influence on the test results at 1 hour of test. The DIN 18947 [22] also defines that
the test ends after 12 hours. However, in this study the evaluation of the sorption was held
up to 24 hours [10, 31, 32].

Although DIN 18947 [22] only requests the analysis of the sorption capacity of plasters, it
was also considered important to evaluate their water vapour desorption capacity [10, 31,
32]. For that the reverse process was used. After 24 hours, the RH was changed to 50 % and
the decrease of water vapour content on the plasters specimens, also in g/m?, was evaluated
at the same defined periods of time (from 1 up to 24 hours).

Results and discussion
Fresh state

The flow table consistency and wet bulk density of the mortars are presented in Table 3.

Table 3. Flow table consistency and wet bulk density of the mortars

Mortar Flow table consistency Wet bulk density Water/dry
[mm] [kg/dm?] components ratio [-]
TE 125+8 2.03+0.02 0.1
T_AP 136 £+ 19 1.56 £ 0.06 0.1
T+CL 1531 1.99 £ 0.02 0.2
C 138+ 14 1.90+£0.00 0.1
G - 1.58 £ 0.05 0.4

For earth mortars, DIN 18947 [22] defines that the flow table consistency should be 175 + 5
mm and the wet bulk density should be higher than 1.2 kg/dm3. Earthen mortars, but also
the remaining mortars, fulfilled the wet bulk density defined by DIN 18947 [22]. However,
the flow table consistency was not accomplished for any mortars. The non-compliance is
related to the water content used in the mortars mixture. For the earth mortars it was
chosen to obtain a good workability, defined by the craftsman, with the aim of resembling
the reality on a working site. The added water was the minimum to achieve good
workability. The water content used on C mortar was the indicated by the producer. The
flow table consistency of the G mortar was not evaluated due to the wall effect: the mortar
in the fresh state was clinging to the truncated conical mould used in the test, being
impossible to perform the test.

11
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Dry bulk density and strengths

Figure 4 reports the dry bulk density, flexural and compressive strength of the mortars. In
general, earth mortars (T_E, T_AP and T+CL) present similar dry bulk density. The C mortar
presents bulk density similar to earthen mortars and the G mortar present lower bulk
density. These results can be justified by the bulk density of each material: all the materials
presents similar loose bulk density (Table 1), with the exception of the gypsum material,
which has the lowest loose bulk density and, consequently, lower dry bulk density.

Figure 4. Dry bulk density and flexural (FStr) and compressive (CStr) strengths of the mortars.

Flexural and compressive strength of T+CL mortar were performed after 138 days — much
aged in comparison to the remaining mortars (Table 2). Nevertheless, by Figure 4 it can be
concluded that T+CL mortar present lower strengths, even when comparing with earth
mortars without addition of any type of binder. This means that, in this case, the addition of
air lime does not improve the mechanical strength of the mortar. One possibility for this
result is if the carbonation reaction of the air lime has not been completed vyet.
Nevertheless, Santos et al. [17] concluded also that the addition of 5 % of air lime decreased
the mechanical strength of an earth mortar. Another study performed by Gomes et al. [29]
have shown similar results with air lime additions up to 15 %. In these studies the
justification given was that low amounts of lime interrupts the clay matrix connection,
without creating a lime network strong enough to replace those clay connections. Although
the content of air lime in the T+CL mortar is not known, the same phenomena may have
happened.

The earthen mortars present lower mechanical strength compared to cement and gypsum
mortars — which present values confirmed by previous studies: in a study with ancient
gypsum-based plasters from the 18" — 20" centuries, Freire et al. [33] obtained compressive
strength of 1.02 — 4.27 N/mm?; Bras et al. [34], for cement mortar with CEM Il B-L 32.5 N
cement, obtained flexural strength of 5.2 N/mm2 and compressive strength of 24.4 N/mmz,
at 28 days of age; Bogas et al. [35] analysed cement mortars with CEM | 42.5 R cement and
obtained flexural strength of 6.7 N/mm? and compressive strength of 41.9 N/mm?, at 28
days of age.

Veiga et al. [36] defined general requirements concerning some characteristics of plastering
mortars for application on old buildings: flexural strength of 0.2 — 0.7 N/mm? and
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compressive strength of 0.4 — 2.5 N/mm?®. Unlike cement and gypsum mortars, earth mortars
meet the flexural and compressive strength requirements and can be applied to repair old
buildings. The EN 998-1 [37] defined different classes for compressive strength for plastering
mortars: CSI for 0.4 — 2.5 N/mm?; CSll for 1.5 — 5.0 N/mm?; CSllI for 3.5 — 7.5 N/mm? and
CSIV for 2 6 N/mm?. The earth mortars analysed in the present study (T_E, T_AP and T+CL)
can be classified as CSI and the cement mortar as CSIl. The EN 13279 [38] defines that
gypsum plasters must meet at least a flexural strength of 1 — 2 N/mm? and a compressive
strength of 2 — 6 N/mm?. The gypsum mortar analysed in the present study meets the
minimum values defined by EN 13279 [38].

Capillary absorption and drying

Observing the capillary absorption curves of each mortar presented in Figure 5a it is possible
to conclude that T+CL and C mortars have very similar behaviour. Similar values for capillary

1/2), and also similar values in respect to

water absorption coefficient, 0.10 and 0.12 kg/(mz.s
the total quantity of water absorbed per unit area, 9.09 and 9.11 kg/m2 (Figure 5b), are
presented for T+CL and C, respectively. The capillary water absorption coefficients (AC) are

show in Table 4 and it can be concluded that:

- T_E mortar presents slower capillary water absorption (Figure 5a) and, therefore, lower
capillary coefficient; therefore, this mortar presents a good behaviour in a first contact
with water. Nevertheless, it did not reach an asymptotic value; at the end of the test, this
mortar was still absorbing water by capillarity. The behaviour of this mortar can be
justified by the type of clayish earth, which may block the water ingress, slowing its
absorption. This mortar seems to indicate water-repellence. To the authors knowledge
water repellents were not added or at least that information was omitted by the
producer.

- T_AP mortar presents high initial capillarity water absorption (Figure 5a), which is
confirmed by the higher capillary coefficient when compared to the other mortars. This
mortar presents the worst behaviour when subjected to the action of water by capillary
absorption. This mortar also showed to be very sensitive to water and, after 210
minutes, mass loss occurred; for this reason the capillary test stopped before the
remaining mortars.

- T+CL mortar present lower capillary water absorption in relation to the remaining earth
mortars (T_E and T_AP). It seems that lime blocks the behaviour of clay. This behaviour,
between clay and cement or lime, is documented and studied by Gomes et al. [39]. The
researchers refer that clay has a different behaviour when it is mixed with lime — this
binder acts as blocker of the clay structure, inhibiting the characteristics of the clay.

- Current pre-mixed mortars (C and G) have the same initial capillary water absorption
behaviour — present the same slope of the linear section of the absorption curve (Figure
5a); the AC confirms this behaviour. Nonetheless, the G mortar has a greater capacity to
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absorb high amount of water by capillarity, with water absorbed per unit area of 14.8
kg/m2 (Figure 5b). The higher capillary water absorption of the G mortar may be related
to the higher fineness of the material and, possibly, higher porosity and pore size
distribution [33]. In the present study, these conclusions cannot be established since
porosity and pore size distribution could not be analysed yet. C and T+CL mortars present
similar capillary water absorption behaviour, with similar capillary coefficient and
asymptotic value.

Figure 5. Capillary absorption (a) and drying (b) curves.

The drying curves allowing determining the first drying phase of each mortar can be

observed in Figure 5b. The drying rates of first (D1) and second (D2) phases, and the drying

index (ID) (at 420 hours approximately) are presented in Table 4.

Table 4. Capillary water absorption coefficient, drying rate of first and second phase and drying index

Mortar AC D1 D2 ID
[kg/m*.s*?] [kg/m>.h] [kg/m*.h'/?] [-]
TE 0.03+£0.00 0.15+0.01 1.11+£0.05 0.11+£0.01
T_AP 0.41 +£0.06 0.15+0.00 1.15+0.03 0.12 £ 0.00
T+CL 0.10+0.01 0.05+0.00 0.44 +0.03 0.25+0.03
C 0.12 £ 0.00 0.17+£0.01 1.03 £0.07 0.11 £+ 0.03
G 0.14 +£0.01 0.11+£0.01 0.91 +0.06 0.24 +0.01

AC — Capillary water absorption coefficient; D1 —Drying rate in the first phase;
D2 — Drying rate in the second phase; ID — Drying Index.

It is possible to conclude that:

The T_E, T_AP and C mortars present similar drying behaviour and this is confirmed by
drying rates and drying indexes. In global terms they present adequate drying, since they
present high drying rate — ensuring fast initial drying — and low drying index — ensuring
total drying capacity — in comparison with the remaining mortars.

The T+CL mortar presents the worst drying behaviour, with low drying rates and high
drying index. This behaviour may be justified by the presence of lime, which seems to
contribute to significantly increase the capillary suction and decrease the drying capacity
[39].
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- G mortar presents the highest amount of water absorbed per unit area; so it is also the
mortar that has more water to evaporate at the beginning of the test. Although it has a
higher water content to evaporate, presents similar drying behaviour when compared to
T _E, T_AP and C mortars; this is confirmed by drying rates results.

Sorption and desorption

Figure 6 presents the results of the sorption and desorption of the plasters. In this figure the
limits of sorption classes (WSI, WSIl and WSIII) defined by DIN 18947 [22] are also presented.
For earth plasters, DIN 18947 [22] defines three sorption classes: WSI for sorption > 35 g/mz;
WSII for > 47.5 g/mz; WSIII for = 60 g/mz, after 12 hours.

Figure 6. Sorption and desorption curves and sorption limits (WSI, WSII and WSIII) defined by DIN 18947
[22].

The results show that the earth plasters present significantly higher sorption and desorption
capacity in comparison to all the plasters with common binders. The T_E and T_AP plasters
can be classified in WSIII class, by DIN 18947 [22], since their sorption is higher than 60 g/m?
of water vapour after 12 hours. The T_E plaster presents the higher sorption capacity having
adsorbed about 104 g/m? after 24 hours. Despite the good water vapour sorption capacity
demonstrated by the T_AP plaster, it only absorbs about 76 g/m2 during the test. By
observing the sorption curves (Figure 6), it is possible to conclude that T_E and T_AP plasters
could adsorb a higher amount of water vapour since the sorption curves still show a growing
trend at 24 hours. The high sorption capacity demonstrated by the T_E plaster may be
related to the type of clay present in the plaster and/or the addition of natural fibres, since
fibres increase the hygroscopicity of earth plasters [11].

By Figure 6 it is also possible to conclude that the addition of air lime decreases the sorption
capacity of earth plasters. The T+CL plaster only adsorbed about 24 g/m2 of water vapour
during the 24 hours of the test. The low water vapour sorption capacity of this plaster may
be related to the addition of air lime, but also to the type of clay used. Analysing DIN 18947
[22], the T+CL is impossible to classify, since at 12 hours this plaster presents a sorption
lower than the limit for the lower class (WSI > 35 g/m?). Unlike earth plasters without
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mineral binders, the T+CL plaster presents stable adsorption behaviour after 6 hours of
testing. It seems that lime blocks the behaviour of clayish particles, as previously mentioned.

The C and G plasters present lower sorption capacity in comparison with unstabilized earth
plasters (T_E and T_AP). The sorption capacity of the C plaster is 40 g/mz. The G and T+CL
plasters present similar sorption behaviour.

Relative to desorption, all plasters present a good behaviour, having desorbed almost the
entire water vapour that adsorbed. The T_E and T_AP plasters desorb a little less water
vapour than they adsorbed, after 24 hours — they would probably reach the same initial
values if there were more time to perform the test, since they show a downward trend.
After performing the desorption test the remaining plasters present similar water vapour
content in relation to 0 hours. This means that these plasters (T+CL, C and G) desorbed all
the vapour water they have adsorbed in a similar period of time.

Conclusion

There are known complaints and discomfort felt by the occupants of the buildings which,
through scientific evidence, are related, not only but also, with the building materials used
indoors. It is increasingly important to be aware of the influence that building materials have
on the health and comfort of inhabitants. Therefore, it is extremely important to study
hygienic and human toxicological aspects, in order to ensure the existence of healthy,
pleasant and comfortable environments. The INDEEd project intend to help answering these
guestions by attempting to quantify possible improvements that may be beneficial to indoor
air quality presented by different types of earth-based plasters compared to other plasters
commonly used in Portugal, based on gypsum and cement mortars.

