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Abstract 
 

The present paper intends to improve the knowledge of the carbonate aggregate influence on 

rendering mortars water transport behavior and their resistance to the damaging action of salt 

crystallization. Four different mortars were studied: two undercoat mortars with a 1:2 binder/ 

aggregate volumetric proportion and two topcoat mortars with a 1:1 binder/aggregate volumetric 

proportion, which were applied on masonry prototypes. Within the mortars of each layer, one 

was made only with limestone aggregate whereas the other was made with an equal proportion 

of limestone and siliceous aggregate. The undercoat mortars were also applied as one-coat 

systems to understand the influence of the topcoat. The limestone aggregate was calibrated to 

match the siliceous sand grading curve. Physical and mechanical tests such as 

flexural/compressive strength, water absorption by capillarity, water vapor permeability and 

drying behavior were performed on prismatic 40x40x160 mm specimens. A salt crystallization 

test was conducted on the masonry prototypes in order to evaluate the degradation evolution of 

the applied mortars. It was concluded that while in terms of render´s durability mortars made 

exclusively with carbonate aggregate undergo a higher degree of degradation, causing the 

visual aspect of the render to worsen more rapidly, they are on the other hand more efficient 

and successful in retrieving the salt solution from the support to the render’s surface. 

  

Keywords: air lime mortars, carbonate aggregate, soluble salt crystallization, old buildings, 

topcoats 

1 Introduction 
 

The increase of interventions in old buildings in Portugal as brought up once again the interest 

in air lime as a construction material, namely when used as replacement mortars. This is due to 

the chemical similarity between the older support and the newer air lime mortar. Thus, there has 

been a growing need and interest on the part of the construction industry in the recovery of the 

techniques of mixing and application of mortars based on aerial lime as this presents a greater 

compatibility with the pre-existing materials. 

Mortars are porous materials and therefore susceptible to the harmful effects of water transport 

due to its capilarity. This absorbed water may contain soluble salts that can cause serious 

damage on wall coatings and masonry. When crystallized those salts expand in a way which 

can cause the plaster to lose adherence or cohesion.  

Recent studies have concluded that lime-based mortars with carbonate aggregates have a 

better mechanical performance than with siliceous aggregate (Lanas & Alvarez, 2003; Michael 

& Lawrence, 2006). However, as far as the authors know, no studies have been done to 

address the influence of these aggregates on both water transport behavior and mortar 

resistance against soluble salt crystallization. 

Although the conditions in which the mortars are applied in the actual practise are difficult to 

simulate through their high variability, it is important to develop further research that allows the 

increase of knowledge in this domain. Therefore, the methodologies used in the present work 

intend to match the known way of application of mortars. For instance, two layers (a undercoat 

and a topcoat) were applied on two masonry prototypes in order to simulate the old plasters and 

renders. However, undercoat mortars were also applied as one-coat systems in order to study 

the influence of the topcoat. This study will evaluate the influence of carbonate aggregate on air 

lime mortars, namely on their physical, mechanical and soluble salt crystallization resistance. 
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2 Materials and Methods 
 

2.1 Materials 
 
The solid constituents used in the studied mortars consist of the CL90 hydrated aerial lime, 
supplied by Calcidrata and two types of fine aggregates: carbonate and siliceous sands. The 
lime bulk density was measured according to NP EN 1097-3 (2002) and a value of 550 kg/m

3
 

was obtained. For the real density, it was adopted the value of 2200 kg/m
3
 (Agostinho, 2008; 

Costa, 2017; Pavão, 2010). The grading size of the siliceous sand mixture was considered as a 
reference and therefore the grain size distribution of the carbonate sand was adjusted to 
present a granulometric distribution close to that of the siliceous sand mixture. The siliceous 
sand used in the mortars consisted in a mixture of 60% coarse sand and 40% fine sand. In 
order to maintain a better control of the humidity present in the mixtures all aggregates were 
previously dried to constant mass in the oven (T=100±5

o
C).  

 
The experimental part of the present work aimed the characterization of four different air lime 
mortars in their fresh and hardened state. The four mortars studied fit into 2 distinct groups: 
those formulated only with carbonate aggregate (C100) and those formulated with a mixture of 
both aggregates (carbonate and siliceous) in the same proportion (C50). Within each group, 2 
mortars were studied with formulations similar to those usually found in the topcoats and 
undercoats of the old building plasters: binder-aggregate volumetric proportions of 1:1 and 1:2, 
respectively (Figure 1). 

 
Figure 1 - Studied mortars. 

