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Abstract

Specimens of aerial and hydraulic lime-based mortars to be used in restoration works were prepared, hardened and subjected to different
environments to study their compositional changes during setting, hardening and exposure to environment. Outside exposure, weathering
cycles in a climatic chamber, SO2-rich environment and indoor exposure (as control group) were selected to expose the mortars. XRD, FT-IR
and TG-DTA analyses were performed at 7, 14, 21 and 28 days to determine the chemical and mineralogical composition, as well as the
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ormation of the degradation products. Outside and SO2-chamber exposures and increasing the relative humidity allowed faster carbo
enhancing CO2(g) dissolution) and hydration of hydraulic compounds. In SO2-chamber, sulfate attack appears as a surface phenom
iving: gypsum in aerial specimens and gypsum and syngenite in hydraulic specimens.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The use of lime mortars in restoration of historical build-
ngs has been described in several previous works[1]. In
his research, the mechanical behavior of aerial lime and hy-
raulic lime-based mortars has been studied[2,3]. The dura-
ility of these mortars is a critical aspect that has been consid-
red by exposing mortar samples to different environmental
onditions: outside exposure (urban atmosphere)[4], SO2
ollutant exposure[5–8], weathering cycles (in a climatic
hamber)[9,10] or freeze–thaw cycles[11,12].

Environmental conditions affect the composition of the
ortars. For example, a relative humidity has an influence
n the Ca(OH)2 carbonation and on the stability degree of
alcium silicate hydrated (C–S–H) in hydraulic binders. The
ccurrence of SO2 allows formation of new products, i.e. the
ulfate attack phenomenon[4]. The compositional changes

∗ Corresponding author. Tel.: +34 948 425600; fax: +34 948 425649.
E-mail address:jalvarez@unav.es (J.I. Alvarez).

and the new products formed have an influence on the
crostructure and the mechanical properties of the repair
tars, as well as on their durability. As an example, in hydra
binders, ettringite, a calcium sulfoaluminate, can be for
as a result of the reaction between the calcium alumin
of the mortar and the gypsum produced by the sulfate a
process (Eq.(1)) [13]:

3(CaSO4·2H2O) + 3CaO· Al2O3·6H2O + 20H2O

→ 3CaO· Al2O3·3CaSO4·32H2O (1)

Formation of ettringite, a strongly hydrated, non-wa
soluble salt, after hardening of the mortar, gives rise to cr
and fractures due to the expansive nature of the reaction[14].

The aim of this paper is to study the variation of
mineralogical and chemical composition in hardened re
lime-based mortars (aerial and hydraulic) after differen
posure tests: outside exposure, weathering cycles (in
matic chamber), SO2-rich environment (in an SO2-chamber
and indoor exposure (laboratory conditions). XRD, FT
and TG-DTA were used for this purpose.
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.03.015
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2. Experimental work

2.1. Mortars

Two different kinds of limes have been used to pre-
pare the mortars: aerial lime and natural hydraulic lime.
The first one is a commercial-hydrated lime powder of
the class CL90 according to the European norm[15] and
was supplied by Calinsa S.A. (Navarra). The second one
is a commercial lime of the class HL5[15], and pro-
vided by Chaux Bruyeres (Saint-Front-sur-Lémance, Fumel).
Table 1 gives the chemical characterization (according to
European Standard)[16] and Fig. 1 shows their X-ray
diffractograms.

A pure limestone sand of angular edges with controlled
granulometry supplied by CTH Navarra (Navarra) was
used as aggregate. Its chemical composition, X-ray diffrac-
togram and particle size distribution are given inTable 1,
Figs. 1 and 2, respectively.

The binder:aggregate ratio (B/Ag) prepared was 1:1 by
volume due to the best mechanical behavior of this propor-
tion, in both kinds of lime[2,3]. Volume proportions of com-
pounds were converted to weight to avoid measurement im-
precision on.Table 2summarizes the equivalencies.

