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This work studies the effect of barium hydroxide on the sulphate-resistance of lime-based mortars when
used as an additive material to the lime binder. The overall aim of the work is to study the potential of
barium hydroxide in producing a mixed binder with lime, which is able to fix the sulphate ions, block the
diffusion of sulphate solutions and therefore, reduce the degradation rate of mixtures.

The durability of different mixtures was studied through sulphate salt crystallisation and acid rain sim-
ulation tests, along with the characterisation of their pore-space properties. X-ray diffraction (XRD), scan-
ning electron microscopy (SEM/EDX) and inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) were used for materials characterisation. Experimental results proved that barium hydroxide
increases the durability of hardened mixtures against sulphate attack, without affecting the microstruc-
ture characteristics.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Lime-based mortars have been widely used in archaeological
and historic monuments for both decoration and protection pur-
poses (renders, facades, etc.). Over past decades, the degradation
rate of mortars exposed to urban environments has increased
due to the impact of environmental pollution on building materials
[1,2], affecting their performance characteristics, as well as the
amenity of historic buildings. The degradation of lime mortars also
has economic consequences as the total damage cost, which is the
sum of the renovation cost and the amenity loss, increases. In this
context, the understanding of the degradation mechanisms of tra-
ditional mortars, and the development of new restoration mortars
with enhanced durability, is of great importance and has been the
subject of several projects [3–8].

The main process related to the degradation of mortars in an ur-
ban atmosphere is the reaction of the binding material with sul-
phate, either in the gaseous form (SOx) or liquid phase (sulphuric
acid) [1,3,6]. Sulphuric acid (H2SO4) readily reacts with calcite
(CaCO3) to form gypsum (CaSO4 � 2H2O) through the mechanism
of wet or dry deposition. In static conditions (humid air), the pre-
cipitation and nucleation of gypsum on the calcitic surface is fa-
voured, and because of their greater solubility, surface gypsum
layers exposed to rain are gradually washed out, increasing the
ll rights reserved.
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asios).
porosity of the affected areas [9,10]. Weathering experiments have
shown that the above transformation is rapid, and that gypsum
formation can occur within a few days under normal atmospheric
conditions [11,12].

In the case of cement mortars, or when other hydraulic binders
are present, ettringite (3CaO � Al2O3 � 3CaSO4 � 32H2O) and thauma-
site (CaSiO3 � CaCO3 � CaSO4 � 15H2O) are the two main products,
which are formed through the sulphation process. Both products
are highly expansive, and hence their formation leads gradually
to the total destruction of the material [13–16].

Besides urban environments, ground water may also contain
soluble sulphates from the extended use of chemicals in agricul-
ture over past decades. As a consequence, the long-term service life
of mortars, either buried, or in contact with ground water, can be
affected [17].

The main factor controlling the resistance of mortars against
sulphate attack is the chemistry of their binder [18]. A typical ap-
proach for reducing the degradation rate of restoration mortars in-
volves the partial replacement of lime with pozzolanic materials.
Pozzolans modify both the chemical properties of the binder and
the pore-space characteristics of the mixtures, and therefore affect
the long-term durability of mixtures exposed to sulphate environ-
ments [19–23].

Aiming to enhance the durability of restoration mortars against
sulphate attack, this paper investigates the effect of barium
hydroxide on the chemical resistance of lime-based mixtures,
when it is used as an additive material to the lime binder. Previous
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work on the setting process of lime-based barium mixtures re-
vealed that barium hydroxide may be mixed with lime putty to
create a homogeneous binder. This binder sets through the carbon-
ation of both calcium hydroxide and barium hydroxide, the
precipitation of calcite (CaCO3) and witherite (BaCO3), as well as
the formation of a barium–calcium carbonate [BaCa(CO3)2] solid
solution [24]. The formation of this solid solution results in the
chemical compatibility of barium hydroxide with the lime binder
and, through the spontaneous fixation of sulphate by barium car-
bonate, creates a potential shield against the chemical degradation
of the binding material of lime-based mortars.