Considering the consistency of the air lime mortars, a flow range between 130 and 180mm was 
previously defined for the mortars. The water/binder ratio was not defined at the start and 
several production tests were carried out for the four mortars in order to match the consistency 
of the two mortars in each group. However, this ratio was calibrated to take into account the 
previously defined flow range. 

 

2.2 Characterization tests 
 
Concerning the production and testing carried out, a total of 60 prismatic specimens (15 for 
each mortar type) with the dimensions of 40x40x160mm were produced. Right after their 
production, all the specimens where placed inside a conditioning chamber for 7 days with 
90±5% RH and with a temperature of 20±2

o
C (wet cure), being demoulded after this period. 

Since the only restriction prior to the tests was that the specimens should be completely 
carbonated, two different curing procedures were executed afterwards: while the curing of the 
specimens with a 1:2 binder/aggregate ratio was executed inside a conditioning chamber 
(RH=65±5%, T=20±2

o
C), the 1:1 specimens, because of their high air lime content, were cured 

inside an accelerated carbonation chamber until completely carbonated. 
 
On the fresh state, the workability of the mortar mixtures was performed through flow table tests 
(EN 1015-3). Bulk density (EN 1015-6) and water retention tests (EN 1015-8) were also 
executed to characterize the fresh mortars.   
On hardened state, mechanical and physical tests were performed on the mortars. The 

mechanical tests consisted of the flexural and compressive strength (EN 1015-11 and LNEC 

E29 specification) and adhesive strength. While the flexural and compressive strength were 
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performed on the prismatic specimens, the adhesive strength was performed on the plasters of 

the masonry prototypes. The physical tests covered water absorption by capillarity (EN 1015-

18), porosity accessible to water (RILEM I.1), water vapor permeability (EN 1015-19 and RILEM 

II.2), drying behavior (based on Nogueira (2016) and Agostinho (2008)), bulk and real densities 

(RILEM I.1) and wetting-drying test with chloride salt crystallization  (Selwitz, C., & Doehne, E., 

2002; Nogueira, 2016; Pinto,2018). 

 

2.3 Crystallization test 
 

For the salt crystallization test, 4 plasters were used with the following characteristics: two one-

coat systems produced with the C100-2 and C50-2 undercoat mortars and two two-coat 

systems constituted by the aforementioned undercoat above which was applied the topcoat 

mortars C100-1 and C50-1, respectively. These plasters were applied on masonry prototypes 

with around 30x30x10 cm. 

 

The test was adapted from the procedure adopted by Nogueira (2016). This procedure was 

constituted by 5 wetting-drying cycles, each having a duration of four weeks. The first stage of 

every cycle (stage 1) aims to contaminate the plaster with a sodium chloride solution (15% w/w), 

while, simultaneously, constituting a wetting/drying cycle. The next 3 stages of every cycle, 

stages 2-4, aim to wet the masonry prototypes and their respective plasters with water, also 

comprising wetting/drying cycles. This allows the dissolution of the salt introduced in stage 1. 

Each cycle comprises the repetition of these 4 stages. The evolution of the plaster's degradation 

was examined by visual observation.  

 

The plaster's wetting is achieved by the water capillary rise and was considered completed after 

4 hours of the prototype saturation. After this period, the masonry prototypes were placed for 7 

days in an oven at 40±5
º
C. Before each wetting stage the plasters were examined by touch and 

visual observation in order to identify the formation of efflorescence and superficial or deep 

degradation of the plasters. 

 

3 Results and Discussion 
 

3.1.1 Fresh state characterization 

 

The results obtained through the fresh state tests are represented in Table 1. The high water 

retention values indicate good adhesion conditions. 

Table 1 - Fresh mortar tests results. 

Mortar 
Water/Binder 

ratio 

Binder/Aggregate 
proportion Flow (mm) 

Bulk Density 
(kg/m

3
) 

Water 
retention 

(%) Volume Weight 

C50-2 
1,25 1:2 1:5,45 

155 ± 3,6 2090 99,91 

C100-2 133 ± 1,6 2090 99,95 

C50-1 
0,86 1:1 1:2,73 

160 ± 1,8 1980 99,93 

C100-1 140 ± 4,3 1970 99,96 
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3.1.2 Hardened state characterization 

 

3.1.2.1 Flexural and compressive strengths 

 

Analysing Table 2 one can understand that the obtained values for the studied air lime mortars 

are very low. However, they are fit inside the expected range values considering the type of 

binder used (Algarvio, 2010; Costa, 2017; Faria, Henriques, & Rato, 2007; Nogueira, Pinto, & 

Gomes, 2016; Rato, 2006). It should also be stated that, since the strength values are this low, 

the results are initially more sensitive to small changes in composition, curing conditions or even 

possible malfunctions occurring during kneading procedure. It should also be noted that the 

values obtained exceed the resistance values of old buildings plasters suggested by Veiga 

(2003a). 