The water:lime (W:L) ratio used to prepare all mortar
pastes was 1:2. A normal consistency and a good worka-
b or-
t
a as a
P or

F (C:
c
d ,
3 len-
i

Fig. 2. Grain size distribution of the aggregate.

5 min. Aggregate was then added and mixed for 5 min at low
speed, and finally for 1 min at high speed.

The mortars were molded in prismatic 40 mm×
40 mm× 160 mm casts[19] using an ICON automatic jolting
table to compact them and remove any air bubbles and voids
[18]. They remained in the molds in ambient laboratory con-
ditions (60± 10% RH and 20± 5◦C) for 4 days. After this
period, the samples were demolded, weighed and cured for
24 more days in the same laboratory conditions. Therefore,
prepared mortars were hardened 28 days before performing
the different tests.

2.2. Environments of exposure

After 28 days, samples were placed in: (i) outside expo-
sure; (ii) in a climatic chamber CCI FCH-XENOLAB 1500:
climatic cycles of 24 h with different conditions of relative
humidity (RH), temperature (T), ultraviolet light and rain.
Table 3summarizes the steps of the climatic cycles; (iii) in
an SO2 chamber[20,21] with cycles of 24 h according to
SFW 2,0S DIN 50018[21] (Table 4); (iv) in ambient labo-
ratory conditions (60± 10% RH and 20± 5◦C), as a control
group.

One hundred and five specimens were prepared for each
mortar type, i.e. a total of 210 specimens have been studied
altogether. Tests and analyses were performed after expo-
s sults
a ses, a
s gate
m es of
t ona-
t ases,
m arried
o

were
d a
B ny)
w d
ility (165 and 170 mm for aerial and hydraulic lime m
ars, respectively, measured by the flow table test[17]) were
chieved by using this water amount. The mixer used w
roeti ETI 26.0072[18]. Water and lime were blended f

ig. 1. XRD of: (a) aerial lime; (b) natural hydraulic lime; (c) aggregate
alcite (ICDD 05-0586); P: portlandite, Ca(OH)2 (ICDD 44-1481); C2S:
icalcium silicate, 2CaO·SiO2 (ICDD 02–0843); C3S: tricalcium silicate
CaO·SiO2 (ICDD 02–0849); MgO: periclase (ICDD 45–0946); Ge: geh

te, C2AS, Ca2Al2SiO7 (ICDD 35–0755); Q: quartz (ICDD 46–1045)).
ure times of 7, 14, 21 and 28 days. The reported re
re an average for three similar specimens. For analy
ignificant portion of each specimen was ground in an a
ortar. Samples were taken from the core and the edg

he mortar specimens to avoid differences in the carb
ion depth (analyses of the bulk sample). In some c
easurements of the surface of the samples were c
ut.

The mineralogical phases contained in the samples
etermined by means of X-ray diffraction (XRD) using
ruker D8 Advance diffractometer (Karlsruhe, Germa
ith a Cu K�1 radiation and 0.02◦ 2θ increment an
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Table 1
Chemical analysis of the aerial, natural hydraulic lime and aggregatea,b

Raw material ILc (%) SiO2 (%) CaO (%) MgO (%) R2O3
d (%) SO3 (%) Na2O (%) K2O (%)

Aerial lime (Estavol®) 25.46 0.71 68.26 3.55 0.55 0.96 0.07 0.04
Natural hydraulic lime 15.00 12.57 54.26 7.65 6.58 2.13 0.34 1.35
Aggregate (Ag) 43.10 0.49 52.83 2.28 1.14 0.57 0.07 0.05

a Percentages related to original dry sample.
b The methods specified by the European Standard EN-196 were followed for the chemical analyses.
c Ignition loss, indicates the weight loss due to calcination at 975–1000◦C.
d Percentage of Fe and Al oxides together.