It was verified, in the present study, that earthen mortars present lower mechanical strength
when compared to mortars with current mineral binders (gypsum and cement). Also the
addition of air lime to earth mortars seems to decrease their mechanical strength. On the
other hand, it has been demonstrated that unstabilized earth plasters presents a high
capacity of sorption and desorption, validating their ability to regulate RH and temperature.
Therefore unstabilized earth plasters contribute to indoor comfort and, perhaps, the ability
to capture indoor pollutants may be related with their sorption capacity. This capacity is
being studied in the INDEEd project and will be reported in future work.
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Abstract

Earth-based mortars have been used all over the world since ancient times, in an extensive
range of building types, from vernacular architecture to monuments. Plastering is one of the
most common current applications of earth-based mortars, as for earthen-building
conservation or contemporary architecture. Raw earth is a very diverse natural raw material,
and clay minerals play a key role on plaster properties, being responsible for its setting
process and the capability of balancing the indoor hygrometric conditions of buildings, which
have strong benefits on energy saving for comfort and health of inhabitants and building
conservation. For this study three mortars were produced with different clayish earths to
assess the influence of clay mineralogy. Mortars characterizations confirmed that clay
mineralogy drives important plaster properties, like vapour adsorption, drying shrinkage,
and also have significant influence on mechanical resistance, dry abrasion and thermal
conductivity. Within the studied mortars illitic clayish earth stands outs as more adequate
for earth-base plasters, with balanced linear drying shrinkage, mechanical resistance, dry
abrasion and vapour adsorption.

Keywords:

clayish earth, montmorillonitic clay, kaolinitic clay, illitic clay, mortar, shrinkage,
hygroscopicity

Introduction

Earth-based mortar were probably the first type of mortars to be used by humankind when
ancestors mixed excavated earth with water to fill the space between wood branches used
to build shelters. Henceforth earth-based mortars have been used all over the world, as
masonry layering mortar or as wall, ceiling and floor protective or decorative coatings, in an
extensive range of building types, from vernacular architecture to monuments.

Each earth is a natural raw material characterized by its own and unique properties, due to
its diverse composition comprising certain types and content ratios of clay, silt, sand and
gravel. Therefore, earth-based mortars properties are highly dependent on the type of earth
used. Nowadays plastering is one of the main applications of earth-based mortars, for which
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raw earth is disaggregated and sieved, to eliminate gravel. If the content of clay present is
too high, sand (or other artificial aggregate with similar particle size distribution) has to be
added in order to control shrinkage. For this purpose a recurrent proportion between the
fine particles of earth (clay and silt) and sand is 1:3 in volume, with water addition of 20-30
% in weight of the dry components.

Clay minerals play a key role in this type of mortars being responsible for its setting process,
associated only with drying unless a binder is added for stabilization, and when used for
plastering, its contribution to equilibrium of indoor hygrometric conditions due to clay
minerals high hygroscopicity. Montmorillonitic clays are known for having very high
hygroscopicity but also very high shrinkage. Kaolinitic clays, at the other end, are known for
having the opposite: low shrinkage but also low hygroscopicity. lllitic clays normally present
average conditions, with a compromise between shrinkage and hygroscopicity. Although
these effects are referred in the literature [1, 2], they were not yet quantified when the clays
are used to produce plasters, as well as its influence on plasters strength and durability.

Earth-based mortars have specific characteristics in comparison with conventional binder
mortars, such as cement-based and lime-based mortars. To the authors knowledge the only
standard specifically dedicated to define requirements, classification and test procedures for
earth mortar is the German standard DIN 18947 [33], which was followed in the present
study. For testing this DIN standard remits to several parts of EN 1015 standards that will be
referred further ahead.

This study aims to assess the influence of different clays on the properties of earth-based
plasters. For that purpose three mortars were produced with three different clayish earths,
each one presenting a clay with prevalence of a specific clay mineral, namely a
montmorillonitic clay, a kaolinitic clay and an illitic clay. All mortars were formulated
considering the same volumetric ratio of clayish earth and siliceous sand. Mortar mixing and
fresh state characterization, as well as sample preparation and hardened state
characterization were performed, and are presented in this study. Results are compared
between the different clay earth-based plasters and with results obtained with other
plasters, from previous studies. The influence of each of the clays is highlighted in terms of
advantages and drawbacks for eco-efficient plasters applications.

Materials and methods

Materials

The three types of clayish earth used to prepare the mortars assessed in this study were
extracted from three different locations in Portugal where the predominate clay minerals
were assessed in previous studies. The illitic clayish earth (E) was extracted from a clay
qguarry located in the east part of Algarve region, in southern Portugal, and was previously
studied and used by the authors in previous campaigns [4, 5]. This sector of Algarve
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sedimentary basin presents a high concentration of reddish soils with a mineralogy
dominated by the illite clay mineral [66, 7]. After open air drying the raw earth was
mechanically grinded to pass in a 2 mm sieve. The kaolinitic clay (K) was supplied by Mibal
mining company and was quarried from Barqueiros deposit located near Barcelos city,
northwestern region of Portugal. This sedimentary deposit is characterized by the presence
of highly concentrated kaolinitic layers, showing extremely fine grain, and colour variations
from high whiteness to shades of yellow [88, 9]. The raw material was supplied in powder
form grinded to pass in a 30 um sieve. The montmorillonitic clayish earth (B) was extracted
from Serra de Dentro region in Porto Santo Island, Madeira archipelago, where small size
deposits of greenish-yellowish bentonite clay occur derived to submarine alteration process
of pyroclastic volcanic rock of trachyte composition [1010]. After open air drying the raw
earth was mechanically grinded to pass in a 2 mm sieve. The sand used for the formulation
of all mortars assessed in this study, labelled sand S, is a siliceous unwashed sand extracted
from a quarry located in Santiago do Cacém, near Setubal city, southwest part of Portugal.

Methods

Mineralogical characterization

The mineralogical characterization of the three clayish materials used in the present study
was confirmed through X-ray diffraction analysis (XRD), complemented by
thermogravimetric and differential thermal analysis (TG-DTG). XRD was obtained with a
Phillips PW3710 X-ray diffractometer using Fe-filtered Co Ka radiation, with 35 kV and 45
mA, speed of 0.05 °/s, from 3 to 74° 206. The crystalline phases present were identified by
comparison with the International Centre for Diffraction Data Powder Diffraction Files (ICDD
PDF). The TG-DTG tests were performed in a Netzsch STA 449 F1 analyzer, under nitrogen
atmosphere, with heating rate of 10 °C/min, from room temperature to 1000 °C.

Loose bulk density and particle size distribution

The bulk density of the clayish materials and the sand was determined based on EN 1097-3
[11]. The particle size distribution of the sand S was analysed by dry sieving, according to
standard EN 1015-1 [1212].

Mortars formulation and fresh state characterization

The three earth-based mortars were formulated considering the same volumetric
proportions of clayish earth and siliceous sand, respectively 1:3. For each mortar one of the
previous mentioned clayish earth types was used, namely illitic clayish earth for mortar
labelled E1S3, kaolinitic clay for mortar labelled K1S3, and montmorillonitic clay for mortar
labelled B1S3.

The standard DIN 18947 [33] was followed for preparing and mixing the mortars, as well as

for fresh state characterization. The mortars E1S3 and K1S3 were prepared with the
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minimum amount of water needed to ensure adequate workability and compliance with the
flow table consistency defined in the DIN 18947 (175 + 5 mm). To prepare mortar B1S3, due
to thixotropic behaviour of the montmorillonitic clay, the amount of water used was just the
minimum to guarantee adequate workability. Although presenting flow table consistency
under the minimum limit defined in the DIN 18947 [3], the workability of the mortar was
considered excellent. The mortars formulation is registered in Table 1, in terms of both
volumetric and weight percentages of clayish earth, sand and water contents. Wet density,
determined by EN 1015-6 [1313] and flow table consistency, assessed according to EN 1015-
3 standard [1414], were also registered.

Table 1. Composition and fresh state mortars characterization.

Volumetric ratios Weight ratios
£ K B S Wz’)cer E K B S Wg}'ger De?c;sity Consi(z;cency
Mortar  [%]  [%] [%] [%] [%] [%] (%] [%] (%] [%] [kg/m’] [mm]

E1S3 250 00 00 75.0 196 216 00 00 784 128 2130.7 173.2
K1s3 0.0 25.0 0.0 75.0 22.3 00 7.6 00 924 17.2 2028.0 170.4
B1S3 0.0 0.0 25.0 75.0 31.3 0.0 0.0 18.3 81.7 213 195738 165.2

E — lllitic clayish earth (muscovite); K — Kaolinitic clay; B— Montmorillonitic clay (bentonite);

S —siliceous unwashed sand. Notes: (a) — percentage of volume added, considering the total volume
of clayish earth and sand; (b) — percentage of mass added, considering the total mass of clayish earth
and sand; (c) — fresh state density; (d) — flow table consistency

Samples preparation and hardened state characterization

Samples preparation and hardened state characterization of the mortars also followed the
DIN 18947 [3], as well as EN 1015 standards [15-17], EN 14146 standard [1818] and test
procedures currently used by the research team. The mortars were assessed in terms of
linear drying shrinkage [3], dry bulk density [15], dynamic modulus of elasticity [1818],
flexural and compressive strength [1616], adhesive strength [1717], dry abrasion resistance
[33], as well as thermal conductivity, performed with a Heat Transfer Analyzer ISOMET 2104
with a 60 mm diameter contact probe API 210412 with a measurement range of 0.3 to 2.0
W/(mK).

Prismatic samples of 160 mm x 40 mm x 40 mm were prepared, in metallic moulds, for
testing each mortar regarding linear drying shrinkage, dry bulk density, dynamic modulus of
elasticity, and flexural and compressive strength, allowing six assessments for each test.
Adhesive strength and dry abrasion resistance were assessed on samples of 20 mm plaster
layer applied over hollow bricks, with a surface of approximately 295 mm x 195 mm,
allowing respectively three and four tests per sample. For testing thermal conductivity six
circular samples of 90 mm diameter and 20 mm thickness were used.
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Dynamic vapour adsorption and desorption

For the dynamic adsorption and desorption test DIN 18947 [3] define that three planar
samples, with a surface area of 1000 cm? (500 mm x 200 mm) and a thickness of 15 mm,
should be prepared for each mortar. Each sample was prepared in a metallic mould, and
kept on it during testing, to guarantee that vapour adsorption and desorption would occur
only in the top exposed surface of the samples.

The samples were stabilized in a climatic chamber at 50 % relative humidity (RH) and 23 °C.
After the stabilization of the samples the climatic chamber condition was set to 80 % RH for
the adsorption test phase. The samples were weighted at time intervals defined on the
standard, respectively: 0, 1, 3, 6 and 12 h. The adsorption test was extended till 24 h, beyond
the 12 h interval defined in the standard, in order to achieve a more comprehensive
understanding of the adsorption behaviour of the samples. After 24 h the samples were
weighted and the condition of the chamber was changed back to 50 % RH, forcing the
samples to a desorption phase, that was assessed with the same time interval protocol
during another period of 24 h.

Results and discussion

Mineralogical composition

Table 2 summarizes the mineralogical composition of the earthen materials assessed by
XRD, which confirms a mineralogical composition dominated respectively by illite (earth E),
kaolinite (clay K) and montmorillonite (earth B). It should be noted that in clayish earth E,
quartz is also a predominant compound while dolomite and kaolinite are also detected in
medium proportions, along with small amounts of an iron oxide (hematite). In clay K, apart
from kaolinite predominance, small amounts of illite, quartz, hematite and feldspar were
also detected. In montmorillonitic clayish earth B, feldspar was also detected in medium
proportion.

Table 2. Mineralogical composition of the clayish earths assessed by XRD

Clayish materials

Crystalline compounds

E K B
Magnesiohornblende(Ca,[Mg4(Al,Fe™)]Si;Al0,,(0H),) - - tr
Dolomite (CaMg(COs),) +/++ - _
Feldspar ((K,Na,Ca)AlSi;Os) ? + ++
Gibbsite ( Al(OH)3) - tr _
Hematite (Fe,03) + + _
Kaolinite (Al,Si,Os(OH),) +/++ 4+ _
Montmorillonite ((Na,Ca)o3(Al,Mg),Si;010(OH),*n(H,0)) - - 4/ +++
Muscovite/illite (KAI,SizAlO1(OH),) 4/ +++ + —
Quartz (SiO,) [+ + _
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+++ high proportion (predominant compound); ++ medium proportion; + low proportion;
tr - traces; — undetected; ? doubts in presence

Figure 1 presents the TG-DTG curves of the three clayish earths. The TG-DTG curves agree
with the mineralogical composition obtained (Table 2), showing characteristic weight losses
patterns for the clay types assessed.