When compared to the two 1:2 mortars, both 1:1 mortars exhibit higher values of flexural and 

compression strength. For instance, the values obtained by the 1:1 mortars are on average 1.7 

and 1.15 times higher for flexural strength and compression, respectively. This can be explained 

by the difference in homogeneity between these mortars. In fact, this difference in strength may 

be due to the difference between the volumetric ratios because the 1:1 mortars, since they have 

a higher lime content, are more homogeneous and have fewer discontinuity areas, thus 

containing less transition areas between the paste and the aggregates (Costa, 2017; Margalha, 

2010; Nogueira, 2016; Pavão, 2010). 

 

Table 2 - Mechanical properties. 

Mortar ft
1 (Mpa) fc

2 (Mpa) 

C50-2 1,77 ± 0,19 1,37 ± 0,15 

C100-2 0,51 ± 0,16 1,77 ± 0,20 

C50-1 4,00 ± 0,11 2,81 ± 0,47 

C100-1 1,37 ± 0,16 4,00 ± 0,58 
1
compressive strength; 

2
flexural strength 

 

Regardless of the aggregate adopted, mortars produced only with limestone sand (C100) 

always showed a higher resistance than mortars produced with a homogeneous mixture of 

limestone and siliceous sand (C50). This may be due not only to the better paste-aggregate 

bonding developed by the mortars with limestone sand because of the higher chemical affinity 

between the lime paste and the carbonate aggregate, but also to the greater elastic 

compatibility between these two constituents (Fragata & Veiga, 2010; Nogueira, 2016; Rato, 

2006; Scannell, Lawrence, & Walker, 2014). 

In fact, the failure surface of C50 mortars tended to develop by the paste-aggregate bonding, 

with the appearance of siliceous sand particles without any trace of lime paste on their surface 

(Figure 2). In contrast, C100 mortars were more homogeneous, with few carbonate particles 

visible on their surface (Figure 3). Thus, it can be concluded that the replacement of carbonate 

by siliceous sand in the mortars lead to a different rupture mode and may have been 

responsible for the lower strengths obtained by C50 mortars. 
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Figure 2 - C50 failure surface. 

 

 
Figure 3 - C100 failure surface. 

 

 

3.1.2.2 Porosity, Real and apparent bulk density 

 

The porosity results, although quite similar, reveal the expected trend since mortars with higher 

paste content tend to be more porous: both of the 1:1 mortars are more porous than 1:2 

mortars. The same is true for C100 mortars compared to C50 mortars. The C100 mortars are 

expected to have higher paste content, due to the higher irregularity in the particles shape. 

Carbonate sand tend to have a sharpener shape than the natural siliceous sand, since the 

former were obtained from crushed limestone. This condition penalizes the aggregate bulk 

density and leads to an increase in the paste content required to envelope the sand particles. 

This trend is also reflected on the bulk densities of the mortars, that tends to decrease with the 

increase of both lime and carbonate aggregate contents. 

 

Table 3 - Porosity accessible to water, real and bulk densities. 

Mortar Porosity 
Density [kg/m

3
] 

 Real Bulk 

C50-2 28% ± 0,3% 2630 1880 

C100-2 30% ± 0,7% 2660 1860 

C50-1 29% ± 0,2% 2630 1870 

C100-1 31% ± 0,5% 2660 1830 

 

 

3.1.2.3 Liquid water absorption by capillarity 

 

The capillarity coefficient (C.C.) was determined from the capillarity water absorption curves, 

using the measurements up to 60 minutes of testing. Its value corresponds to the rate of water 

absorption at the initial period of the test. The asymptotic value (A.V.) corresponds to the 

saturation point of the mortars, indicating the total amount of water absorbed by capillarity by 

the mortars. The curves showed the expected behaviour. Mortars with the strongest volumetric 

ratio in lime (1:1) exhibited water absorption rates higher than the 1:2 mortars. This result is 

explained by two conditions: in the one hand, the 1:1 mortars are more porous as above 

mentioned; in the other hand, their porosity is composed by smaller pores.  
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Mortar 
C.C. 