Table 2
Equivalent volume proportion/weight proportion for aerial and hydraulic lime-based mortars

Lime-based mortar Volume proportion Material Volume (L) Weight (g) Weight proportion (g)

Aerial 1:1 Lime 2.00 800 1:3.75
Aggregate 2.00 3000

Hydraulic 1:1 Lime 2.00 1400 1:2.14
Aggregate 2.00 3000

1 s step−1, scanning from 2◦ to 90◦ 2θ. The results were com-
pared with the ICDD database.

Powdered samples were analyzed by FT-IR spectroscopy,
in KBr pellets with a Nicolet-FT-IR Avatar 360, with
OMNIC E.S.P. software. The resolution was 2 cm−1 and
the spectra were the result of averaging 100 scans. All
measurements were carried out at 20± 1◦C and ca. 40%
RH.

Differential thermal and thermogravimetric analyses
(DTA-TG) were carried out with a simultaneous TGA-
sDTA 851 Mettler Toledo thermoanalyser (Schwerzenbach,
Switzerland) using alumina crucibles, with holed lids, at
20◦C min−1 heating rate, under static air atmosphere, from
ambient temperature to 1200◦C.

3. Results

3.1. Weight change

The weight changes of the samples are given in
Figs. 3 and 4. In Table 5, the humidity degree of the speci-
mens is collected. A lower value for indoor exposure than for
outside exposure can be seen.

3.2. XRD analyses

Fig. 5shows the XRD patters from: (a) the bulk of the sam-
ple of the specimens, and (b) the external layer. In aerial lime-
based mortars, calcite, portlandite and quartz have been found

Table 3
Steps of the climatic chamber

Cycle (24 h) Temperature (◦C) RHa (%) Rain Light Time (min)

Step 1 35 30 No Yes 160
Step 2 12 60 Yes No 160
Step 3 −5 0 No No 160
Step 4 12 60 No No 160
Step 5 35 30 No Yes 160
Step 6 12 80 Yes No 160
Step 7 35 30 No Yes 160
Step 8 −5 0 No No 160
S

T
S

C

2

tep 9 12 60
a Relative humidity.

able 4
O2-chamber cycles

ycle duration (h) SO2 addition (L) H2O addition (L)

4 2 2± 0.2
No No 160

Steps T (◦C) RH (%) Time (h)

1 40± 3 100 8
2 Room temperature <75 16
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Table 5
Humidity degree of the specimens exposed, expressed as free water content (%)

Test day % Water

Aerial lime-based mortars Hydraulic lime-based mortars

Outside Climatic Indoor SO2 Outside Climatic Indoor SO2

0 0.35 1.58
7 7.54 – 0.21 5.48 1.96 11.88 1.78 11.40

14 13.66 – 0.16 6.12 2.74 12.69 1.80 13.77
21 15.47 – 0.17 12.71 3.54 13.64 1.52 13.82
28 12.35 – 0.54 11.11 2.00 12.80 1.38 13.77

in the different environments. Also gypsum (CaSO4·2H2O)
appears in the external layer after SO2-rich environment ex-
posure, as expected.

In hydraulic lime-based mortars, also calcite, portlandite
and quartz can be detected. C–S–H is not clearly detected

Fig. 3. Weight vs. test time in aerial lime-based mortars exposed at different
conditions.

F
d

by XRD since it could stay in amorphous form. Main XRD
peaks of diffraction of gehlenite and calcium silicates (C2S
and C3S) could be recognized, however the background, the
very close peaks and the small amount of these compounds
hinder a well-defined identification[3].

In SO2-chamber exposure, gypsum and syngenite
(K2Ca(SO4)2·2H2O) [7] have been detected in the external
layer as a result of the sulfate attack process. Therefore, this
process takes place in a superficial way. Traces of ettringite
(described as an alteration product after SO2-exposure in hy-
draulic binders)[22] appear in the XRD pattern of the bulk
of the sample.