Figure 1. Thermogravimetric curves (TG) and Derivative thermogravimetric curve (DTG)

The first important weight loss occur at relatively low temperature, till 200 °C for illitic
clayish earth E and kaolinitic clay K and till 250 °C for montmorillonitic clayish earth B,
corresponding to the release of free or sorbed water [1919]. The second weight loss phase
occurs at mid-range temperature, from 400 to 650 °C for illitic clayish earth E and kaolinitic
clay K, and continuing until 750 °C for montmorillonitic clayish earth B, corresponding to loss
of bounded water or dissociation of hydroxyls from the lattice, inducing its amorphization
[1919]. At high temperature, from 750 to 850 °C, occurs the final breakdown of the residual
clay lattice and eventual formation of new mineral and/or glass phases [1919]. For illitic clay
E that happens along with decarbonation of dolomite present in this earthen material in
medium proportion.

Loose bulk density and particle size distribution

The loose bulk density of the three clayish materials reflects its origin. The illitic clayish earth
(E) and montmorillonitic clayish earth (B), both corresponding to excavated natural soils
(mechanically grinded to pass in a 2 mm sieve), respectively show a loose bulk density of
1317 kg/m3 and 1066 kg/m3, denoting balanced composition of clay, silt and sand. The
kaolinitic clay (K), quarried in a clay pit (supplied in powder form grinded to pass in a 30 um
sieve), presents a loose bulk density of 393 kg/m3, in accordance to the declared high
concentration of clay [8].
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The sand S, used for the formulation of all the mortars, presented a loose bulk density of
1592 kg/m3, and Figure 2 presents its particle size distribution, analyzed by dry sieving
according to standard EN 1015-1 [1212].
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Figure 2. Particle size distribution curve of sand S by dry sieving.

Hardened state characterization
Linear drying shrinkage

Mortars linear drying shrinkage was assessed on the prismatic samples as well as on the
planar samples. The results obtained on both type of samples reflect mortars clayish earth
mineralogy and are presented in Figure 3A. Kaolinitic mortar K1S3 present the lowest
shrinkage (0.38 % for prismatic samples) while montmorillonitic mortar B1S3 shows the
highest shrinkage, almost ten times higher (3.30 % for prismatic samples). Illitic mortar E1S3
presents an intermediate shrinkage value, although relatively low and closer to kaolinitic
mortar (0.85 % for prismatic samples). The correlation between linear drying shrinkage of
prismatic and planar samples (Figure 3B) reveal that both type of samples shows similar
shrinkage behaviour, but should be noted that for low shrinkage mortars, like K1S3, the
difference between shrinkage of these type of samples can be significant (mortar K1S3
presents a ratio of 73.4 %).
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Figure 3. (A) Linear drying shrinkage assessed in prismatic and planar samples; (B) Prismatic samples shrinkage
vs. planar samples shrinkage.
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Figure 4 presents the samples of 20 mm plaster layer applied over hollow bricks. The
occurrence of plaster cracking is significant on montmorillonitic mortar B1S3, rare on illitic
mortar E1S3 and absent on kaolinitic mortar K1S3, which is in accordance with the results of
the linear drying shrinkage test and also reflects each mortars clayish earth mineralogy.

Figure 4. Samples of 20 mm plaster layer applied over hollow bricks: E1S3 - Illitic mortar; K1S3 - Kaolinitic
mortar; B1S3 - Montmorillonitic mortar.

Dry bulk density and thermal conductivity

Figure 5A presents the results of dry bulk density and thermal conductivity tests. The illitic
mortar E1S3 presents the higher bulk density, which falls within density class 2.0 as defined
in DIN 18947 [3], and is similar to results obtained by the authors in previous campaigns [4,
5] and other researchers that also study not stabilized illitic mortars [2020, 21]. The kaolinitic
and montmorillonitic mortars, K1S3 and B1S3, present similar values of bulk density, which
are slightly lower than E1S3, falling within density class 1.8 of the standard previously
mentioned, and are also in the interval range of the results assessed by other authors that
also studied mortars with similar composition and mineralogy [2222, 23]. In a previous
campaign, that studied mortars formulated with different ratios of clayish earth and
siliceous sand [44], the authors found a correlation between bulk density and drying
shrinkage. That correlation is not clearly present in this study results (Figure 5B) which
emphasise the influence of clay mineralogy in earth-based plasters properties.
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Figure 5. (A) Bulk density and thermal conductivity; (B) Bulk density vs. linear drying shrinkage and vs. thermal
conductivity.
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Regarding thermal conductivity the illitic and kaolinitic mortars, E1S3 and K1S3, present
almost equal results, which are within the same range of the results found in other studies
[44, 5, 23]. In comparison the montmorillonitic mortar B1S3 shows a relatively lower thermal
conductivity (less 27 %) although with similar dry bulk density of mortar K1S3. These results
make evident that thermal conductivity also do not follow the trend of bulk density results
(Figure 5B), which is in contradiction to the correlation found by the authors in previous
campaigns [4, 5] and by other researchers in the field [2020, 24], once again highlighting the
influence of clay mineralogy in earth-based plasters performance.

Compressive, flexural and adhesive strength, and dynamic modulus of elasticity

Figure 6A shows the results of compressive, flexural and adhesive strength along with
dynamic modulus of elasticity. lllitic mortar E1S3 obtained the higher values of compressive
and flexural strength, however not achieving (even by a small difference) the minimum
values of mechanical resistance defined in the resistance class S-I of the DIN 18947 [3]
(compressive strength > 1.0 MPa and flexural strength > 0.3 MPa). The kaolinitic and
montmorillonitic mortars, K153 and B1S3, obtained significantly lower compressive and
flexural strengths, the latter presenting slightly higher values.

Only mortar E1S3 achieve the minimum values of adhesion strength defined in the
resistance class S-1 of the DIN 18947 [33] (= 0.05 MPa). Again mortars K1S3 and B1S3 show
significantly lower adhesion strength, in this case, the latter presents the lowest value.
Adhesion strength, like linear drying shrinkage, is an extremely important property for
plastering mortars and, once more, these results highlight the influence of clay.

The results of dynamic modulus of elasticity show that lllitic mortar E1S3 have the higher
value, montmorillonitic mortar B1S3 the lowest and kaolinitic mortar K1S3 an intermediate
value. When correlating dynamic modulus of elasticity with compressive, flexural and
adhesive strength (Figure 6B) no significant concordance is observed for compressive or
flexural strength, differently from what is usually considered for earthen materials, as
mentioned by other authors [23] and some standards [2525]. Nevertheless a strong
correlation is evidenced between dynamic modulus of elasticity and adhesive strength
(R?=0.901), but since this tendency is not followed by any other results of the tests
performed in this study, neither by the ratios of clayish earth and sand present in mortars
formulations (Table 1), it seems likely it may be driven also by clay mineralogy.
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Figure 6. (A) Compressive, flexural and adhesive strength and dynamic modulus of elasticity; (B) Dynamic
modulus of elasticity vs. compressive, flexural and adhesive strength.

Dry abrasion resistance

Figure 7 presents the mortars sample surface aspect after dry abrasion test. According to
DIN 18947 [33] abrasion test results are expressed by the mass loss by the samples during
test, and are presented in Figure 8A. It can be observed that illitic mortar E1S3 is significantly
more resistant to dry abrasion than the other two mortars and, kaolinitic mortar K1S3 is by
far the less resistant.

Figure 7. Aspect of dry abrasion over samples of 20 mm plaster layer applied over hollow bricks: (A) - Illitic
mortar; (B) - Kaolinitic mortar; (C) - Montmorillonitic mortar.

Till some extent, a negative correlation between dry abrasion resistance and mortar
mechanical strength is observed (Figure 8B). This negative concordance is particularly
evident regarding dry abrasion and compressive strength (R’=0.957), being also strong with
flexural strength (R2=0.894) and less significant with adhesive strength. In real world
applications plaster abrasion resistance is one of the properties of utmost importance
directly influencing plaster lifecycle. These results seem to indicate that, as previously
mentioned for mechanical strength, clay mineralogy is a key factor also for dry abrasion
resistance.
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Figure 8. (A) Dry abrasion resistance (mass loss); (B) Dry abrasion resistance (mass loss) vs. compressive,
flexural and adhesive strength.

Dynamic vapour adsorption and desorption

Plasters vapour adsorption and desorption capacity is of utmost importance since it allows
the plasters to act as a moisture buffer, passively contributing to balance the RH of the
indoor environment of buildings and, therefore, with benefits for energy saving and sensitive
materials conservation, as well as promoting comfort and health of inhabitants.

The results of the dynamic vapour adsorption and desorption test are presented in Figure 9
along with the limits of the three adsorption classes defined in DIN 18947 [3]. The
montmorillonitic plaster B1S3 shows a very high adsorption and desorption capacity,
achieving a significant vapour adsorption of 110 g/m2 after 12h, which is almost the double
of class WS-III (= 60 g/m?). In comparison, illitic plaster E1S3 presents lower values although
still presenting a high adsorption and desorption capacity, slightly above the same class WS-
[ll. In turn kaolinitic plaster K1S3 obtained the lowest adsorption and desorption capacity,
with an adsorption after 12h near class WS-I (2 35 g/m?).

These results clearly show that vapour adsorption and desorption of earth-based plaster is
significantly driven by clay mineralogy, reflecting the high hygroscopicity of montmorillonite
clay mineral, the low hygroscopicity of kaolinite and the intermediate behaviour of illite.
Nevertheless it should be noted that vapour adsorption and desorption is also dependent on
the mortars clay contents. Although the data of the present study do not allow to analyse
this correlation, that was demonstrated in previous study that specifically address the
correlation between illitic mortars with diverse clay contents and its adsorption capacity [44]

Although having significantly diverse vapour adsorption capacity, in terms of adsorption and
desorption pattern the three plasters show similar dynamic behaviour. However it should be
noted that montmorillonitic plaster B1S3 and illitic plaster E1S3 present some desorption
hysteresis, both with a similar value of 8 %. Similar hysteresis effect was found in previous
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studies comprising illitic mortars [4, 5]. In the present study kaolinitic plaster K1S3 do not
present any hysteresis effect.

Figure 9. Vapour adsorption and desorption of plasters and vapour adsorption classes defined in DIN 18947 [3]
(WS-I, WS-II and WS-III).

A remark should be made to highlight the significance of vapour adsorption and desorption
capacity of earth-based plasters and its contribution to passively balancing the RH of the
indoor environment of buildings. Considering a small building compartment with floor
dimensions of 3 m x 3 m, with a ceiling height of 3 m (with a window of 1 m? and a door of 2
m?), having walls and ceiling coated with the illitic plaster E1S3, with 15 mm thickness, if a
indoor RH variation occurs, from 50 to 80 %, than a plaster adsorption capacity of almost 2
kg of vapour is expected after 6h.

Conclusions

It is possible to conclude that clay mineralogy play a key role in the properties of the earth-
based plasters assessed in this study. It clearly drives vapour adsorption and desorption
capacity, linear dry shrinkage and shrinkage cracking, and also have significant influence on
mechanical resistance, dry abrasion and thermal conductivity, although with less obvious
interpretation.

Among the studied mortars the illitic clayish earth stands outs as more adequate to produce
earth-base plasters, presenting an advantageous balance between plaster key properties,
like linear drying shrinkage, mechanical resistance, dry abrasion and vapour adsorption and
desorption.

In order to allow a more comprehensive knowledge of the role clay mineralogy may have in
the performance of earth-based plasters more research is needed regarding its influence in
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plasters porosity, vapour permeability, as well as the study of eventual interaction of clay
minerals with different types of sand, with diverse particle size and mineralogy.