(kg/m
2
/s

0.5
) 

A.V. 
(kg/m

2
) 

C50-2 0,143 31,34 

C100-2 0,169 34,20 

C50-1 0,251 35,40 

C100-1 0,249 38,81 

 

Comparing mortars within each volumetric ratio, it would be expectable that mortars produced 

only with carbonate sands (C100), would have a higher capillarity coefficient caused by their 

higher porosity. However, this only occurred for the 1:2 mortars. The capillarity coefficient of the 

1:1 mortars is almost identical, as shown in Table 5. 

Regarding the asymptotic value (A.V.), this property shows the same trend as porosity, as 

expected. Thus, it can be stated that the 1:1 mortars absorb water by capillarity with higher rate 

and that the amount of water absorbed when saturated is higher than the 1:2 mortars. 

 

3.1.2.4 Drying behaviour 

 

A good water elimination capacity by drying is a crucial aspect for the characterization of any 
mortar and it constitutes a relevant way to characterize the render's water resistance. 
The drying capacity test was executed with 3 half-prisms for every mortar type and the average 
results as represented in table 6 and figure 7. For the drying index (DI) it was considered a final 
drying time for every composition of 100 days. 
 

 
Table 4 - Drying Index. 

Mortar 
type 

Drying 
Index (D.I.) 

C50-2 0,137 

C100-2 0,200 

C50-1 0,267 

C100-1 0,282 
 

 
 

Figure 4 - Drying behaviour 
 

The amount of water absorbed by both mortars at the 1:1 b/a ratio at the beginning of the test is 

higher, which can be explained by their greater porosity (Figure 4). For the same reason, C100 

mortars absorbed more water at the start of the test than the C50 mortars. 

However, the D.I. analysis suggests that, rather than porosity, it is the pore size that influences 

the drying behaviour. The drying rate reflects the rapid drying of a mortar. The lower the drying 

index of a given mortar, the greater its drying speed. It is verified that the mortars with the 

highest paste content (thus with a larger number of smaller pores) have a greater difficulty in 

drying. The higher liquid water suction capacity that occurs when the pores are smaller results 

in a greater tendency to retain the absorbed water, releasing it more slowly over time. In the 

present case, this is aggravated by the fact that mortars consisting of smaller pores also 

generally absorb more water (because they tend to more porous). 

 

0% 

2% 

4% 

6% 

8% 

10% 

12% 

14% 

16% 

0 50 100 150 200 250 

W
at

e
r 

ab
so

rb
e

d
 (

%
) 

Time (days) 

C50-1 

C100-1 

C50-2 

C100-2 



7 
 

3.1.2.5 Water vapour permeability 

 

Table 6 represents the average results obtained by the 3 prismatic specimens for each of the 

four different mortar compositions. 

Mortars with higher air lime content (b/a=1:1) showed higher water vapour permeability 

compared with those with less binder content (b/a=1:2).  Within each volumetric ratio, C100 

mortars have slightly higher permeability values than C50. These results are in agreement with 

the results of water absorption by capillarity and the open porosity presented by these mortars, 

and the same reasons explained above can be stated. 

In addition, all mortars have water vapour diffusion coefficient (μ) values lower than 15 which, 

according to EN 998-1:2010, makes them suitable for the coating of old buildings. 

 

 
Table 5 - Water vapour permeability results. 

 

b/a= 1:1 b/a= 1:2 

Parameters C50-1 C100-1 C50-2 C100-2 

Permeability ẟ [x10-11 kg.m-1.s-1.Pa-1] 1,51 1,58 1,13 1,28 

Resistance coeficient μ 12,64 12,04 16,89 14,98 

 

 

3.1.2.6 Adhesion test  

 

The adhesion test was carried out on squared 4x4cm specimens and 2cm thick applied on the 

masonry prototypes. The main goal of this test was to validate the adopted procedure for the 

adhesive strength evaluation of low strength mortars, such as air lime mortars. This need was 

identified since the usually adopted adhesion test (EN 1015-12:2000), designed for stronger 

mortars, tends to return very low and inconclusive results (Costa, 2017; Pavão, 2010). With this 

aim 7/8 measurements were taken for each type of plaster solution: one-coat system (undercoat 

only) or two-coat system (undercoat plus topcoat). All of the measurements resulted in an 

adhesive rupture between the plaster and the support. 