The present paper examines the effect of barium hydroxide on
the chemical durability of new mixtures, as well as its effect on
the pore-space properties and the movement of water solutions
in the above mortars. This information is of great importance for
studying the potential of barium hydroxide to produce a mixed
binder capable of fixing sulphate ions, blocking the diffusion of sul-
phate solutions and, therefore, reducing the degradation rate of
mortars used for restoration purposes. The overall aim of the work
presented is to produce new mixtures for restoration purposes,
compatible with traditional lime mortars, with enhanced sulphate
resistance.
2. Experimental

In order to assess the relative resistance of different barium
mixtures against sulphate attack, a number of accelerated aging
laboratory tests were carried out. The aim of these tests was to
determine the effect of barium hydroxide on the durability of the
mixtures and to identify the parameters and the conditions for
optimum performance. Prior to the accelerated aging tests, the
mineralogical composition and the microstructural properties of
mixtures were determined.

2.1. Test specimens

The test specimens were composed of lime putty, barium
hydroxide, aggregates and water. The binder to aggregate ratio
was set at 1:3 by volume. The aggregate fraction consisted of equal
parts of calcitic sand and ceramic fragments in the range of 0.125–
2.00 mm. The grain-size distribution chosen was based on the
recommendations proposed by the BS EN 196-1 standard [25].
The density of lime putty was 1400 kg/m3, barium hydroxide was
1360 kg/m3 and the ceramic aggregates was 2350 kg/m3. Barium
hydroxide was added to the mixtures (BaM-10, BaM-25) in the so-
lid state in two different amounts, constituting 10% and 25%,
respectively, of the total binder volume of the reference mixture
(LM–R). Previous work on barium–calcium hydroxide binary
pastes has shown that the concentration of Ba(OH)2 should not ex-
ceed 25% for optimum performance [24]. Finally, the water to bin-
der ratio was set at 0.55 for all mixtures, according to the results of
the flow test values.

The specimens were initially stored at a relative humidity of
90 ± 5%, and 20 ± 2 �C air temperature, for 7 days, followed by a
period of 28 days at a relative humidity of 65 ± 5% (20 ± 2 �C). After
this period, the specimens were removed from the moulds, placed
on a thick plastic grid and stored in the laboratory room until test-
ing, at a temperature of 20 ± 2 �C and a relative humidity of 50 ± 5%
[25].

2.2. Setting products

Mineralogical analysis of mortar mixtures, cured for 12 months,
was carried out by X-ray powder diffraction (XRD) before any other
experimental process was carried out. Powder samples were
drilled from a layer of 10–15 mm thick. X-ray diffraction analysis
was performed on a Siemens D-500 Diffractometer using the Cu–
Ka radiation (k = 1.5406 Å) with a graphite monochromator in the
diffraction beam, at 1.2 kW (40 kV, 30 mA). Spectra were collected
in the range of 2–60� 2h, with a step of 0.03�/s.

2.3. Pore-space properties

The formation of pore structure in the mortar mixtures is of
great importance as it has a direct influence on the absorption,
movement and evaporation of aqueous solutions through the mor-
tar mass [26,27]. The efficiency of different types of mortar to ab-
sorb water is described through the determination of the water
absorption coefficient (C) and water vapour permeability. Water
vapour permeability values of mortars describe the ability of dif-
ferent types of mixtures to permit the diffusion and evaporation
of water vapours and/or other water solutions through their mass,
under isothermal conditions. This, in turn, controls a number of
setting and deterioration mechanisms, such as carbonation, disso-
lution of binding material, salt crystallization and frost action.

The water absorption coefficient was measured in prism speci-
mens, at atmospheric pressure, according to the test procedure de-
scribed in BS EN 1015-18 and 1925 standards [28,29]. The base of
the specimens was immersed in water to a depth of (3 ± 1) mm and
the increase in their mass was measured as a function of time.
Water vapour permeability determination was carried out accord-
ing to the BS EN 1015-19 standard [30]. The specimens were sealed
on the top of circular cups in which the water vapour pressure was
maintained constant, at the upper part of the hygroscopic range, by
means of potassium nitrate (KNO3) saturated solution. The rate of
the moisture transfer was determined by measuring the weight
change of the cups. A graph of the mass of the cup was plotted
against time and the water vapour flux (DG/Dt) was calculated
and the water vapour permeance (K) for each specimen was
determined.

Finally, open porosity (po) of mixtures was determined by mer-
cury intrusion porosimetry (MIP), in the range of 26–60,000 PSI.
However, a considerable amount of the large pores, air voids and
micro-cracks, which are formed during the setting of mortars could
not be determined by mercury, as their dimensions exceeded the
detection limits of the instrument. Therefore, in order to extend
the measuring range from the lm to the mm scale, the open poros-
ity values were also calculated by water absorption, according to
the BS EN 1936 standard [31]. All properties were determined on
mortar mixtures cured for 12 months.