Efforts should also be made to better understand what drives the hysteresis effect
presented by some earth-based plasters. The desorption delay of plaster can generate a lag
effect between consecutive cycles of adsorption and desorption, which, over a certain
period of time, may lead to the decrease of adsorption and desorption capacity of the
plaster, or even to its full moisture saturation.
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Abstract

The present paper deals with the issue of earthen surface finishes used on earthen buildings
in a territory of southeast Brazil that is historically linked with the first economic coffee cycle
(XIX century), i.e., the basin of the Paraiba do Sul river. The aim was to draw a picture of the
different solutions adopted in the conception of such materials in terms of composition in
different historical moments. The research was based on the assembly of a bank of samples
and their physical and chemical characterisation by thermal analysis, FTIR, XRF and MEV-
EDS. The results obtained show that the earlier layers present on the building surfaces are
most likely made of clayish earth without significant addition of any other material, such as
lime, organic substances or vegetable fibres. Coarser texture than the typical local soils is
preferred, a solution that were obtained by searching less weathered soils. In two cases of
original mortars, a low percentage of lime (less than 5% in weight) was recorded: one single
farmhouse and a luxurious urban palace. Later layers overlapping the earlier ones denote
the adoption of more industrialised raw materials, with increasing amounts of lime and the
likely addition of sand.

Introduction

Traditional earthen architecture techniques such as of wattle-and-daub, rammed earth and
adobe were the usual approach to building in inland Brazil up to the end of the XIX century
[1-2]. An exceptionally wide, rich and well preserved ensemble of edifications in which all
these techniques can simultaneously be found is encountered in the upper to medium basin
of the Paraiba do Sul river, located in the north-east area of the state of Sdo Paulo (Figure 1)
[3-4]. This district, currently referred to as “Historical Valley of S3o Paulo” (Vale Histdrico
Paulista), beheld the introduction of coffee plantation in Brazil and staged the first economic
cycle associated with this culture, between 1820 and 1880. On account of this, during this
period, local landowners accumulated enormous fortunes and were responsible for the
expansion of local villages and the construction of sumptuous urban and rural manors
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(Figure 1), many of which still survive as a legacy of exceptional value. This heritage, today
distributed in a territory that comprises six municipalities (Figure 1), is at risk of disappearing
and demands suitable preservation policies. In turn, these policies depend on the support of
research actions, encompassing a detailed characterisation of the composition of materials.

Figure 1. Map of the study area with the location of the edifications studied in this work. 1: town of Sdo José do
Barreiro; 2: Farmhouse Sdo Miguel; 3: Farmhouse Catadupa (photo on the left); 4: town of Bananal (photo on
the right)

In previous studies [3], the process behind the manufacture of the structural elements was
approached, but the investigation did not include the mortars used to protect and decorate
the earthen walls nor has ever been attempted, to date. On the other hand, the
characterisation of such materials is important for three orders of reasons that encompass
historical, conservation and environmental sustainability issues. Firstly, enlightening the
traditional process of mortar manufacture can provide useful information on the state-of-art
of the know-how on building practices of a population or a community at a specific time and
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location (not always easily available in written records), as well as on commercial routes,
movements of social groups and knowledge exchanges. Secondly, conservation and
restoration heavily rely on sound information on physical and chemical composition of
materials, their properties and the way they interact with their surroundings — an issue that
is particularly important for earthen buildings for which the compatibility between the
earthen structure and the coating mortar is crucial [5]. Finally, revaluing traditional forms of
producing building materials, hence also mortars, might help promoting processes involving
least consumption of energy, which has been pointed out, by many, as an important task
towards eco-efficient materials and sustainable use of natural resources [6]. In the present
paper, the issue of mortar manufacture in the Historical Valley of Sdo Paulo in the XIX
century is dealt with through the characterisation of surface finishes used on adobe,
rammed earth and wattle-and-daub walls of historical buildings still existing in two of its
largest municipalities.

Materials and methods

This study was based on the physical and chemical analysis of eight mortar samples samples
(Figure 2) collected from the indoor or outdoor surface of five historical buildings located in
the rural and urban areas of the municipalities of Sdo Jose do Barreiro and Bananal, as
summarised in Table 1. It should be noted that, in this paper, the conventional distinction
between “plaster” and “render” for mortar coatings on external or internal walls was not
adopted because there is no recorded evidence that different techniques were employed for
producing indoor and outdoor finishes in the specific historical and cultural context of the
construction of the buildings investigated in this work. Furthermore, in Portuguese this
linguistic difference does not exist, the word argamassa being customary in both situations
even in technical books of the XIX century [7].

A group of samples were collected from single-layer coatings which were certainly (sample
563) or likely (samples 524, 525 and 544) original. The other group included samples
collected from coatings that exhibited two layers, whose bottom one was always
predominant and uniform, whereas the top was either uniform (561) or encountered in
isolated patches (501 — in this case, the former was considered original and the latter
presumed to be a later restoration).

After collection, fragments of samples that featured the macroscopic characteristics (colour
and texture) of the predominant mortar were dried at low temperature (38 °C) for 48h and
then analysed using the techniques and protocols illustrated in the following subsections.

Colour and texture

Whole samples were characterized for colour and texture. Colours were described by visual
comparison with the Munsell soil colour charts [8]. Standard charts (e.g. [8]) were used for
estimating the relative proportion of rock fragments (> 2mm). The size of rock fragments
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was estimated by measuring the particles judged to represent their maximum size, as in [9].
Texture of fine earth (particles < 2mm) was determined using a Microtrac Bluewave particle
size analyser: results were classified according to the Soil Survey Division Staff of the US
Department of Agriculture [10] and Embrapa [11].

Figure 2. Fragments of the mortars studied in this work

Table 1. Sample identification

o Buildin
Sample Building i . g Indoor/ . .
Building location wall Layer | Uniformity
code name X outdoor
technique
500 Farmh9use sao Rural1| area of S.ao Adobe Indoor Bottom Uniform
Miguel José do Barreiro
Farmhouse SGo | Rural area of Sdo Isolated
>01 Miguel José do Barreiro Adobe Indoor Top patch
524 Old hospital Urban area of Adobe Indoor Single Uniform
Santa Casa Bananal
595 Old hospital Urban area of Rammed Indoor Single Uniform
Santa Casa Bananal earth
544 Farmhouse Rureil area of S_ao Adobe Indoor Single Uniform
Catadupa José do Barreiro
560 Residence Urba'n area of ?ao Wattle and Outdoor | Bottom Uniform
house José do Barreiro daub
561 Residence Urba'n area of ?ao Wattle and Outdoor Top Uniform
house José do Barreiro daub
Manor house Urban area of Wattle and . .
>63 Aguiar Valim Bananal daub Render Single Uniform
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Scanning electron microscopy-Energy dispersive spectroscopy

The surface of whole fragments was covered with a thin film of platinum and analysed in a
Scanning Electron Microscope (SEM) FEI model Quanta 650 FEG, equipped with Energy-
Dispersive X-ray Spectroscopy (EDS) operated at low vacuum and 20 kV.

X-ray fluorescence, Fourier transform infrared spectroscopy and thermogravimetric analysis

To carry out X-ray fluorescence (XRF), attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) and thermogravimetric analysis (TGA), a separate fragment of
approximately 5g was finely ground in order to obtain particles of diameter smaller than 75
pum.

Elemental analysis for Si, Al, Ca, Fe Ti, Na and K was performed by X-ray fluorescence, in
triplicate, on tablets (7 mm diameter, 1 mm thickness) prepared by compressing 500 mg of
slightly wet powder in a mechanical manually-operated device (the tablets were
subsequently dried up at room temperature). For the analysis, a portable Tracer IlI
Spectrometer (Bruker) was used. The equipment was operated in the bench-top mode at
tube voltage and current of 15 kV and 25 pA and with an acquisition time of 120 s (under
internal vacuum and without any excitation filter). The quantitative results were obtained on
the basis of the calibration for soil, ceramics and mud rocks provided by Bruker. The results
used in the discussion correspond to the average of the triplicate analysis of each sample.

ATR-FTIR spectra were obtained on a Bruker Optics ALPHA FTIR spectrometer, equipped with
KBr optics and DTGS detector in the ATR module (diamond crystal, single reflection mode).
The spectra were recorded with 4 cm™ resolution. TGA was carried out by a TA Instruments
Q500 thermogravimetric analyser, typically with 10 mg samples, from ambient temperature
up to 950 °C, at a heating speed of 10 °C/min.

Results and discussion

Samples exhibit colours ranging from pink (one sample) to yellow (two samples), though the
majority was identified as brownish yellow, a fact that immediately suggest the use of soil as
an important raw material for the manufacture of all mortars. In a previous study [1], the
colours of the same area had been classified mainly in the 5YR and 10YR ranges, therefore
the predominance of colours centred in a specific hue area (10YR) indicates that, to a certain
extent, soils were selected to produce mortars. To a macroscopic inspection, the samples did
not reveal vegetable fibres, at least as a systematic component (although sporadic pieces
were encountered) and a very minor presence of rock fragments larger than 2 mm, as
detailed in Table 2.
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Table 2. Sample characterisation (Colour: predominant sample colour according to the Munsell chart; Rock
fragments: percentage proportion of particles larger than 2 mm [10-11])

Sample code Colour Rock Texture
fragm.

500 10YR 6/6 Brownish yellow 1% Sandy loam
501 7.5YR 7/3 Pink 1% Sand

524 10YR 6/6 Brownish yellow 3% Loamy sand
525 10YR 6/8 Brownish yellow 1% Loamy sand
544 10YR 6/8 Brownish yellow 3% Loamy sand
560 10YR 6/6 Brownish yellow 3% Loamy sand
561 10YR 7/6 Yellow 1% Loamy sand
563 10YR 8/6 Yellow <1% Sandy loam

The texture ranges from sand (one sample) to sandy loam (two samples), with the majority
of them falling into the loamy sand category, thus diverting from the most common texture
of local soils, classified as loam [1].

The FTIR spectra of all samples, shown in Figure 3, display the presence of bands
characteristic of silicate compounds (asymmetric stretching Si-O-Si at 1164, 1097 and 1030
cm’l; asymmetric stretching Al-O-Si at 1007 cm™; symmetric stretching Si-O-Si at 796, 779
and 692 cm™; symmetric stretching Si-O-Al at 532 cm™ and Si-O-Si bending at 466 cm™) [12-
14]. In particular, the peaks at 3620 and 3694 cm™ (Al-O-H stretching of structural hydroxyl
groups, octahedral), 3450 and 3439 cm™ (related to water adsorbed on the surface of the
clay) and 913 cm™ (Al-Al-OH bending of inner OH groups) are all typical of kaolinite [13-15].
This confirms that the main raw material used for their manufacture is soil. It should be
noted that, from previous studies, the main minerals found in local soils are quartz,
feldspars, amphiboles, phyllosilicates (chlorite, mica, illite-smectite interstratified, and
kaolinite) and oxides (goethite and hematite) [3]. The FTIR spectra are compatible with the
presence of such minerals, although their specific bands cannot be distinguished and,
therefore, their individual presence cannot be confirmed.

These soils are typically very low in Ca and Mg carbonates and this fact helps confirming that
no lime was employed in the manufacture of mortar 500, since the FTIR does not exhibit the
typical bands in the vicinities of 1400 (asymmetric stretching), 870 (out-of-plane bend) and
710 (in-plane bend) cm™. This result (confirmed in the TGA curve by the absence of any
significant mass loss above 500 °C, Table 2) is in line with the observation that lime was
rarely detected in the earthen structures built in the valley of the Paraiba do Sul river during
the XIX century [16], mainly because of the absence of substantial local natural sources,
which would have implied in cumbersome transportation from distant seaside locations.
Similar results are observed in three other historical mortars: one of a residential house in
the urban area of the same municipality (sample 560, Figure 3) and two of the old hospital of
Bananal (samples 524 and 525, Figure 3). Yet, the carbonate bands are observed in samples
of materials that are likely to be original of the XIX century: 544 in S3o Jose do Barreiro and
563 in Bananal (Figure 3), though with a rather small percentage of CaCOs, the weight
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proportion of which can be calculated from the TGA curves (Figure 4) as being 4.7 and 3.5 %,
respectively. The particularly low temperature at which CaCO; decomposes in these samples
in described by Chiari et al. [17] and Shoval et al. [18] and can be attributed to the crystals
imperfections which, in turn, result from the rapid carbonation of the lime exposed to
atmospheric CO,.
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Figure 3. ATR-FTIR spectra

The presence and quantity of kaolinite is confirmed in all (likely) original mortar both by its
typical FTIR features and by the mass loss in the 350-500 °C interval in the TGA curves
(Figure 4), associated with its transformation to metakaolinite by dihydroxylation, as revised
by Redfern [19].