From XRD patterns, a semiquantitative CaCO3
(%)/Ca(OH)2 (%) relation can be obtained to compare
the carbonation of the mortars through the intensity of the
diffraction peaks (taking into account the peaks atd= 3.03
and 2.628̊A, for CaCO3 and Ca(OH)2, respectively).Table 6
summarizes the mean results as a function of the exposure
day.

3.3. FT-IR analyses

Analyses of the surface and of the bulk of the samples
were carried out by FT-IR.
ig. 4. Weight vs. test time in hydraulic lime-based mortars exposed at
ifferent conditions.

F ulic
l ort-
l DD
3

ig. 5. XRD of: (a) the bulk of the sample; (b) external layer. Hydra
ime mortar in SO2-chamber exposure (C: calcite (ICDD 05–0586); P: p
andite (ICDD 44–1481); E: ettringite (ICDD 41–1451); G: gypsum (IC
3–0311); S: syngenite (ICDD 28–0739)).
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Table 6
Ratio of CaCO3/Ca(OH)2 from XRD measurements expressed as percentages of calcite/portlandite in different exposures

Test day % CaCO3/% Ca(OH)2

Aerial lime-based mortars Hydraulic lime-based mortars

Outside Climatic Indoor SO2 Outside Climatic Indoor SO2

0 3.9 13.5
7 5.9 8.0 5.4 5.8 13.6 17.5 13.9 17.9

14 5.9 – 6.2 5.9 19.0 17.5 14.4 19.4
21 7.0 – 7.8 9.6 15.1 14.1 16.6 18.6
28 10.4 – 9.6 13.9 15.4 17.9 14.9 19.0

In aerial mortars subjected to outside, indoor and climatic
chamber exposures, absorption bands at∼1420 cm−1 (broad
bands), 874 and 714 cm−1 (strong peaks) are indicative for
the presence of calcite[7]. The sharp vibrational band at
∼3640 cm−1 corresponds to OH stretching, and it is designed
to the calcium hydroxide (Fig. 6(a) shows, as an example, FT-
IR spectrum of an aerial specimen after 28 test days in indoor
exposure).

In SO2-chamber exposure, FT-IR spectrum (Fig. 6(b))
shows other bands at∼3548, 3410, 1624, 1143, 1117, 1017,
713, 670 and 603 cm−1, indicating the presence of gypsum.
Also it can be observed bands corresponding to calcite and
portlandite. Vibrational bands at∼990 and 947 cm−1 arise
from SO3

2− vibrations.
Hydraulic mortars exposed to outside, indoor and climatic

chamber have similar IR spectra. As an example,Fig. 7(a)
shows the IR spectrum of a hydraulic sample (28 test days
of indoor exposure). Absorption bands at∼1420, 874 and
714 cm−1 reveal the presence of calcite[23]. This spectrum
also shows a narrow band at∼3640 cm−1 attributed to the
O–H free stretching vibration and a broader band centered at
∼3400 cm−1 due to hydroxyl groups[24]. The broad band at
1000–970 cm−1 arises from C–S–H vibrations[7] (Fig. 7(a)).
Obviously, this band is missing in aerial lime-based mortars
(Fig. 6(a)).

F ndoor
e um;
S

In SO2-chamber exposure (Fig. 7(b)), absorption bands
attributed to gypsum are observed, as in the aerial mortars ex-
posed to SO2-rich environment. Additionally bands at 3248,
753 and 643 cm−1 indicate the presence of syngenite. A sharp
band at 990 cm−1 and a shoulder at 947 cm−1 give an evi-
dence of sulfite. No calcium hydroxide was detected in the
external layer.

3.4. Thermal studies

TGA-DTA analyses were performed in order to charac-
terize the mortars. Results are in accordance with the XRD
and IR data.