2.4. Durability monitoring tests

2.4.1. Crystallisation by total immersion
This test simulated the potential deterioration mechanisms

caused by the crystallisation of soluble salts under natural environ-
mental conditions. The test consisted of monitoring the behaviour
of mortars over time and assessing their relevant resistance against
salt crystallisation. Accelerated aging was carried out by immers-
ing mortar specimens in a 14% w/w sodium sulphate solution,
according to the procedure described in BS EN 12370 [32]. The cy-
cle of operation was repeated until the specimens collapsed. At the
end of each cycle, the weight difference of the samples (DV) was
calculated.

2.4.2. Acid attack
The aim of the acid attack test was to study chemical degrada-

tion caused by the dilute solutions of sulphuric acid in an attempt
to simulate the deterioration of mortars exposed to external condi-
tions due to acid rain. The test was focused on the dissolution of
binder in the surface zone caused by an acidic solution. Since no



Fig. 1. Schematic diagram of the experimental set-up for simulating acid attack.
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standard methodology exists for studying the chemical durability
of mortars, an artificial weathering test was designed, based on
previous work in the field [7,33]. Three cylindrical specimens from
each mixture were placed in plastic tubes, allowing 1 mm free
space around their surface. The solution was introduced at the
top of the tube, flowing over the surface of the specimen and exit-
ing at the bottom (Fig. 1).

The exposure protocol involved repeated cycles of exposure to a
dilute solution of sulphuric acid (0.05 M, pH = 1.55) for 2 h, fol-
lowed by drying at room temperature for 22 h. A solution flow rate
of 0.5 L/h was employed, for an exposure period of 20 days. Prior to
testing, the specimens were dried at 80 ± 5 �C until constant mass,
and then allowed to cool at room temperature and weighed.

The run-off solutions were collected in conical flasks for chem-
ical analysis. The accumulative elemental concentrations of cal-
cium (Ca) and barium (Ba) were determined by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) after 4,
12, 20 and 40 h of exposure, with the use of an Optima 3000 (Per-
kin Elmer, USA) unit. After the completion of the exposure time,
the specimens were dried at 80 �C and weighed. Weight changes
were determined in terms of percentage (%). Additionally, compo-
sitional and structural changes of mortars were determined by
XRD and scanning electron microscope (JEOL 5310), respectively,
coupled to an Oxford EDX analyser (SEM/EDX). The analysis was
carried out using the INCA/ISIS microanalysis suite.

3. Results and discussion

3.1. Setting products

The main phases identified in the reference mixture (LM–R)
were calcite (CaCO3), portlandite [Ca(OH)2] and a small amount
Table 1
Mean values of open porosity, water absorption coefficient, rate of water absorption and

Mixture Open porosity (%) Water vapour pe
(kg/m2 s Pa) 10�

Mercury accessible Water accessible

LM–R 32.90 ± 1.87 36.06 ± 1.33 �1.45
BaM-10 32.79 ± 1.75 37.12 ± 1.63 �1.54
BaM-25 36.40 ± 1.05 37.21 ± 1.55 �1.66

Measurements were carried out in triplicate (n = 3).
of quartz. Calcite is produced by the carbonation of the lime binder,
whilst portlandite is attributed to the non-carbonated lime putty.
Calcite and witherite (BaCO3) were the main products identified
in the mixtures that contained barium hydroxide hydrate (BaM-
10 and BaM-25), along with portlandite and some small amounts
of quartz or clay minerals. X-ray diffraction analysis showed that
barium–calcium carbonate [BaCa(CO3)2] was also formed within
the binder of the above mixtures. The interaction between barium
and calcium was also evident under the SEM. X-ray mapping
showed that barium (Ba) was evenly distributed through the mor-
tar mass, increasing its concentration around the calcite grains
[24]. The formation of a barium–calcium carbonate offers a new
matrix, which acts as a bridge between calcitic aggregates, barium
phases and lime binder, contributing to the formation of a more
homogeneous microstructure. This could be beneficial to the
chemical durability of these mixtures.

Finally, examination of the mixtures under SEM verified that
pozzolanic reactions had taken place between lime and the cera-
mic material, which resulted in the narrow formation of hydrated
phases (C–S–H, C–A–H), with the typical needle-like shape.

