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Resumen

El conocimiento de las caracteristicas fisicas ganiezas de los morteros antiguos es muy importaiee
hora de seleccionar morteros de reparacién y deeptaadecuadamente cualquiera intervencién de
reparacion. Asi, se hace necesario definir los doStade ensayo de caracterizacion aplicables a las
muestras irregulares y friables para evaluar dicheacteristicas.

En el presente trabajo son presentados y analizigoeos resultados de caracterizacion experimeletal
morteros antiguos portugueses. Métodos de ensdigadibs para evaluar el comportamiento al agua y |
resistencia a la compresion son descritos. La coamnjiem con resultados de ensayos obtenidos para
morteros nuevos, usando dichos métodos y tamb&mietodos preconizados por la norma europea es
usada para extraer conclusiones sobre las positdglde los métodos.

Los resultados experimentales son aun correlact@neah el nivel de la degradacion inicial atribuédims
morteros antiguos con base en el analisis visual.
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Abstract

The knowledge of physical and mechanical charastiesi of ancient mortars is very important to selec
repair mortars and to plan adequately any reptniantion. There is a need to define charactéoizaest
methods applicable to irregular, friable sampleaseess those characteristics.

In the present work some results of experimentalatterization of Portuguese old mortars are pteden
and discussed. The test methods used to evaluatwater behaviour and the compressive resistarece ar
described. A comparison with results of compressivength obtained for new mortars, using the same
method and also the methods proposed by EN stasidardsed to extract conclusions about the meshod’
possibilities. A correlation of the experimentaltalavith the initial degradation level attributed ttoe
mortars by visual analysis is performed.
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1. Introduction

In general interventions on ancient building wadlguire the use of substitution or repair mortarsatle
and compatible with original structures; so, thgiysical and chemical behaviour must be similatht®
existent ones. In this sense it is important to emsidnd the chemical, physical and mechanical
characteristics of old mortars [1, 2, 3, 4].

These characteristics are also relevant to assesgegradation level of the mortar, essential findahe
repair strategies.
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Concerning chemical analysis of original mortaesjesal studies [2, 5, 6, 7, 8, 9, 10] have beemiyai
centred in the characterisation and identificatidrtheir components by sophisticated techniqueschvhi
give rigorous data about mineral constituents améngcal compounds that cause deterioration.
Nevertheless, the chemical and mineralogical charigation is not enough to acquire the necessary
knowledge to take fundamental decisions. Compleamgninformation about physical and mechanical
characteristics of mortars is indispensable, botherify if they guarantee an adequate performariche

old mortar or to be used to design the new matewhich must be compatible with the pre-existing
materials in contact in aesthetic and functiondiemical, mechanical and physical - terms [2].

In old mortars (completely carbonated), the cagiilfacoefficient is a measure of the compacity loé t
rendering mortar and therefore of its strengthinasme mortars, improved compacity is usually teth
with good strength; assuming the mortar is alreamiypletely carbonated, the low volume of voids, and
consequently the capillarity coefficient and theesgth, give an idea of the state of conservatibn o
rendering mortar samples.

The study of physical and mechanical charactesisifcpre-existing mortars allows the knowledgelwf t
characteristics which must be expected to subistitutnortars, as long as possible, and in that sense
provides data for the formulation of new mortar esiXor repair.

However, there is some difficulty concerning thagsessment as the extraction of sufficient amofint o
ancient mortar samples is not always possible. thaidilly, the samples are often not suitable for
standardised physical and mechanical tests dueiolow cohesion and irregular shape [11, 12].

In the present work two test methods developedhese kind of samples are described and the obtaine
results for samples of old mortars extracted fridmis several case studies are presented andsdisduln
the case of the test method for compressive stiemgiomparison with results obtained for new mertar
using the same methods and also the methods ppgsEN standard (1015-11 or 1015-18) is used to
extract conclusions of the methods’ possibilities.

The analysis of the experimental data and a cdioalavith the initial degradation level attributeyg visual
analysis is performed and the utility of the phgbnd mechanical characterization to evaluatestiie of
conservation of ancient mortars is assessed.