Fig. 8(a) shows TG-DTA curves of the bulk of an aerial
mortar exposed 28 days at SO2-rich environment. The en-
dothermic peaks with associated weight losses at∼500 and
900◦C are attributed to the Ca(OH)2 dehydroxilation and
CaCO3 decarbonation, respectively. Only a very slight en-
dothermic peak at∼160◦C could prove the existence of a
very low amount of gypsum. However,Fig. 8(b) represents
TG-DTA curves of the external layer of the same sample.
The strong endothermic peak, as a doublet, between 160 and
180◦C, corresponds to the gypsum dehydration, which takes

F to (a)
i (P:
p cium
s

ig. 6. FT-IR spectra of aerial lime-based specimen subjected to (a) i
xposure; (b) SO2-chamber exposure (P: portlandite; C: calcite; G: gyps
f: sulfite).
ig. 7. FT-IR spectra of hydraulic lime-based specimen subjected
ndoor exposure; (b) SO2-chamber exposure, external alteration layer
ortlandite; C: calcite; G: gypsum; S: syngenite; Sf: sulfite; C–S–H: cal
ilicates hydrated).
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Fig. 8. (a) TG-DTA curves of the bulk of the sample of an aerial lime-based
mortar after 28 test days in SO2-chamber exposure. (b) TG-DTA curves
of the external layer of an aerial lime-based mortar after 28 test days in
SO2-chamber exposure.

place in two steps (Eqs.(2) and (3), respectively)[25]:

CaSO4·2H2O → CaSO4·1/2H2O

+ 3/2H2O (T = 162◦C) (2)

CaSO4·1/2H2O → CaSO4 + 1/2H2O (T =174◦C) (3)

Similar results can be observed for hydraulic mortars. The
analysis of the bulk (Fig. 9(a)) shows a dehydration peak
at about 150◦C, due to overlapping of C–S–H and ettrin-
gite dehydration effects.Fig. 9(b) depicts TG-DTA curves
of the mortar surface, showing the strong peak of the gyp-
sum dehydration at 160–180◦C. Endothermic phenomena at
∼290, 400 and 550◦C are attributed to the thermal decom-
position of syngenite: dehydration, decomposition and poly-
morphic transition, respectively[26], meanwhile at 480◦C
the endothermic peak with associated weight loss reveals a
small amount of calcium hydroxide.

Fig. 9. (a) TG-DTA curves of the bulk of the sample of a hydraulic lime-
based mortar after 28 test days in SO2-chamber exposure. (b) TG-DTA
curves of the external layer of a hydraulic lime-based mortar after 28 test
days in SO2-chamber exposure.

4. Discussion

The evaporation of free water from the samples causes a
weight decrease, whereas a weight increase will be observed
when salts are formed by reactions of the lime with CO2
and SO2 (carbonation and sulfation reactions, respectively) or
when the sample reacts with free water to produce hydration
products (as C–S–H, ettringite in hydraulic binders). Most of
the free water is removed during the curing period, previous
to the different exposures, so results do not depend on this
phenomenon.

In Fig. 3, aerial lime-based mortars subjected to outside
exposure show a weight increase up to 21 days due to car-
bonation of the calcium hydroxide. The CO2(g) reaction is
enhanced in the presence of water (optimum at 60% RH)
because dissolution of CO2(g) is necessary for CH (calcium
hydroxide) carbonation[7,27], which explains the difference
between outside and indoor exposures (Tables 5 and 6).

In SO2-chamber exposure, a weight increase takes place
due to the SO2(g) reaction (sulfate attack process). The pres-
ence of bands of calcite and portlandite (FT-IR analysis,
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Fig. 6b) indicates a certain degree of carbonation. Besides,
sulfite appears as an intermediate stage previous to the sulfate
formation[28–30]. In weathering exposure (climatic cham-
ber), after 7 test days, the aerial lime mortars do not withstand
the climatic cycles, and a total destruction of the specimens
is produced.