Sample 501 is clearly a later coating and exhibits larger amounts of CaCOs (Figure 3) with
approximately 8% of CaCOs (Figure 4). In addition, sample 501 does not display the typical
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kaolinite bands nor the mass loss associated with the dehydroxilation process. This result
suggests that in the case of sample 501 a smaller proportion of natural soil — hence of clay —
was used in the manufacture of this mortar. In sample 561 the features of sample 560 (same
house) are maintained, but with the difference of the presence of CaCOs (8%). This fact
suggests that the two layers were prepared using the same raw material but with the
addition, in the case of the most external coating, of CaO, possibly in order to provide the
mortar exposed to the effect of rain with extra strength (samples 560 and 561 correspond to
the only finish collected from an outdoor wall surface).

Figure 4. TGA differential curves

There is an interesting difference between the original sample 500 and the later coating 501
as far as the aggregate phase is concerned. The MEV-EDS images of Figure 5 show that there
are at least two types of minerals associated with the larger particles. The particles
highlighted as 1 correspond to Ca and Na rich aluminosilicates, possibly plagioclase
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Figure 5. MEV-EDS images of sample 500
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feldspars, whereas particles pointed out as 2 are Si-rich Al-poor minerals, clearly
corresponding to quartz. The presence of plagioclase containing Ca indicates a soil at an
intermediate stage of weathering [20]. Furthermore, the images highlight the presence of
mica (circles 3 in Figure 5), which at a higher magnification (not shown) exhibited signs of
incomplete weathering. Finally, in the analysed fragment, two points (identified as 4) with
abundance of Zr were detected, a fact that together with the other observations suggests a
soil formed from an original rock containing zircon, which is quite common in the substrate
of the study area [20]. Therefore, it seems that in the manufacture of mortar 500, a natural
soil, derived from granitic-gneissic rocks and only partially weathered (and, therefore,
somewhat rich in rock material) was used in order to obtain the desired texture (sandy loam,
Table 2), thus without adjustment by mixing with sand. It should also be noted that in the
MEV-EDS images, iron is clearly concentrated in the fine fraction and, therefore, its
concentration can be used as a proxy for clay content.

On the base of such rationale, samples were compared in terms of their elemental
composition (Table 3 and Figures 6-7). The concentration of Ca, clearly, reflects the content
of CaCOs as highlighted in the FTIR spectra and the TGA curves since the natural amount of
Ca in the local soils is less than 1%, thus with the largest amounts of this element in samples
501, 561, 563 and 544. The content of Ca is to a good extent anti-correlated with that of Fe,
suggesting that the addition of soil earth to the mortar formulation decreased with the
increase of lime, which is compatible with the switching of the agglutination role from clay
to CaCOs particles. Sample 525 is the major outlier in this correlation due to an unexpected
low Fe concentration.

Table 3. XRF results in terms of relative proportion (in mass) of major elements

Sample Si Al Ca Fe K Ti
500 2.9 10 7.3 4.010" 3.8 1.2 4.410"
501 2.310° 2.6 8.5 1.2 1.0 1.4 10"
524 2.8 10 7.1 4.110" 3.9 1.2 4.410"
525 2.8 10 7.4 5.0 10™ 2.5 1.7 3.6 10"
544 2.6 10 7.3 2.4 3.5 2.1 4.210"
560 2.8 10 7.4 5.2 10" 3.6 1.1 3.910"
561 2.4 10 8.8 4.1 1.8 3.1 1.7 10"
563 3.0 10" 5.6 3.0 2.2 1.4 2.910"

A high Si/Al ratio is indicative of the presence of quartz and can be associated with the
intentional addition of sand aiming at correcting the material texture. While samples 500,
524, 525, 560 and, to a lesser extent, 561 exhibit a similar value at around 3.5-4.0, samples
501 and 563 clearly display ratios (8.8 and 5.4, respectively) that suggest that the
formulation was adjusted with the introduction of sand in order to obtain a sandier texture
(86% of sand in both cases, being the highest of all the samples). The positive correlation

with the concentration of Ca is explained by the fact that choosing to use lime as
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agglutination agent was consistent with the option of an adoption of a larger proportion of
aggregate. Sample 561 reveals the use of a rather large proportion of lime on a conventional
clayish soil, confirming that this external outdoor mortar is merely a modification of the
bottom layer of the same wall simply obtained by adding lime.
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Figure 6. Comparison of mortar samples in terms of elemental composition. A: % content of Ca (w/w); B:
correlation between the content of Ca and Fe; C: Si/Al ratios; D: correlation between Si/Al ratio and Ca content

A convenient summary of the situations observed with the eight samples can be drawn on
the bases of Figure 7 that illustrates the distribution of the samples in terms of the
concentration of Al, Fe and K that are typically elements associated with soil minerals.
Samples 500, 524 and 560 are clustered together and possibly represent characteristic
original mortars based on the use of soil without adjustment with lime nor sand (though,
possibly selectively chosen among less weathered soils in order to guarantee adequate
texture without losing agglutination properties). On the other extreme, 501 sample is the
poorest in Al, K and Fe and correspond to a certainly later material made with significant
alteration of the original soil, with addition of lime and sand. Mortar 563 is original and can
be regarded as a pioneer attempt towards a new technology at a time (approximately 1860)
in which the use of lime in not yet established but is employed in special occasions (as it is
the case of the manor house of the rich family Aguiar Valim in the centre of Bananal).
Sample 561 (standing out for its content of Al and K) is a mortar still bound to use of soil as
main raw material but with the addition of lime adopted minimise the effect of rain erosion
on an outdoor wall; sample 544 being the case of an original indoor mortar attempting in the
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same direction, but with a lower content of CaO. Clearly, sample 525 does not differ
significantly from the main cluster of original mortars apart from a particularly low level of
Fe, possibly simply resulting from the use of a soil with unusually low Fe content.

Figure 7. Clustering of samples in a tridimensional space on the basis of their concentration of elements typical
of soil (Al, K and Fe).

One final remark concerns the possible presence of organic matter. Although in the FTIR
spectra the very weak band observed at ca. 1634 cm™ can in principle indicate the presence
of organic molecules [21] (stretching vibrations of C=0 bonds from carboxylic acid anions)
the absence of other bands characteristic of organic compounds suggest that this band are
likely due to adsorbed water in inorganic material (H-O-H bending) [13, 22-23]. This could
also explain the mass loss observed in the majority of samples in the 200-350 °C interval, but
this issue is to investigated into detail in future works.

Conclusions

The mortar samples investigated in this work and collected from the surface of earthen
historical buildings in the basin of the Paraiba do Sul river, XIX century, can be divided into
three groups. The first and largest one comprises original (or likely-to-be) layers that are
made only by soil, without the addition of lime or of sand. However, their sandier character,
with respect to the majority of local soils, suggests that the raw material was probably
obtained from less weathered soil sources, as confirmed by the MEV-EDS analysis of one of
the samples.
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The second group is represented by mortars that exhibit both addition of lime and sand to
the soil: one of the samples is certainly original and shows that in specifically important
constructions newer technological solution were already been employed, though probably
at a later historical stage when the introduction of locally unavailable raw materials (like
lime) was less problematic. The other sample is certainly a later layer and is representative
of the path that the production of mortars would take by the end of the XIX century, with
the gradual loss in the use of earth in their manufacture. Finally, the third group of samples
encompass situations in which lime starts to appear in the formulation of mortars, still with
an important presence of soil in the composition, possibly aiming at less vulnerable coatings,
especially in outdoor situations.

These findings certainly require further investigations to improve their scientific confidence,
both by broadening the number of objects under study and by including other analytical
techniques (e.g. XRD analysis) or data handling strategies (e.g. statistical analysis, spectra
deconvolution).
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Abstract

The adhesion capacity of an earthen mortar is one of the most important properties for
plastering. This paper aims to assess the influence of two different substrates, namely adobe
and hollow fired clay bricks, in the adhesive strength of an earth plastering mortar
formulated in laboratory, through tensile and shear tests methods. The substrates are
prepared differently, with and without prior application of a clay grout. The test samples
were produced also differently, by cutting while fresh, cutting after hardening and directly
sample moulding. Tests were performed in two different relative humidity environments:
65% and 95%. The results are compared, evaluating the influence of the different
parameters, and with results of other plasters. The earth plaster presented a good
performance regarding adhesion on both substrates studied, being advantageous the
preparation of the support with a clay grout. The cutting procedure of the samples
influences the test results being the fresh mortar cut less harmful. The relative humidity
increment has a negative effect on the adhesion capacity but even a high percentage does
not compromise the stability of the plaster. The shear test proved to be a valid instrument
when specific pull-off equipment is not available.

Introduction

In recent years earthen mortars and plasters have been calling the attention of the building
community not only because they are ecological, reversible, compatible with historic
masonries such as earth-based or rubble stone, but also because they can be efficient even
when applied on current contemporary masonries [1, 2, 3]. Particularly, the contribution
earthen plasters can give to relative humidity indoor equilibrium, based on the high
hygroscopicity of clays, classifies them as passive technologies to achieve indoor comfort [4].
Nevertheless, the knowledge on the application of earthen plasters was almost lost in
developed countries and is being re-gained in the last years [5,6].

One of the aspects that is fundamental for plastering earthen or mineral binder-based
mortars is the adhesive strength on substrates, which is the capacity of the plaster to resist
to normal and tangential tensions at the interface with the support. It depends mainly on
the following physical phenomena: the matrix mortar penetration in the support pores and
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the surface connections anchoring the mortar to support roughness. The higher the
roughness, the higher the contact area. Therefore, the porous structure of the support and
its roughness are fundamental to adhesion. Nevertheless, the porosity of the support should
not be too high to avoid excessive mortar matrix absorption that can weaken the layer of
mortar in direct contact with the support (Figure 1).

Figure 1. Schematic representation of a mortar applied to a more (A) or less porous (B) support

Furthermore, as a complex mechanism, adhesion is also affected by in service factors [7],
such as the type of support where the mortar is applied and their cleanliness or preparation,
the mortar formulation and thickness of application, the hygrothermal conditions when the
application is performed.

A traditional way of improving the adhesion of a plaster is to perform support preparation
with the application of a grout or slurry that can increase roughness of too smooth surfaces
and control mortar matrix absorption, acting as a primer to the plaster system application.
For earthen plasters Deliniere et al [5] applied earthen plasters on a concrete support with
and without the previous application of a water-clay slurry or grout (barbotine) by brush. In
this study the grout application increased the adhesive strength results by pull-off test based
on EN 1015-12 [8] and all the mortars surpassed the minimal limit of DIN 18947 [9].

For earth mortars the bonding depends mainly on the clay content. An earth plaster with
very high clay content will crack and loose adhesion, while a plaster with a too low clay
content will have a weak bond to the support [10]. In fact, the thickness of a plaster (and of
each plaster layer) is also important because it is directly proportional to the adhesive action
due to gravity.

The influence of hygrothermal conditions on the adhesion of an earth plaster is due to the
high hygroscopicity of clays. When in contact with liquid water, clays acquire plastic
properties which, from a certain extent, may compromise the plaster hardened state
stability. For earth mortars the DIN 18947 [9] defines that the test can only be performed
after the specimens are at least 7 days at 23+2 °C and 50+5 % relative humidity (RH).
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The DIN 18947 [9] defines the assessment of adhesive strength of earth plasters to a support
based on the EN 1015-12 [8] test procedure. However, there are problems to assess the
adhesion by EN 1015-12 standard [8] test procedure even for air lime-based plasters and
renders [11]. In fact this test is generally performed on plaster samples that are cut on in situ
plasters or, in laboratory, on a plaster specimen applied on a support. In the laboratory, that
support can be a concrete small slab, a brick or a ceramic tile. The cut of the sample is
generally performed when the plaster specimen is hardened; that is always the case in situ.
The cut should penetrate few millimetres on the support itself. After the cut, a metallic
device with circular area (Figure 2A) is glued to the sample ensuring complete contact. The
pull-off can be applied through it. The pull-off can be applied by a pull-off test equipment
(Figure 2B) or even by a tensile test equipment. The rupture can occur: in the thickness of
the sample - cohesive rupture (Figure 2C) - meaning that the adhesive strength is higher than
the registered value; by the contact surface between the mortar and the support - adhesive
rupture - registering the adhesive strength; by the support, meaning that the adhesive
strength is higher than the registered value [8]. In this last case it also means that the plaster
is stronger than the support, what can be a problem for architectural heritage conservation,
considering that the plaster should be there to protect the support and not imposing extra
tensions. Both the type of rupture and the adhesive strength, that is obtained by the
quotient of the maximum force and the contact area, are registered.