2. Case studies

The selected case studies are buildings from IX\tdl centuries with ancient mortars based on aird.

In several cases, the ancient mortars show to be resistant and durable to weathering factorseeith
physical or chemical. The most serious defectshe§é mortars, present in some cases, concern floss o
cohesion, efflorescences and criptoflorescencesssdf adhesion.

A level of degradation was previously attributedetch case study based on “in situ” visual analgkis
visible mortars’ damage, adjusted according toctdfges and intensities observed.

The case studies and ancient mortars tested artifigl on Table 1 and some of them are shownguoré

1. Some analysed ancient mortar samples with diffedeterioration degrees are presented in figure 2



Figure 1 — Some case studies: a) Santa Marta Bsytog Elvas church; c) Nossa Sra. da Boa Nova
Sanctuary — Flor da Rosa; Matriz church of Mértola

Figure 2 — Some samples of case studies with diffedteterioration degree: a) Low; b) Medium and c)
High

3. Test methods

Render samples which can be extracted from sitausmally small, irregular and sometimes with a low
cohesion. Therefore, the direct application of texit standardised tests is seldom possible. Inrdale
obviate this problem some special test methods e studied and adapted to old mortar samples
collected from site. Two tests — capillary absanptby contact and compressive strength — were prdpa



and experimented at LNEC together with other Euaopestitutes within Research ProjécfBhese tests
have been calibrated and described in previoussjdrk 12] and here they are summarised:

Technigue for capillary absorption by contact (f8). the test consists on periodic weighing of samples
which are put in a basket with wet geotextile gduyslaced in a transparent recipient with water. The
specimen, which is in contact with water through wet geotextil, is weighed together with the whaele
basket and wet gauze, every 5 minutes for the4lsnhinutes and then within intervals of 60, 90,1800,
480 and 1440 minutes. The absorbed water is detedmihrough the difference between the weights
measured periodically (basket + wet gauze + sanmi€) the initial weight. The capillarity coefficien
obtained by this method is designed capillarity fiicient by contact (Ccc) and it is determined at 5
minutes and between instants 10 and 90 min (EN-1@1R 3]) if the straight part of the absorptiomaz

in function of the square root of time is prolonged

Technigue for compressive resistance test (figth extracted mortar samples are arranged ireaiap
mould within a strong mortar (“confinement mortaif) order to achieve the regular shape necessary fo
adaptation to the compression machine used onatdisdd method of EN 1015-11 [14] specificatione Th
sample can protrude from the confinement mortaddxsr as it is shown in figure 4. This “confinement
mortar”, designed to be stronger than the extrastedples, is applied in fresh on the sample ansl it
normally composed by cement and siliceous sand witight proportions 1:3 (CEM II, 32,5 : sand). An
easily applied direct compression test is theni@drout, giving compressive strength values.{B5cAn
electromechanical testing machine ETIHM-S was ug&ttl, a load cell of 200 KN.

The mortar samples are submitted to the water ptisortest and then dried and prepared to be stdunit
to compressive resistance test.

Figure 3 — Capillary absorption by contact test

! ProjectHistorical mortars, engaging Laboratério Nacional de Engenharia GRartugal), University of
Ljubljana (Slovenia) and Institute of TheoreticatidApplied Mechanics (Czech Repubilic).

2 As the samples are superficially friable, the dtad method by direct immersion in water is unfelasi
S0, geotextile gauze is used to avoid loosingitiee farticles which are soluble in water.



Figure 4 — Ancient mortars: a) compressive stretegh b) sample after compressive strength test

4. Test results

In order to assess the influence of the “confinemmeartars” on the ancient mortars results, testh wi
cement and siliceous sand mortars with two differesight proportions — 1:2 and 1:3 — were performed
The results at 28 days show compressive strendgievaf these cement mortars are of higher magmitud
respect to ancient mortars values (CEM 1:2 — 21N/rand CEM 1:3 — 11N/mfj confirming that
confinement mortars are stronger than the extraatent samples. The results obtained with both
compositions also confirm that they have no infiieeon the old mortars results.