3.2. Pore-space properties

The open porosity values of the reference mixture (32.90%)
appeared to be very close to that of BaM-10 (32.79%), whereas
BaM-25 appeared to have somewhat increased values (36.40%).
However, the porosity values determined by water absorption gave
a smaller range of values, between 36% and 37% (Table 1). The main
differences between the open porosity values of the mixtures,
determined by mercury intrusion porosimetry, fell within a range
of 1000 and 10,000 nm pore radius (Fig. 2). In this range, the bar-
ium mixtures increased the amount of capillary pores from
200 cm3/g (LM–R) to 275 cm3/g (BaM-25). This has a slight effect
on the transport properties of aqueous solutions and, therefore,
the mixtures BaM-10 and BaM-25 have greater water absorption
coefficients (kg/m2), an increase of 14.8% and 16.6%, respectively
(Table 1). In a similar manner, permeability values (kg/m2 s Pa)
were found to be elevated by 6.21% and 14.48%, for mixtures
BaM-10 and BaM-25, respectively.

However, the above variations in the water absorption coeffi-
cient and the water vapour permeability values are not considered
to be significant for the microstructure characteristics of the mix-
tures, since the pore-size distribution and the water accessible
porosity values of all three mixtures remain the same. Therefore,
all mixtures were considered to exhibit similar behaviour, reflect-
ing a homogenous and similar microstructure.

3.3. Crystallisation of soluble salts

The first specimen to collapse during crystallisation tests was
the reference mixture (LM–R) at the 7th aging cycle, followed by
BaM-10 and BaM-25 at the 9th and 10th cycle, respectively.
Freshly fractured surfaces of samples taken from the specimens
during the crystallisation cycles were examined under a scanning
electron microscope (SEM/EDX). The identification of the phases
water vapour permeability of the mixtures

rmeability
11

Water absorption coefficient
C1 (kg/m2)

Rate of water absorption
C2 (g/m2 s0.5)

0.054 483.1
0.062 595.1
0.065 527.5



Fig. 2. Differential pore-size distribution for mixtures studied by mercury intrusion
porosimetry.

Fig. 4. SEM photomicrograph of a freshly fractured surface from mixture BaM-25
after failure at the 10th cycle. Calcium sulphate (C–S) and barium sulphate (Ba–S)
crystals are filling the pores of the specimen, along with the precipitated sodium
sulphate crystals.
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precipitated within the pores was based on the interpretation of X-
ray element mappings, EDX spot analysis and XRD results. Calcite,
bassanite (CaSO4 � 0.5H2O), calcium sulphate hydrate (CaSO4 � H2O)
and thenardite (Na2SO4) were the main phases identified. Barite
(BaSO4) was identified in all barium mixtures.

Examination of samples under the SEM/EDX revealed that the
performance of mixtures is strongly related to the chemistry of
their binder. When the reference lime-mixtures are immersed in
a sodium sulphate solution the pores of the specimens become
impregnated with the salt solution. The pore solution is gradually
saturated in respect to thenardite (Na2SO4, Ksp = 0.605) and port-
landite [Ca(OH)2, Ksp = 5.02.10�6], which is derived from the partial
dissolution of the non-carbonated lime binder. As the solution ap-
proaches saturation with respect to thenardite, at ambient condi-
tions, it becomes supersaturated with respect to mirabilite
(Na2SO4 � 10H2O) and various phases of calcium sulphate hydrate
(Fig. 3). In the presence of a considerable amount of calcium ions,
the precipitation of mirabilite is followed by that of (CaSO4 �
Na2SO4) [34]. As the aging cycles proceed, the concentration and
the crystal size of salts, inside the pores increase, leading to the ini-
tiation of micro-cracks and the eventual failure of the specimens.
Consequently, the actual damage to the lime-mixtures is mainly
Fig. 3. SEM photomicrograph of a freshly fractured surface from mixture LM–R
after failure (7th cycle). Sodium sulphate crystals (Na–S) fill all the available space
inside the mortar mass.
controlled by the amount of free calcium hydroxide and the crys-
tallization pressure exerted by mirabilite.

In the case of the barium-mixtures (Fig. 4), some of the sulphate
ions are fixed by barium and precipitate as barite (BaSO4,
Ksp = 1.08.10�10) on the surface of the pore network and the
barium–calcium carbonate solid solution areas. The precipitated
barite gradually blocks the further dissolution of Ca2+ from the
non-carbonated lime binder and, consequently, causes a delay to
the precipitation of mirabilite.