Figure 2. Pull-off test: A - Metallic devices glued to the plaster specimens; B — Pull-off equipment perpendicular
to the specimen being tested; C — specimen after cohesive rupture

For low strength plastering mortars the samples cutting process, inflicting some level of
vibration, can damage the sample and turn it unusable. Therefore, in laboratory sometimes
the cut is performed manually while the plastering mortar applied on the support is still
fresh [8], without cutting the support. The difference is that, in this case, as the cut does not
penetrate in the support, the rupture hardly will happens in that element, therefore
eventually misleading conclusion regarding absence of cohesive rupture.

The characterization of adhesive strength of plasters by a tensile test can be argued because
the application of a force perpendicular to the support may not be the best way to simulate
adhesive tension of that plaster. Deliniére et al [5] suggest that a shear test should be more
appropriate. Shear tests are not standardised and different studies used diverse equipment
to perform it. Stolz and Masuero [12] used what they called an adhesive meter specifically
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developed. Hamard et al [10] assessed the adhesion of earthen plasters by a simple shear
test that can be performed easily in situ. Vertical earth plaster samples with 50 mm x 40 mm
x 20 mm are applied on a support or cut with those dimensions after drying. A simple device,
as described in Hamard et al [10], is placed with good contact with the sample top and
avoiding contact with the wall to reduce friction. The device is successively loaded with 250 g
weigh with 10 s intervals. The total mass that produces the sample rupture from the support
is registered. For masonry walls, there should be samples on the masonry units but also
samples on both the masonry joints and units. Earth plaster samples on which rupture do
not occur when loaded with a force of 20 N (approximately 2 kg) are considered adequate
[10].

The DIN 18947 [9] considers the adhesive strength, together with the flexural and
compressive strengths, to mechanically classify earth mortars (Table 1).

Table 1. Mechanical classes or earth plasters defined by DIN 18947 [9]

Mechanical Compressive str. Flexural str. Adhesive str.
class [N/mm?] [N/mm?] [N/mm?]
Sl >1.0 >0.3 >0.05
Sl >1.5 >0.7 >0.10

Rohen and Ziegert [13] consider that earth plasters should present minimum adhesive
strength of 0.03 N/mm? but that values of 0.15 N/mm? are common. In fact, Faria et al [6] for
a ready-mixed earth plaster formulated with an illitic clay from Algarve Barrocal, Portugal,
obtained adhesive strength of 0.15+0.03 N/mm?.

Therefore, this study intends to give a contribution on how to assess adhesion of earthen
plasters to a masonry, namely comparing the influence of tensile and shear testing
procedures, on two different substrates - adobe and hollow fired clay bricks - , prepared
differently, with application of a clay slurry previous to the plastering or just water spray,
with the test samples produced differently, by cutting while fresh, cutting after hardening
and directly sample moulding with aimed test dimensions, and in equilibrium on two
different RH environments: 65% and 95%.

Materials, mortar and samples

The clayish earth was excavated in an Algarve Barrocal quarry, south Portugal. It was grinded
to reduce clods and sieved to remove coarse particles. The earth used is composed by sand,
silt and clay. The latter is mainly illitic and has been characterized by Lima et al. [4]. As the
earth clay content is high, additional siliceous sand was used to prepare the earth mortar.
The dry particle size distribution of the grinded earth and the sand, determined based on EN
1015-1 [14], are presented in Figure 3. The sand presents higher content of particles
between 0.25 and 1 mm in comparison with the earth, that in turn presents a higher content
on fines and a more homogeneous distribution of particles.
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Figure 3. Clayish earth (A), sand (B), oat fibres (C) and dry particle size distribution of the sand and clayish
earth (D) used in the mortar formulation.

Oat fibres were also used for the mortar formulation. The loose bulk density of all the
materials was determined based on EN 1097-3 [15] (average and standard deviation of six
tests) and is presented in Table 2.

Table 2. Loose bulk density of mortar materials and water absorption coefficient under low pressure of supports

Loose bulk density [kg/m?] AC [kg/(m%.min®?)]

| | |
| .~ Earth  Sand Fibres Brick | Adobe |
. Average  1317.0  1591.8 62.5 0.82 | 0.45 |
. Stand.Dev. @ 1.8 0.6 4.9 0.06 | 0.08 |

It can be observed that the sand bulk density is higher than the one of the earth, which may
be explained by lower content on silica grains of the latter, while the bulk density of the
fibres is, as expected, very low. The high standard deviation of the fibres was justified by the
fact that the test is performed without compaction and, therefore, the position of the fibres
produces different voids. Santos et al. [16] also achieved a similar bulk density of 70 kg/m3
for oat fibres.

The supports for the plaster were ceramic fired hollow brick, with 30 cm x 20 cm x 7 ¢cm, and
adobe, with 30 cm x 15 cm x 7 cm, representing a nowadays prevailing support and an
earthen one. Both materials water absorption under low pressure was determined by
Karsten tube test after 60 minutes, based on LNEC Fe Pa 39 [17] and EN 16302 [18], and
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results are presented in Table 2. Water absorption coefficient of the brick is higher in
comparison with adobe.

The mortar was formulated with a volumetric proportion of 1:3 (clayish earth:sand) adding
5% (of total weight of earth and sand) of fibers. Based on the loose bulk density, it
corresponds to 1:3.6:0.01 mass proportion of earth:sand:fibers. The mortar preparation was
performed based on the DIN 18947 [9]. A previously defined amount of water of 12.8% (of
total weight of earth and sand) that ensure good workability of the mortar [4] was placed in
the mechanical mixer recipient and the solid components were added during the first 30
seconds of mixing. A mechanical mixing went on for 30 seconds and the mortar rested for 5
minutes, after which it was mechanical mixed again for 30 seconds more.

Prismatic samples with 40 mm x 40 mm x 160 mm were produced in metallic moulds, with
two layers compacted in sequence. The excess of mortar was removed and the surface
regularized.

Plaster samples with 2 cm thickness were produced over both brick and adobe surfaces, with
30 cm x 20 cm and 30 cm x 15 cm, respectively, after water spraying or the application with a
brush of a clayish grout made with 1:1 mass proportion of the earth and water. The support
materials were placed inside a frame mould with height 2 cm higher than the supports. To
simulate and homogenize the mortar projection energy to the support, the mortar was
dropped vertically from a height of 70 cm. The excess of mortar was removed and samples
were regularized. In some cases the mortar did not plastered all the support but only the
moulds of adhesion test specimens that were specifically placed on the support surface,
depending on the test procedure (see test procedure for adhesion tests).

After moulded all the samples were kept for one month in a conditioned room at 23+2°C
and 65£5% RH before being tested.

Test procedures

General characterization of the mortar

The mortar was characterized for common properties both in the fresh and hardened state.
In the fresh state flow table consistency was performed based on EN 1015-3 [19] and bulk
density was assessed following EN 1015-6 [20].

In the hardened state the mortar was tested for bulk density by the geometrical methods
defined by EN 1015-10/A1 [21] and for dynamic modulus of elasticity (Ed) based on EN
14146 [22] using a Zeus Resonance Meter ZMR 001, with its own software, that calculates Ed
based on the geometry and mass of the sample, gravitational acceleration and longitudinal
resonance frequency.
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Based on EN 1015-11 [23] the flexural and compressive tests were performed with a
Zwick/Rowell Z050 equipment, with load cells of 2 kN, a speed of 0.2 mm/min and a 3 point
bending test for flexural, with 100 mm between the supports, and a 50 kN load cell, 0.7
mm/min speed and a compressive area of 40 mm x 40 mm for compression. Six samples
were tested for each property.

Pull-off test

The pull-off test was performed based on EN 1015-12 [8] with the mortar samples in
equilibrium at 6515 % RH and 9015 % RH, with previous sprayed water or clayish grout
application and different specimen preparation. A PosiTest AT-M equipment, a pull-off
equipment specific for low strength, was used with circular metallic pieces with 50 mm
diameter. For the application of the circular pieces three different types of specimens were
produced and tested: cylindrical specimens cut when the plaster sample on the support was
hardened (hardened cut HC); cylindrical specimens cut with a metallic cylinder tube when
the plaster sample was fresh (fresh cut FC) and cylindrical specimens that were directly
moulded using a cylindrical plastic mould placed on the support instead of plastering the all
support surface (direct moulding DM). The equipment was manually and slowly and gently
operated so that the rupture occurred after 20-60 seconds. The adhesion strength was
obtained dividing the rupture force by the contact area of the sample cut section, in N/mm?.
Nevertheless, the glued area is always measured and if the contact was not total, the real
adhesive strength is corrected dividing the metallic piece area by the real contact area. The
type of rupture is also registered. Results are an average of 5 tests.

Shear adhesion test

The shear adhesion test was performed in the laboratory following the methodology defined
by Hamard et al. [10] and described previously, with a simple device specifically made
(Figure 4A). The 50 mm x 40 mm x 20 mm samples were cut on the hardened plaster or
directly moulded, both on the brick. Maritime plywood pieces were used for moulding the
latter samples without using any demoulding agent and some problems occurred for
demoulding due to adherence of the mortar to the plywood.

The hollow bricks surface (one of the supports) have grooves aligned with the length
dimension. The samples were tested vertically aligned with that direction.

All the samples are measured and the average of two measurements of each dimension is
considered. The device has a weight of 500 g, corresponding to the first test load. All the
applied weights of 250 g are calibrated in a precision scale of 0.001 g. The device is placed in
direct and complete contact with the top surface of a plaster sample, without eccentricity
and minimizing friction with the support, applying shear tension. After 10 s with the first
load from the device, 250 g are applied and the sequence is repeated until the rupture of the
sample (Figure 4B). When the rupture occurs (Figure 4C), the total weight is registered and
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the shear strength (N/mm?) is calculated by the quotient of the total weight multiplied by
the acceleration due to gravity (9,807 m/sz) and the samples area of contact with the
support (mmz). Results are an average of at least 5 tests.

Figure 4. Shear adhesion test on moulded samples: (A) application load device on a sample; (B) successive 250 g
loads applied on the device; (C) a moulded samples after rupture.

Results and discussion

Fresh and hardened state characterization of the mortar

Flow table consistency of the mortar was 176+1.5 mm. The result is within the range of
17515 mm defined by DIN 18947 [9]. Fresh state bulk density had an average value of 2.06
kg/dm®, which is higher than the minimal of 1,2 kg/dm® defined by DIN 18947 [9].
Nevertheless, the value is comparable with the ones of Deliniére et al. [5] that for two ready-
mixed mortars and three laboratory formulated ones presented results of 2.0-2.1 kg/dm>.
The results are also within the range of the ready-mixed earth plaster produced with an illitic
earth from the same quarry tested by Faria et al. [6] that registered 2.03 kg/dm? and 2.11
kg/dma, respectively when the mortar was mixed on site and in the laboratory. Santos et al.
[16] when testing a ready-mixed earth mortar and a formulated mortar with oat fibres
obtained a similar bulk density of 2.00 kg/dm3 as well as Gracia-Vera et al. [24] that
registered 2.06 kg/dm?and 2.05 kg/dm? for two earthen plasters based in two different raw
earths.

Hardened state bulk density (average and standard deviation) was 1.97+0.01 kg/dm?. Based
on DIN 18947 [9] the mortar is classified in class 2 (between 1.81 and 2.00 kg/dm?). This
result is similar to other studies. Deliniére et al [5] for both ready-mixed and formulated
earth mortars registered bulk densities of 1.7-1,8 kg/dm3 , Lima and Faria [25] when testing
illitic earth plasters achieved bulk densities between 1.91 kg/dms’ 1.66 kg/dma, respectively
without and with addition of oat or typha, while Garcia-Vera et al. [24] achieved 1.83 kg/dm>
and 1.81 kg/dm® respectively for red and yellow plasters, although with a much higher
standard deviation. The bulk density of the present study mortar is also higher than the one
of the ready-mixed mortar tested by Faria et al. [6] that registered 1.77 kg/dm3 and the
ready-mixed mortar and the oat fibres formulated mortar tested by Santos et al. [16] with
1.77 kg/dm?® and 1.72 kg/dm?>, respectively.
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Mortar dynamic elasticity modulus (Ed), flexural and compressive strengths results are
presented in Table 3.