The comparison mortars (new mortars) prepared borddory are identified and the test results of
compressive strength by standardized and adaptdtbdseare presented in Table 2. To take into adcoun
the representativity of the new mortars and to shawe conclusive results, several different comjms

of mortars — considered as possible solutions ff kendering’s repair — were tested (figure 5).

Figure 5 — Lime mortar specimens prepared to cosspre strength test (method for irregular samples)



Values of compressive strength obtained for laloit mortars by standardized method show low
standard deviations (SD < 0,11) while higher disjer of results for the different specimens of shene
mortar were verified for values obtained by confireat method. However, even in these cases SD values
are < 0,4, with exception of one case (ALB950) wHgD is 0,6

In general, the collected samples show variablekitgiss and in some cases they are composed by more
then one layer. In some cases it was not possilieltect more than one sample due to the weaksiomhe
which restricted the representativity of the ob¢gimesults in these case studies.

The capillarity coefficients by contact and the heatical strength results obtained for the old merta
samples are shown in Table 5.

5. Discussion

5.1 Compressive strength determined by standardised method and by the confinement mortar method

Figure 6 exhibits the correlation between the casgive strength obtained by standardised methajl (Sc
and compressive strength determined by the methroidr-égular samples (§f, showing a ratio S¢ Sgn,
varying from 0,6 to 1,0 with exception of two cagfs2, HFLM3) which ratios were 1,1(Table 3). This
variation seems acceptable, considering the pldgisender strength increasing in tinhe fact, it is likely

that when the new compressive strength test wagedpp those samples, one or three years aftetette
accomplished by the standardised method, the sahggree of carbonation had already increased and
therefore their resistance was higher, producirgia S¢/ Sc,, lower than one.

y = 0,8052x - 0,0051
R? = 0,9308
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Figure 6 — New mortars. Correlation between congivesstrength by standardised and new method
(confinement mortar samples)

5.2 Ccc and mechanical characteristics

The interrelation between capillary coefficienttaminutes (Ccc 5 min) and compressive strength,JSc
obtained for both new and ancient mortars has pkxted in figs. 7 and 8, respectively.

Hydrophobic lime mortar's values were not includedigure 7 as the lower capillarity of these mostas
not related with their compacity, thus it not pb#sito correlate it with the mechanical strength.

The graphics show that the mortars prepared inrdabry, which are probably not completely carbodate
present values of capillary coefficients betweema® 20 Kg/mh'? and great part of compressive strength
values lower than 3 N/nfn



A part of studied ancient mortars with differengdedation levels shows a broader velocity of akismmp
distribution and compressive strength values. Theselts were expected for these heterogeneousirsort
with different characteristics of age, deterioratievel, climate conditions, strength requiremeets,

A careful analysis should be performed in orderctorelate the deterioration degree with capillarity
coefficient and compressive strength values. Thwined information should be useful to establish
intervention recommendations.
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Figure 8 — Ancient mortars. Relationship betweemmessive strength and capillarity coefficient by
contact

5.3 Degradation level, Ccc and mechanical characteristics

Figures 9 and 10 shows schemes of the relationsttipeen the initial degradation level classificasio
considered for the several cases (table 1) aneththinum and maximum values of analyzed parameters:
compressive strength and capillarity coefficientdoytact at 5 minutes (table 3). Values of Averggé),
Standard Deviation (SD) and Variation Coefficievi€} are also included.

The different degradation degrees of mortars aadibh coefficient variation for both methods —ittapy
absorption and compressive strength — prove theHomogeneity among the analyzed samples. This



conclusion was in part predictable considering dhersity of samples characteristics both of mdstar
origin and mortar’s composition.

Medium to high degradation degree mortars show rhoraogeneous values concerning the compressive
strength. Concerning the capillarity coefficientietcorrelation between deterioration degree ansl thi
characteristic is hard, taking into account thehh{g 57%) variability of the results for all levef
deterioration.