3.4. Sulphuric acid attack

The degradation of the mortar mixtures is mainly described by
the surface reactions between the sulphuric acid solution and the
binding material of the mixtures, such as acid attack, dissolution
and leaching of the binding medium (carbonated lime). The devel-
opment of the above processes also incorporates microstructure
parameters such as porosity, diffusion and permeability.

During the acid rain simulation test, the acidic solution flows
over the surface of the specimens, reacts with the carbonated lime
(Eq. (1)), removes the dissolved Ca2+ ions and, therefore, weakens
the binding material. However, part of the solution is absorbed
by the specimens and fills the pore-space of a surface layer, whilst
the remainder runs off. X-ray mapping (SEM/EDX) of sulphur (S) in
cross-sectioned surfaces of the specimens at the end of the 20th
cycle showed that the thickness of the sulphated layer ranges be-
tween 150 and 600 lm. The sulphuric acid absorbed into the pores
readily reacts with calcite (Eq. (2)) and gypsum crystals are formed
through precipitation. The precipitation of gypsum in the pore
solution is also supported by the fixation of Ca2+, which are derived
from the dissolution of the non-carbonated lime [24] in the acidic
solution. During the next aging cycle the gypsum previously
formed dissolves in the acid solution that flows over the surface
of specimens and the dissolved ions are removed by the run-off
solution. Consequently, the cementing material is weakened and
the specimens are degraded.

HSO�4ðaqÞ þ CaCO3ðsÞ ! Ca2þ
ðaqÞ þ SO2�

4ðaqÞ þ CO2ðaqÞ ð1Þ

HSO�4ðaqÞ þ SO2�
4ðaqÞ þ CaCO3ðsÞ ! CaSO4 � 2H2OðsÞ þ CO2ðaqÞ ð2Þ

When witherite (BaCO3) participates in the cementing material,
its reaction with sulphuric acid leads to the precipitation of barite
(BaSO4) (Eq. (3)). Barite has a very low solubility product
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(Ksp = 1.08.10�10) and is considered practically insoluble. Therefore
the release of Ba2+ to the run-off solution by the dissolution of
witherite (Eq. (4)) does not take place to any significant extent.
Considering that during the setting process of barium mixtures a
solid solution of barium carbonate in calcium carbonate is formed
around calcitic aggregates [24], the formation of barite in those
areas consolidates the aggregates in the binding material and
therefore increases their resistance against chemical degradation.

HSO�4ðaqÞ þ SO2�
4ðaqÞ þ BaCO3ðsÞ ! BaSO4ðsÞ þ CO2ðaqÞ ð3Þ

HSO�4ðaqÞ þ BaCO3ðsÞ ! Ba2þ
ðaqÞ þ SO2�

4ðaqÞ ð4Þ

The concentration of Ca dissolved and leached from the mix-
tures was determined by inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES) and the results were expressed in
moles of calcium in 1 l of the run off solution (M). Mixture LM–R
showed the highest accumulative concentration of Ca in the run-
off solution (8.14.10�3 moles/l), followed, in decreasing order, by
BaM-10 (7.23.10�3 moles/l). In contrast, mixture BaM-25, which
contained the maximum amount of barium hydroxide, showed
the lowest concentrations (6.50.10�3 moles/l). The concentration
of barium (Ba) in BaM mixtures was below 5.12.10�5 moles/l
which, compared to the concentration of Ca, is negligible.

The plot of Ca concentrations in the run-off solutions at differ-
ent cycles (Fig. 5) shows that the amount of Ca leached from the
mixtures decreases with increasing Ba(OH)2. Fig. 5 shows that
while the reference mixture (LM–R) gives an almost constant rate
of Ca leaching over the testing period, the amount of Ca leached
from the barium-mixtures gradually decreases. In the initial stages
Fig. 5. Concentration of calcium (moles/l) leached form the LM mixtures during the
acid rain simulation test.

Fig. 6. X-ray maps of S in mixtures LM–R (left) and BaM-25 (right). The depth of the su
of the test, the run-off from the barium-mixtures show a much
higher Ca concentration than the reference mixture (Fig. 5). This
is attributed to the elevated water absorption coefficients (14.8%
and 16.6%, respectively) measured in the barium-mixtures and,
therefore, to the increased amount of acid solution initially in-
volved in the decay process. After 20 aging cycles, however, the
amount of Ca leached from the reference mixture was found to
be 56% higher than the BaM-25 mixture. The above phenomenon
indicates the development of a protective mechanism, which in-
creases the resistance of barium-mixtures against the leaching of
the calcitic binder.