Table 3. Dynamic modulus of elasticity, flexural and compressive strength of mortar

Property N/mm?>

Ed 4231186
Flexural str. 0.24+0.02
Compressive str. 0.81+0.22

The flexural and compressive results are consistently lower in comparison to the ready-
mixed earth mortar characterized by Faria et al. [6] produced with clayish earth from the
same quarry, using similar test procedures, that registered 0.3 N/mm? and 1.1 N/mm?,
respectively. That was inverse to what was expected by the higher bulk density of the mortar
tested in the present study. Nevertheless, Ed of the present study is higher than the one of
Faria et al. [6], in agreement with that higher bulk density. Results of the present study are
also lower than the ones of Deliniere et al. [5] that achieved for five earth mortars flexural
strength results of 0.49-0.69 N/mm? and for compressive strength between 1.3-2.1 N/mm?>.
Nevertheless, the compressive and flexural strength are similar to the ones obtained by Lima
et al. [4] for a mortar with clayish earth from the same quarry but without fibers,
respectively 0.25 N/mm?and 0.88 N/mm?, and respectively slightly lower than the results of
Lima and Faria [25] for the same mortar but with addition of oat fibers, respectively 0.23
N/mm? and 0.67 N/mm? and slightly higher with addition of typha fiber-wool, that
registered 0.31 N/mm? and 1.02 N/mm?®. When comparing with the present study, Garcia-
Vera et al. [24] testing both a red and a yellow earth mortars registered similar compressive
strength results at 95% RH (0.8 N/mm?and 0.7 N/mm?, respectively) and higher values when
testing at 60% RH (1.0 N/mm?and 1.2 N/mm?, respectively), showing that the ambiance test
conditions may have a more significant influence than the type of earth.

Adhesion strength and type of rupture

Table 4 presents the type of rupture (adhesive or cohesive) and Table 5 presents the results
of pull-off adhesion strength, while Table 6 presents the results of shear adhesion test.

The ready-mixed mortar tested by Faria et al. [6] presented a pull-off mainly adhesive
rupture on samples applied on hollow brick after water spraying, cut after hardening and
tested by the same type of equipment, with adhesion strength of 0.15 N/mm?2 that is higher
than the result of the present study. Nevertheless, using the same test procedure, Lima and
Faria [25] registered adhesive strength of 0.09 N/mm?2 for the tested earth plaster with oat
fibres addition, 0.11 N/mm?2 for similar plaster but with typha fibres and 0.07 N/mm?2 for the
same plaster without fibres, results that are in the same range as the one registered in the
present study for the same test conditions. Comparing the results of Deliniére et al. [5] that
applied the earth plasters on concrete panels and tested samples cut when the mortar was
fresh, after water brushing (0.06-0.08 N/mm?2) and after applying a water-earth grout (0.11-
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0.14 N/mm?), it can be seen that the influence of the preparation was more significant
possibly due to the concrete substrate.

Table 4. Pull-off adhesion rupture depending on the specimen preparation

NG Fresh.cut Hard.cut Moulded Global
Number/% Number/% Number/% Number/%

Cohesive 11/55 11/55 7/35 29/48

Adhesive 9/45 9/45 13/65 31/52

Total 20/100 20/100 20/100 60/100

Table 5. Pull-off adhesion of the mortar depending on the test procedure

o . . Adhesion str.
Support RH (%) Preparation Specimen (N/mm?)
FC 0.13+0.01
Water HC 0.09+0.01
65 DM 0.14+0.02
Brick FC 0.13+0.00
Grout HC 0.12+0.01
DM 0.14+0.02
90 Water HC 0.08+0.00
Grout HC 0.09+0.01
FC 0.13+0.01
Water HC 0.11+0.01
65 DM 0.15+0.01
Adobe FC 0.14+0.01
Grout HC 0.13+0.01
DM 0.15+0.01
90 Water HC 0.08+0.01
Grout HC 0.08+0.00

Notation: FC — fresh cut; HC — hardened cut; DM — direct moulding

Table 6. Shear adhesion of the mortar depending on the test procedure

Support Preparation Specimen Adhesion str. (N/mmz)
Water HC 0.04+0.01
Brick DM 0.04+0.00
Grout HC 0.05+0.00
DM 0.04+0.00
Water HC 0.05+0.00
Adobe DM 0.01+0.00
Grout HC 0.05+0.01
DM 0.03+0.01

Notation: FC — fresh cut; HC — hardened cut; DM — direct moulding

By the results obtained, it is not possible to mechanically classify the earth plaster based on
the DIN 18947 [9] not because of the pull-off test results, that for a common RH
environment of 65% present a minimum strength of 0.09 N/mmz, but because the flexural
and compressive strengths does not achieve the minimum values for class S| (Tablel).
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Nevertheless, particularly the flexural strength is very close to the lower limit of Sl class and,
associated with the good values of adhesion, that is very positive for compatible plastering
mortars.

The good results of the pull-off test may be partially justified by the equipment that was
used — not a conventional pull-off for mortars but one more used for paint systems adhesion
assessment. The adhesion was slightly higher to the adobe than to the brick. The testing at a
high RH reduces adhesive strength but do not jeopardize adhesion of the plaster when
comparing to the DIN 18947 [9] requirements. The previous application of the grout has a
positive effect on adhesion in comparison with just the water spray, corroborating results of
Deliniere et al. [5]. The direct moulding of the samples (without cut) has also a positive effect
on the adhesion and rupture is mainly adhesive, being the harden cut the sampling method
with the more negative effect. Nevertheless, the cut methods have a higher percentage of
cohesive rupture meaning that the adhesion to the support is higher than the registered
values. Although the hardened cut method is the only one that can be performed to assess
adhesion on existent plasters, the fresh cut method seems to be the easier to be performed
in the laboratory and even in situ when new plasters or experimental samples of plasters are
being applied.

The shear test presented significantly lower adhesion strength in comparison with the pull-
off test. Nevertheless, in comparison with the adhesive strength obtained by Hamard et al.
[10], that registered maximum values of 0.047 N/mm?, 0.029 N/mm? and 0.028 N/mm?*
when testing three earthen plasters on a cob wall, it can be supposed that results obtained
by the described shear test should not be quantitatively compared with the ones of pull-off.
Therefore, more studies are needed using this test procedure so that more results can be
compared.

Particular attention has to be taken on demoulding and cutting the samples of the dry
mortar. Therefore, in following test campaigns, particularly when considering this shear test
method, the moulding and the cutting must be optimized. For the time being the test is a
good possibility for comparison between small samples for hypothesis of replacement
plasters and renders tested on a real building, when a mechanical equipment is not
available. It was easily performed on both brick and adobe supports and, as the pull-off test,
the grout application has also positive effect on adhesion strength. In following experimental
campaigns the test should be performed with the brick longest dimension oriented
horizontally in order to assess the influence of the brick surface grooves, that in the present
study were vertically oriented, therefore aligned with the shear force.

Conclusions

Results show that an earth plaster even without high compressive strength can perform well
in terms of shrinkage and present efficient performance regarding adhesion on both
substrates studied (brick and adobe). The preliminary preparation of the support with a clay
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grout/slurry is advantageous to adhesion performance, regardless of the testing methods.
The cutting and moulding/demoulding procedure of the samples influences the test results.
The relative humidity increment has a negative effect, decreasing the adhesion capacity, but
even a high percentage does not compromise the stability of the plaster adhesion. The shear
test proved to be a valid instrument mainly to compare experimental mortar samples that
are being tested in situ for repair intervention when a pull-off device is not available. For
testing existent plasters in situ the harden cut pull-off test is less destructive than the shear
test (because the latter implies the removal of adjacent areas of the plaster sample) and is
the only that can assess cohesive rupture by the support, assessing compatibility between
the plaster and the support. For laboratory testing the pull-off test with previously fresh cut
samples seems to be the most appropriate.

It is possible that similar conclusions can be enlarged to similar low strength plasters, such as
air lime-based ones.
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Abstract

The mixture of traditional mortars used in the houses of the Algiers Casbah during the
Ottoman period (16th—early 18" centuries) has a similar appearance to the bricks mass.
Grains of fired crushed ceramics of 5 mm or more, pebbles from sedimentary stones, shale,
remains of nummulite limestone from the Algerian Atlas, and ashes from the lime
calcination can be found in the mixture. The mortar joints were applied to the mixed
masonry walls in layers that were thicker than or equally thick to the rows of bricks, whereas
in the floors they are layered in thick beds interspersed with bricks until reaching 30-40 cm.
Unhydrated lime lumps are encountered due to the artisanal mixing with limited water
amounts to maintain a compact mortar. The Reddish colour of these earth-based mortars
stems from the use of quartz, sand with illite, hematite and other components detected by
XRD, EDXRF and DTA tests carried out on material samples. In light of this study, it is
concluded that the Roman tradition of using lime and fired crushed ceramics is maintained in
the earth-based mortars of the Ottoman period; knowing that their appearance is similar to
the bricks one can argue that the bricks look like a baked mortar.

1. Introduction

The Casbah of Algiers is located within the current capital’s bay at 120 m above sea level.
Endowed with a Permanent Safeguarding and Presentation Plan that occupies a surface of
105 ha, it is divided administratively in six residential neighbourhoods, where great
mosques, markets, public baths, historical houses and a citadel are amongst its most
important buildings (Figure 1). The urban growth of the Medina was based on hydrographic
units; each one was autonomous in terms of rainwater drainage system, which indicates its
size by the end of the Arab-Berber period (950-1516). The Ottoman occupation took
advantage of this urban layout (1516-1830) and strengthened the fortifications system
upgrading thus Algiers, from a medieval marginal city to a Mediterranean capital [1].

Subsequently during the French colonization, the historic centre Casbah suffered a
transformation process through the enlargement of its main streets, which led to the
demolition and replacement of the traditional facades lining the roads [2]. Considering that
building materials used in the conservation of the Casbah must be compatible with the
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existing ones [3], this study provides information about the construction techniques and
materials implied during the Ottoman period. It consists of analysing the traditional mortars
and bricks used in the houses that did not undergone transformations and are therefore
considered original and authentic.

2. Constructive systems of the traditional Casbah house

The traditional house is usually introverted according to the Muslim culture principles, with a
chicane entrance to the patio where the water-well is located [4, 5]. The rooms are
organized around a central courtyard on two floors, with lattice windows and doors opening
to a gallery of arcades supported by stone columns and a terrace overlooking the
Mediterranean Sea (Figure 3). However, this stepped design adjusting to the site topography
was altered by the French vertical densification (1830-1962).

Figure 1. Left, the Casbah of Algiers. Right, location of the study case houses.

2.1 Masonry walls, ceilings and floors

The materials used in the construction of the Casbah houses came from the nearby
environment notably the quarries of Bab el Oued Faubourg later known as Jaubert
extraction site during the French period (Figure 2), except for the ceramic wall tiles that
were imported from Tunis, Italy, Spain and Netherlands [6]. The thickness of the walls varies
40-90 cm; they were made of bricks or mixed masonries (opus mixtum), adding rubbles or
blue stones, with the bricks arranged horizontally or to 452 (opus spicatum) and the mortars
applied in broad layers like to the brick’s thickness.

In the masonry construction work, besides the discharge arcs, round logs of Barbary Thuja
(tetraclinis articulata) are inserted every 0.80-1.20m to reinforce the bearing walls against
seismic solicitations [7], also acting like wall ties. Usually, the roofing systems of 30-100 cm
in section, consists of large earthen and lime-based mortar layers inserted with brick beds,
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arranged on top of wooden sheathing supported by Thuja logs. Sometimes, calcareous
stones of less density were used instead of the bricks, the same constructive system can be
found in the terraces. In Turkey, the use of pumice stone in earthen mortars to lighten and
mitigate the heat flow in the covering systems of the 13t century is a known masonry
practice [8].

Figure 2. Left: Plan of Algiers and its surroundings in 1808 by BOUTIN. Right: Lime Kiln of the Faubourg Bab
el Oued in 1838 by Adolphe OTTH (BNF-Gallica archives).

a-Thuja wood logs

a’-Stair step

b-floor sheathing

C-Earth and stones agglomerate
d-Tiled flooring

f-Wall recess with Thuja logs
P-Door leaf

oo 0o o

Figure 3. Left: Cross-section of a traditional house (Ali PACHA Agency). Right: Constructive system of
ceilings/floors [9].