The analysis of figures 9 and 10 also allows ferfthilowing observations: mortars with high deteaittmn
degree show the higher Ccc5 and the lower compeessiength; mortars with low deterioration degree
show the lower Ccc5 and the higher compressivegtine
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Figure 9. Schematic representation of the relalignsetween degradation level and capillarity dogghts

by contact (Cccb)
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Figure 10. Schematic representation of the rektiproetween degradation level and compressivegtitréSe.)

5.4 Global analysis

As it was referred before, a careful analysis sfcstudies and the obtained information are usefgive a
key for possibilities of intervention recommendato

In figure 8, four regions — A, B, C and D — werdided according to groups of physical and mechanica
results.



The lower compressive strength values were obtafoethe “Pombalina” wall and for the Misericérdia
church of Viana do Alentejo. In both cases theg amerior plaster mortars, with lower strength
requirements than external renders or joints’ mertelowever, in the second case it is a sampleitilad
visually with a high deterioration degree. Figurel®ws the referred cases which are placed in meg§io
Amieira do Tejo exterior mortars are also includedhis region, as they have low resistance any éne
classified with high degradation degree.

The render samples FSAMO02, BIM, AAL and AAMOG6, shoather high capillary coefficients. This
characteristic should be studied more carefullgvaluate the need of complementing those rendets wi
protection additional finishing coats. Neverthelessthe referred mortars present good enoughapses
this kind of measure must be adopted only if pnoisl@re noticed in the building clearly relatedaoki of
water protection. These mortars are illustratecgion B of figure 8.

In region C of figure 8, the majority of cases aetated to mortars without degradation or with low
degradation level, which assessment of conservatair may lead to their maintenance.

The other cases, included on region D, assembldgamsowith medium characteristics, similar to the
performance found for substitution mortars. Fostheases, maintenance is also a logic decision.

6. Conclusions

Information about physical and mechanical char&ties together with chemical characteristics is
necessary both to adjust the formulation of repairtars and to assess their state of conservation.
The analysis of their application to an extensiuenber of cases allowed evaluating the suitabilftynm
adapted test methods applicable to irregular amblé& samples concerning their use as auxiliary
techniques to evaluate old renders conservatide. sta
According to the experimental results, the follogvconclusions can be drawn:
(1) Although the determination of compressive stremftitregular mortar samples using the referred
method clearly does not furnish an exact absolataevit permits a comparative evaluation of this
characteristic.
(2) There is no influence of the “confinement mortacgmposition on the results. Nevertheless, a
further calibration is necessary, namely to astesgfluence on the results of the sample’s thegisn
(3) Together with the capillarity coefficient by conteat 5 minutes the compressive strength can
contribute to the characterization of the stateafservation of ancient mortars complementing the
results of visual analysis.
(4) 1t should be noticed the importance of performitygical and mechanical characterization tests
in order to assess objectively the conservatiote séa in some cases the visual analysis leads to
incorrect classifications.
(5) Most of the samples analysed here presented restiltsompressive strength and capillary
coefficients considered acceptable for their useerwcompared with mortars formulated for use in
ancient buildings’ interventions and prepared ibolatory. The values obtained, together with the
visual assessment point out to the conservatiaefmortars studied, with possible localised repair
works, with the possible exception of the Miserdiar church mortars. In this case, it must be
considered the hypothesis of consolidation treatsnen of partial substitution by compatible new
mortars.
(6) The comparison between results obtained for sulistit mortars and the regions (A, B, C and D)
obtained for ancient mortars corroborates to thasa® of ancient mortars preservation located in C
and D regions. In effect, the opposite decisionbpbly leads to substitution by mortars either
incompatible or with lower or similar performance.
(7) Further development of this study will hopefullyrpet to examine thoroughly the influence of
the porous structure and the porous diameter lligioin on the strength and on the water behavibur o
ancient mortars and to establish a correlation &etwthe porous structure characteristics and the
physical and mechanical characteristics.
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Table 1. Characteristics of old mortars