The examination of fractured surfaces from the external layers
of the acid-degraded specimens under the SEM/EDX strengthened
the above assumption and provided further information about the
morphology and depth of the weathering layers. After 20 aging
cycles, the depth of the altered layer of the BaM-25 specimens,
containing 25% barium hydroxide, ranged from 100 to 150 lm.
For the same period, the altered layer of the reference mixtures
(LM–R) ranged from 400 to 600 lm (Fig. 6). The loss of signal in
X-ray maps is attributed to the rough morphology (cavities) of
the fractured surfaces close to the altered area. The differences in
the depth of the sulphated areas are attributed to the amount of
barium participating in the mixtures.

Further examination of the altered areas under SEM showed an
increased concentration of barium sulphate conglomerates, which
precipitate at the interface between the non-altered mortar mass
and the gypsum layer (Fig. 7). The precipitation and conglomera-
tion of barium sulphate forms a type of barrier layer, which should
be associated with the reduced dissolution rate of the calcitic bin-
der in the lime–barium mixtures (Fig. 5). Thus, the depth of the sul-
phated layer in the mortars with barium hydroxide gradually
reduces to 60% of that formed in the reference mixture (Fig. 6).

Finally, the diffraction patterns of solid material filtered from
the acid solution showed that gypsum (CaSO4 � 2H2O) and small
amounts of barite (BaSO4) were the only phases identified.

The interpretation of the above results with the physical prop-
erties of the mixtures shows that even if the water absorption coef-
ficients for mixtures BaM-10 and BaM-25 have been slightly
increased, the amount of Ca2+ leached, and the depth of the sulph-
ated area, presented considerable lower values. This observation
supports the assumption that the degradation of the above mix-
tures depends more on the chemistry of the binding material than
the physical properties (pore-space properties) of the mixture.

For the needs of the present study, barium hydroxide was added
to lime mortars as a pure chemical product and the overall results
proved that the mixtures have the potential to be applied success-
fully on built heritage and architectural monuments. In field appli-
cations it could be used in the same form, since it is commercially
available in bulk quantities at prices in between those of hydrated
and hydraulic lime. Any additional cost resulted from this choice is
not prohibitive for their application, since it is strongly expected to
lphated layer in mixture BaM-25 is approximately half of the one formed in LM–R.



Fig. 7. SEM photomicrograph of mixture BaM-25 after the acid rain simulation test.
The layer of (BaSO4), indicated with arrows, lies between the altered and the non-
affected mass (within the 200 lm), and acts as a barrier, preventing further attack
of the mortar body.
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be eliminated through time, due to the superior performance of the
barium-mortars, their prolonged service life and the reduced
requirements for restoration interventions in sort-time periods.

4. Conclusions

The order of failure for mixtures during the crystallisation tests
showed a better performance of the barium mixtures (BaM-10,
BaM-25). Their enhanced durability against crystallisation of so-
dium sulphate was supported by the partial fixation of sulphate
through the formation of insoluble barium sulphate. Therefore,
the deterioration action of hydrous sodium sulphate salts, through
their volume expansion, was partially eliminated.

The crystallisation tests have also shown that the durability of
mortars towards the soluble salts is dependent upon the chemistry
of their binder (carbonation stage and chemical stability of setting
products) and their pore-space characteristics.

In the acid rain simulation test, it was found that the total
amount of calcium leached from the mixtures was gradually re-
duced over time by increasing the amount of barium hydroxide
in the mortar. The protective role of the barium compounds can
be described by the precipitation of barium sulphate at the inter-
face of the non-altered mass, which forms a barrier layer against
further dissolution of the calcitic binder. Thus, the depth of the sul-
phated layer in the mixture that contained 25% of barium hydrox-
ide in its binder (BaM-25) was reduced to 60% of that formed in the
reference mixture (LM–R). The formation of the BaSO4 protecting
layer starts as soon as the acid attack takes place and, thus, can
be effective from the initial stage of the degradation process. The
protective role of barium, therefore, has a direct effect on the ser-
vice-life of the mortar mixtures.

The results of this work show that the durability of mortars
against sulphate depends primarily upon the chemical composi-
tion of their binder. In this context, barium hydroxide was found
to have a positive effect on the performance of lime-based restora-
tion mixtures, as it increases their durability against sulphate
attack without affecting the microstructure and pore-space charac-
teristics of hardened mixtures.
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