2.2 Mortars and bricks

The masonry mortars are generally of reddish or earth tones, with big rubbles of fired
crushed ceramics (size 2mm-1.5 cm) in and sedimentary detritus from the Algerian Atlas,
nummulite limestones remains, shale and ash. The mortars containing lime nodules and
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brick dust, or grains are known as Khorasan mortar in Turkey, Surkhi in India and are called
Cocciopesto in ancient Rome [10, 11]. Fragments of recycled waste pottery and sometimes
bones are found in the bedding mortar masses (Figure 4). The granulometry is variable, thin
sand has a maximum size of 4 mm and pebbles of 5 mm or more. The presence of non-
hydrated lime lumps is due to the artisanal mixing of the mortars, but especially to mixing a
reduced amount of water maintaining an almost dry consistency and possibly using
formwork panels during the mass application and hardening.

Figure 4. Left: Fragments of waste pottery, ceramic and bones added to the bedding mortar masses. Right:
Microscopic characterization of sample M4.6.E1b, an elevation mortar.

On the other hand, brick dimensions are 25x12 cm; usually their thickness is less than 4cm.
According to a previous research about mortars in the Citadel of Algiers and a Casbah house,
the ratio between the lime binder and aggregates in mortar joints is one volume of lime per
two of sand (1: 1.5 - 2), and one volume of crushed bricks, adding organic additives like olive
oil and eggs in the walls rendering mixtures [12]. Generally, waste bricks and tiles are used to
increase the mixture volume and to get a pozzolanic mortar with the finest grains [13].

3. Materials and methods

3.1 Sampling materials

Four attached houses under current restoration works define our study area. They form an
interlocked cluster located in the lower Casbah (Figure 1), on a commercial street resulting
from a French enlargement of the medina’s organic fabric, near an old synagogue converted
into a mosque, a market hall and a historical fountain, their entrance is on a dead-end street.
The corpus presents different states of conservation: a well-preserved martyr house (related
to the Algerian revolution against the French occupation) and three partially collapse ones,
due to the 2003 earthquake and a bombing incident during the colonization. Nine samples
were collected composed of five bricks and four mortar fragments from various parts and
levels of the houses. They were located on the data sheet below (Figure 5).
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Figure 5. Data sheet of the house layout and the collected samples position

Non-destructive sampling protocol was carefully applied on bearing walls (main facade,
inner partitions) and floors [14] from seriously damaged areas. Due to the lack of historical
documentation and archives access, it is difficult to determine the construction date of the
houses and the possible transformation phases they went through with accuracy, but the
period is generally between the middle of 16" to early 18" centuries.

Table 1. Samples visual aspect and their location inside the construction.

Sample . . . .
House P Material Situation Visual aspect
code

3Imp 113642 Brick
Lavoisier

3ImP - \13E4b Mortar
Lavoisier

Terrace Ceiling
2Imp - 122682 Brick
Silene

Bearing wall
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Sample . . . .
House P Material Situation Visual aspect

code
2'I\mp M2.2.E23a Mortar
Silene

Inner Partition wall
Almp s aF19a Brick
Silene
4'I\mp M3.4.E20b Mortar
Silene . . .
Bearing neibouring wall
6'I\mp M4.6.E1a Brick
Silene
6Imp \a6Elb  Mortar
Silene
Elevation wall

6Imp Va6E20a  Brick
Silene

Bearing wall

3.2 Experimental methods

All samples were analysed and examined to determine the components, their dimensions,
physical and chemical properties. For this purpose, different analytical techniques were
applied in the characterisation the Casbah houses materials, among which X-ray diffraction
(XRD) to identify the mineralogical composition, using a Siemens/Bruker D5000 instrument
(40 kV, 40 mA), with a step of 0.03° and 4 s/step, from 10° to 80° in 26 for the bricks. In the
mortars, the X-Ray analysis was taken for the 26 range of 4° to 100° to detect possible clay
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minerals. The chemical composition of the bricks and mortars was determined by Energy-
dispersive X-ray fluorescence spectrometry (EDXRF) using the S2 PUMA device on pressed
pellets. Differential thermal (DTA) and Thermogravimetric analysis (TG) were realized in
order to assess the samples hydraulic properties by examining the weight loss at certain
temperatures using SDT-Q600 TA Instrument (RT to 900°C, at heating rate of 20°C/min, in air
flow: 100 mL/min). Chromaticity analysis was conducted on both mortars and bricks by
means of an 8 mm Portable Digital Colorimeter and the Munsell rock and soil colour chart.
Preliminarily, the initial step of these procedures consisted of a visual assessment of the
samples with the naked eye and via Dino light Edge digital microscope 1.3-5 MP resolution,
observing their texture and shape, aggregates consistency and size, especially the organic
particles that can sustain damage or crumble before and during the tests.

4. Results and discussion

4.1 Visual analysis and chromaticity of the samples

In order to obtain prior qualitative information about the properties of the mortar and brick
samples, macroscopic analysis was performed to determine the bonding agent and
aggregates type. According to the visual aspect, texture and colour of the bricks under study,
three main groups are distinguished (Table 2): yellow, red and pale olive.

Table 2. Chromaticity analysis results.

Sample ' .
codpe Material Colorimeter measures Munsell chart
- - L a b -
M1.3.E4a Brick 65.542 | 4.283 | 14.714 2.5Y 8/2 pale yellow
M1.3.E4b Mortar  59.432 | 6.056 | 14.183 2.5Y 9/2 very pale yellow

M?2.2.E8a Brick 53.192 | 14.106 | 19.141  5YR 6/4 light reddish brown- interior
52.152 | 5.508 | 12.084  2.5Y 8/3 pale Brown- brick’s exterior
M2.2.E23a = Mortar  54.181 | 10.031 | 16.409 10YR 7/3 very pale brown-Mortar
M3.4.E19a Brick 52.071 | 14.670 | 19.782 7.5yr 7/4 pink-brick’s interior
43.994 | 13.642 | 17.669 5YR 5/4 reddish brown-clay spreads

M3.4.E20b  Mortar | 46.371 | 10.334 | 17.846 7.5 YR 6/4 light brown
M4.6.E1a Brick 54.740 | 10.853 | 17.039 5yr 6/4 light reddish brown
M4.6.E1b Mortar  51.110 | 9.724 | 16.267 10YR 7/4 very pale brown
40.353 | 11.787 | 16.579 5YR 4/4 reddish Brown-Clay nodule
M4.6.E20a  Brick 34.844 | 2.921 | 13.731 5Y 6/3 pale olive-brick’s interior
65.151 | 3.730 | 20.041 10YR 6/4 light yellowish brown-
exterior

The first group comprises sample M1.3.E4a made with a yellowish impasto, homogeneous
and rich in medium to fine grains of quartz (size <lmm) and very occasionally crushed brick
ballasts. The second group contains three heterogeneous samples (M2.2.E8a, M3.4.E19a and
M4.6.E1a), varying from pale to reddish brown (Figure 6). Generally, the red coloured bricks
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have a high iron contents while white or yellow colours are due to the high lime contents
[15], which suggests a higher firing temperature. A white outer layer covers the brown-red
matrix of the brick sample M2.2.E8a that contains medium to coarse quartz (size 1-3mm),
shale and fired brick grains, while wavy yellow layers of clay spreads are packed in the paste
matrix of sample M4.6.E1a, including an abundant quantity of crushed ceramic fragments
(size 1-5mm). On the contrary, the presence of angular and rounded crystals of quartz in
translucent pink or grey color is observed in large amounts compared to the crushed brick, in
sample M3.4.E19a.

Figure 6. Macroscopic aspect of bricks. M1.3.E4a: yellow impasto with quartz grains. M3.4.E19a: yellow and
red layers of clay with quartz, pebbles, shale and crushed ceramics. C-M4.6.E1a: Fired crushed ceramic
fragments with dark reaction rings and quartz. D-M4.6.E20a: Fired crushed brick fragment in a pale olive paste
showing dark reaction ring.

The last group includes sample M4.6.E20a, collected from one of the oldest parts of the
house at the bottom of a neighbouring wall. This brick is pale olive with a yellow lump of the
original clay matrix; this grain has dark reaction rings at the interface with the clayey matrix
(Table 1), there are also quartz sand and dark fired crushed ceramics of medium to coarse
size reaching 2 cm. On the other hand, the mortar specimens present similar aspects.
Observed by the naked eye, they are all composed mainly of sand, lime, large visible crushed
ceramic fragments used as coarse material additives and accessory minerals like quartz
(Figure 7). Based on the colour of patina, the mortars are divided in two groups. Sample
M1.3.E4b stands out from the other mixtures with its very pale yellow binder. The matrix has
a very refined texture including rounded unhydrated lime lumps not exceeding 6mm in size,
and small amounts of crushed ceramic fragments (size<0.5mm), while ash and fine-grained
aggregates of quartz are found very occasionally, when compared to the other samples. It is
noteworthy that another layer of brown reddish mortar was applied on top of this roof filling
mixture to prepare the floor tiling (Figures 3, 7).
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The second group contains samples M2.2.E23a, M3.4.E20b and M4.6.E1b, where the binders
are reddish to pale brown and present different quantities and variation in the types of
aggregates, their size and shapes. The occurrence of sand grains, quartz and pebbles
particles, sub-rounded fired crushed ceramics (size 0.5-3mm), and unhydrated lime lamps
(size 0.5-4mm) is found in sample M2.2.E23a. Evident ballast of brick of 1.2mm in length is
observable with no reaction rings and a good cohesive aspect with the pale brown matrix.
Sample M3.4.E20b shows crystals of quartz, shale (size 4-8mm) and crushed ceramic
fragments engrossed in a reddish matrix ranging from clay to sand.

Figure 7. Visual aspects of the mortars. A-M1.3.E4b: yellow patina with quartz grains, lime lumps and ash. B-
M1.3.E4b: layer of reddish bedding mortar covering the filling mixture. C-M2.2.e23a: coarse crushed brick
fragment in a brown mortar matrix. D-M3.4.E20b: medium lime lumps and fine to coarse fired brick clasts, E-
M3.4.E20b: shale and crushed brick fragment. F-M4.6.E1b: fine-grained quartz and lime nodules, subangular
brick clasts.

Sub-angular and Rounded lime masses appear in large amounts up to 4mm in length,
indicating that the lime was dry-slaked using a small amount of water. The shale and blue
stones are extracted in-situ according to their abundance during the earth and foundation
works of the house. Differently from the other samples, M4.6.E1b has rather an important
guantity of sub-angular crushed bricks in medium to coarse size (1-8mm), in addition to
guartz, blue stone and ash. Boundary reactions are observed at the interface between these
particles and the binder. In roman times, the coating lime mortars used in water related
structures or buildings located in areas with high humidity contained pozzolanic material like
crushed ceramics, tiles and pottery fragments [16]. This specimen was collected from the
exterior facade, highly exposed to climate conditions.

4.2 Mineralogical and chemical composition of the samples

This visual examination was contrasted with data from X-ray diffraction analysis on both
mortar and brick samples whose main components are indicated in Table 3.
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The XRD patterns of the bricks indicate that quartz and calcite are the main dominant
components of the matrix, with the presence of feldspars and plagioclase (Albite and
Anorthite) in small amounts, phyllosilicates (muscovite) as accessory minerals. The yellow
and red bricks are mineralogically different.

Table 3. Results of XRD analysis

Fs . cM
Sample Qz Cal Ms He S Ab | An | Mc | A Gh Di B-c K11 Ah
M1.3.E4a @ +++ ++ - + - % + - - + + - -l -] -
M1.3.E4b  + +++ - - -] - - - - - - - ] -
M2.2.E8a @ +++ ++ * + - % - * - + + - -l -] -
M2.2.E23a  +++ = +++ + - -t - + - - - o
M3.4.E19a +++ ++ + - -+ - + - - - R I
M3.4.E20b  +++ ++ * - % - - * - - + |+ |- -
M4.6.Ela +++ ++ - + | - - - + - + - - - -
M4.6.Elb | +++ ++ + + -+ - + - - - - I
M4.6.E20a +++ ++ - - - - - - + - + - - - -

Qtz=Quartz, cal=Calcite, Ms=Muscovite, He=Hematite, Fs=Feldspar (Ab=Albite, An=Anorthoclase, Mc=
Microcline, A=Anorthite), Gh=Gehlenite, Di=Diopside, B-c=Cristobalite beta, CM= Clay minerals
(K=Kaolinite, I=lllite), S= Siderite, Ah= Anhydrite.

+++ Very abundant, ++ abundant, + present, * scarce, - not detected.

The presence of calcium silicate diopside can