. Ag_e (.)f Deterioration Main defects found in wall
Case studies Sample Type Building *
. degree mortars
construction
FSAMOL (1A) Stains, biological colonization
Sacavém Fortress FSAMO2 (1FT) XIX century Medium Sup erficial cr%cks ’
FSAMO7 (2FT)
FSM AMO1 Low Stains, localized loss of cohesion
Santa Marta Fortress FSM AMO2b XVIl century  High Erosion, loss of cohesion,
pulverulence, detachments
FSM zonal Low Stains, localized loss of cohesion
= ix Superficial cracks, biological
Eac; Juligo da Barra FSJB XVI century Medium colonization, dirt. High erosion on
ortress walls in contact with the sea
~ . Low Superficial cracks, biological
S&o Bruno Fortress FSB Militar XVII century colonization, dirty
BSM . Erosion, loss of cohesion,
Bugio Fortress XVI century pulverulence, detachments
BIM High Erosion, loss of cohesion,
9 pulverulence, detachments
Evoramonte Castle EMT2 Xl century Low Signs of biological colonization
Amieira do Tejo Castle  AAM02 XIV_century Medium Erosion
. . . Erosion, loss of cohesion
Viana do Alentejo Castle AAMO1 XIV century Medium pulverulence, detachments
Mértola Cryptoportic AAMO5 IV-V century  Low Dirt, pulverulence
Mértola Tower’s River AAMO7 IV _century Low Erosion, pulverulence
Santa Casa da Inquisicdo
(Holy Home of Inquisition) SCI AM06 XVIl century  Low Erosion, pulverulence
- Monsaraz
Elvas church AAMO4 XVI century - -

- . ) ) Moist stains, subflorescences, loss of
Amieira do Tejo Chapel ATe - ATi XVI century High cohesion and adhesion, dirt
Matriz church of Viana do MAT1A - -

. Religious - -
Alentejo MAT1R g XVI century
fearinArdi Plaster heterogeneity, los§cohesion
\’\;l.lsen((\’jor(ﬂ? C?u.rCh of MIS3A-MIS1 XVI century High and adhesion, moist stains,
lana do Alentejo efflorescences
ggrﬁiﬁjisl—dlgl(i’o(?a’\l;(\)l:a AAMO3 XVII century Low Dirt, biological colonisation
Matriz church of Mértola AAMO06 Xl century Medium Moist stains
. Salts contamination, biological
Maiorca Palace PMAMO04 Palace XVIIl century  Low colonization
o —
“Pombalina® Wall Dwelling building ry
ps5 XVIII-XIX . .
century
, ] . Stains, superficial cracks, without
Queluz’s Windmill MSO AMO3 Unknown Low chemical or biological colonisation
. . CT1
Cetaria of Troia CT2 Industrial I-VI century - Superficial stains
BCT
“Aguas Livres” Aqueduct AAL XVIII century  Low -

* Classification based on visual analysis.

(-) without degradation

% “Pombalino” is a building construction method dieyeed and used in Lisbon after the severe eartheyttzat took
place in 1755 on that town, characterized by walith wooden crossed frames linked to wooden pavémen
structures. These constructions are rather resistaarthquakes, due to their ductile and sabddrstructure.
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Table 2. Compressive strength values of laboratorianortars

Capillarity
Compressive Strength (N/mi coefficient
Mortar ric Constituents . - -
d Standardised method Confinement mortar method
osage S se/Sg Contact method
Age Se, S.D. Age 1_2’(2) 3 S. D. ™ CCC(5min
AL1 Air lime: well graded river sand 90d 1,3 0,04 3years 15 20 04 0,7 12,7
AL2 1.3 Air lime: mixed sand from the Lisbon region 1year 1,3 0,15 1lyear 1,2 1,3 0,2 1,1 12,2
AL3 Air lime: river sand 90d 0,8 0,056 4years 1,5 1,1 03 0,6 10,9
ALCe 1:3:12 Cement: air lime: well graded river sand 90d 1,9 0,07 3years n.d. 25 - 0,8 15,2
1.0,5:2, S . .
ALPZ 5 Air lime: pozzolan: graduated river sand 90d 1,8 0,07 3years 2,0 19 0,1 0,9 10,2
ALB950 1:1:4 Air lime: brick (950°): river sand 5years 0,8 0,07 S5years 1,7 08 0,6 0,7 12,3
ALB750 1:1:4 Air lime: brick) (750°): river sand 90d 1,0 0,02 5years 14 1,3 01 0,7 12,2
ALM 1.3 \évgigrr?ti: river sand: 10% metakaolin (of lime 2years 0,4 0,04 2years n.d. 0,7 - 0,6 12,3
AHL1 13 Art|f|q|al hydraghc lime : mixed sand from 90d 31 011 2years nd. 38 - 0.8 11.9
the Lisbon region
AHL 2 116 Artificial hydrauhc_llme: air lime: mixed sand 90d 06 0,02 lyear n.d. 08 - 08 202
from the Lisbon region