Hydraulic lime-based mortars exhibit an erratic variation
of weight in outside exposure strongly influenced by the
weather of the test day, which governs the amount of wa-
ter in the specimens. In indoor exposure, the carbonation de-
gree is low due to the small amount of water (Table 5). The
hydration of calcium silicates does not take place in agree-
ment with previous work that stated a C–S–H formation in
the first 28 curing days and weight stabilization at the test
days of the present work (the process depends on other im-
portant parameters come C2S/C3S ratio)[3]. In SO2-chamber
exposure, the sulfate attack is responsible for the weight in-
crease. The high RH in the environment increases the amount
of free water (Table 5); the higher amount of free water to-
gether the presence of sulfate and the increase in tempera-
ture (40◦C) speed up the hydration reaction of calcium sili-
cates to produce C–S–H[31,32]. Different experimental ev-
idences certify this fact: (i) minimum values observed in the
CaCO3/Ca(OH)2 ratios at 21 or 28 test days, due to the in-
crement of Ca(OH)2 amount from calcium silicates hydration
(Table 6); (ii) the presence of portlandite (Fig. 5(a) and 9(a)).
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degree of alteration. The position in the climatic chamber has
an influence on the alteration degree; samples placed at the
center of the chamber showed the highest alteration, since
they receive a higher amount of water due to the position of
the water sprinklers. Therefore, freeze–thaw cycles produce
a considerable alteration degree in these mortars.

5. Conclusions

(1) Repair lime-based mortars exposed to outside and SO2-
chamber (conditions with high RH) showed weight in-
crement, in general, due to the facilitated carbonation en-
hancing CO2(g) dissolution and the sulfate attack in SO2-
chamber (aerial and hydraulic specimens), and the pro-
moted calcium silicates hydration (hydraulic mortars).

(2) XRD measurements prove that exposure conditions with
a higher RH degree allows a higher carbonation (aerial
and hydraulic mortars), and a higher hydration in hy-
draulic compounds (hydraulic mortars).

(3) By XRD, FT-IR and TG-DTA analyses it has been deter-
mined the sulfate attack products after SO2-rich environ-
ment exposure: aerial specimens give gypsum, whereas
hydraulic specimens produce gypsum and syngenite, as
thermodynamic control products with a low solubility.
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n Fig. 9(b) calcium hydroxide is detected in the exte
ayer, but no in XRD or FT-IR measurements, due to
mall quantity (around 2.5%) to be observed by these
iques. It can be established that the low amount of cal
ydroxide on the external layer of the mortar is due to
trong deterioration by sulfate and the great extent of the
onation.

Syngenite is formed only in hydraulic mortars, a
esult of its low solubility (2.5 g/L) at room temperatu
Figs. 5(b), 7(b) and 9(b)). The SO2 attack generates pota
ium sulfate in dry conditions, because it has a high solub
120 g/L). This K2SO4 is a kinetic product, but it does n
ppear in wet SO2 attack conditions: syngenite was form

nstead of it owing to its lower solubility[7]. It is a thermo
ynamic control product of the degradation by SO2, as wel
s gypsum (solubility 2.4 g/L).

In aerial mortars, no syngenite is detected due to the l
mount of potassium in this lime, as checked by chem
nalysis (Table 1). Therefore, sulfate attack is a surface
omenon in both aerial lime-based mortars and hydr
ortars.
In Fig. 5(a), a little amount of ettringite can be genera

rom the reaction of sulfate, yet present in hydraulic l
Table 1), with aluminate hydrated during the first cur
ime of the mortar.

In weathering exposure (climatic chamber), a weigh
rease is observed due to the higher amount of free wate
o the changes of temperature, which promote the hydr
f the reactive forms in the mortar. In the specimens teste
estruction was seen. However, several samples show
Sulfate attack process is a predominantly surface
nomenon.

4) In order to use lime-based mortars as repairing prod
a high RH degree during their application is neces
to carbonate calcium hydroxide and to hydrate hydra
compounds.
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