HEL 1:3 Ir-(le)g:(rj?lfoblc lime: mixed sand from the Lisbon 90d 06 0,04 2 years n.d. 10 - 06 14

. Hydrofobic lime: river sand: 10% metacaulin (of
HFLM1 1:2,5 lime weight) 2years 0,7 0,00 2years 0,7 0,7 0,0 1,0 0,3

. Hydrofobic lime: river sand: 25% metacaulin (of
HFLM2 1:2,5 lime weight) 2years 1,0 0,06 2years 0,9 09 0,0 1,1 1,9

. Hydrofobic lime: river sand: 20% metacaulin and
HFLM3 1:.25 5% silica fume(of lime weight) 2years 0,9 0,10 2years 1,2 09 0.2 0,9 15
PD1 - Pre-dosed mortar 90d 1,2 0,10 2years 1,4 15 01 0,8 11,9
PD2 - Pre-dosed mortar 90d 1,1 0,01 3years 1,6 1,3 0,2 0,8 14,1

@ Comparison values; S.D. — Standard deviation;-artbt determined
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Table 3. Capillarity coefficient and compressive séngth values of samples extracted from site

Capillarity Compressive
Case studies Type Sample coefficient Cccb  strength - Sg,
(kg/me.ht?) (N/mm?)
FSAMO1 5,4 1,2
Sacavém Fortress FSAMO02 27,9 1,8
FSAMO7 14,7 3,0
FSM AM0O1 5,7 2,4
Santa Marta Fortress FSM AM02b 6,8 1,3
FSM zonel 3,4 3,6
Sao Julido da Barra Fortress Militar FSJB 10,9 2,3
Sao Bruno Fortress FSB 1,4 7,1
. BSM 9,1 1,8
B F ; .
ugio Fortress BIM 323 11
Evoramonte Castle EMT2 nd 1,6
Amieira do Tejo Castle AAMO2 55 3,6
Mértola Cryptoportic AAMO5 54 15
Mértola Tower’s River AAMO7 2,3 3,5
Sant_a_(_:asa da Inquisicdo (Holy Home of SCI AMO6 132 25
Inquisition) - Monsaraz
Elvas church AAMO4 5,0 5,9
Amieira do Tejo Chapel ATe 7.6 1.2
mieira do Tejo p AT 95 2.4
. ) . MAT1B 7,4 2,5
Matriz church of Viana do Alentejo Religious MAT3B 6.3 16
N ) . MIS1 7,7 0,9
Misericdrdia church of Viana do Alentejo MIS3A 20,0 0.8
Viana do Alentejo Castle AAMO1 10,5 2,4
ggzza Sra. da Boa Nova Sanctuary — Flor da AAMO3 23 1.9
Matriz church of Mértola AAMO6 25,3 3,5
Maiorca Palace Palace PMAMO04 8,1 2,1
“ o Dwelling P7 7,1 0,8
Pombalina” Wall building PS5 102 1.0
Queluz’s Windmill MSO AMO03 9,4 2,2
Cetaria of Troia CT1l 17,2 2,5
Industrial CT2 3,3 4,5
BCT 2,9 5,5
“Aguas Livres” Aqueduct AAL 24,8 2,2

Nd — Not determined
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