Table 6 demonstrates the obtained results. However, it is worth noting that this test, in addition 

to being influenced by the characteristics of the mortar, is also strongly influenced by the 

conditions of application of the mortar (compression exerted by the operator, consistency of the 

mortars, etc.) and by the characteristics of the masonry support (dirt, roughness, porosity, water 

content and integrity). However, since the adopted procedure was able to obtain better results 

than previous attempts made by different authors (Costa, 2017; Pavão, 2010), it can be 

concluded that this test is valid to evaluate the adhesive strength of low resistance mortars. 

 

Table 6 - Adhesive test results. 

Plaster type Mortar ft (Mpa) 

undercoat 
C50 0,13 ± 0,04 

C100 0,14 ± 0,05 

undercoat+topcoat 
C50 0,10 ± 0,07 

C100 0,07 ± 0,03 
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3.1.2.7 Soluble salt crystallization test 

 

 

Table 7 presents the degradation evolution of the four plasters at the end of the test. It should 

also be noted that at the end of each step, efflorescence on the plasters surface was removed 

with a soft-tipped brush. 

Table 7 - Crystallization test. 

Plaster Visual Aspect Description 

One-coat system 
(C50-2) 

 

 
 

Strong degradation by plaster 
disintegration. Efflorescences 
arose in a higher amount. Plaster 
becomes powdery but no 
detachment is observed. 

One-coat system 
(C100-2) 

 

 
 

Some detachment has occurred 
on the edges of the plaster. Both 
efflorescences and some spots 
of crystallized salt are 
observable. Less visible 
degradation than in the C50-2 
plaster. The visible crack was 
involuntarily caused by 
movements required for the tests 

Two-coat system 
(C50-2+C50-1) 

 

 
 

Moderate plaster degradation. 
Moderate appearance of 
crystallized salt in the continuous 
form. No efflorescence 
appeared. 

Two-coat system 
(C100-2+C100-1) 

 

 
 

Higher degree of degradation, 
especially of the topcoat. 
Deformation of the topcoat and 
large amounts of crystallized salt 
visible. No efflorescence 
appeared. Some detachment 
between the topcoat and the 
undercoat. 

 

The presence of a greater carbonate aggregate content lead not only to mortars with higher 

mechanical strength, but also to mortars with higher capillary suction and slower drying rate. 

While the first factor favoured the salt resistance of the mortars, the latter is a disadvantage. 
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Poor resistance to salts contributes to a permeability increase of the mortar, which in turn 

enhances the formation of even more salts. Thus, the greater presence of carbonate aggregate 

in the C100-2 one-coat plaster seems to be the decisive factor for its greater resistance. 

In the case of the two-coat plasters, the higher capillary suction of both topcoats compared to 

their undercoats promotes the salt crystallization in a continuous form at the surface level. The 

topcoat layer acts as a sacrificial layer but, due to its higher resistance, increases the durability 

of the whole plaster solution. Additionally, the undercoat degradation is less destructive and 

slower because, when the drying front finally retreats to the interior of the plaster, the salt 

crystallization is slower due to the barrier created by the presence of the topcoat (Pinto, 2018). 

Thus, in this situation the higher amount of carbonate aggregate did not correspond to an 

advantage since the C100 mortars showed a more difficult drying and thus, increased the 

plaster's degradation. 

 

4 Conclusions 
 

The present work focused on the study of the carbonate aggregate influence on the soluble salt 

crystallization on air lime mortars. For this purpose four different mortars were applied as one- 

and two-layer plasters on masonry support prototypes. In order to evaluate the adhesive 

strength, the studied mortars were applied as 4x4x2cm squares. The mortars water transport 

behaviour and their mechanical resistance were evaluated as well.  

 

The study carried out shows that the mortars made exclusively with carbonate aggregate 

demonstrated better mechanical performance as the mortars with limestone and siliceous sand. 

Besides, the mortars showed different rupture modes: while the C100 mortars rupture 

happened through the paste, in the C50 mortars the rupture developed through the paste-

aggregate bonding. The water transport behavior of the studied mortars was similar, which 

demonstrates that the carbonate aggregate does not influence this aspect the same way it does 

on the mechanical aspect. However, the C100 mortars showed slightly higher porosity and 

permeability values and had slower drying rates. The higher porosity of the limestone mortars is 

attributed both to the higher amount of air lime paste required to cover the angular limestone 

sand particles and to the limestone dust that covered these particles, which ends up acting as a 

fine aggregate. 

 

The obtained values in the adhesion test do not allow any conclusion to be drawn in terms of 

the influence of aggregate type. Thus, the aggregate type did not affect the adherence capacity 

of the mortars. This test was, however, validated for the evaluation of the adhesive strength of 

low resistance mortars.  

As for the behavior against damage by salt crystallization, this test confirmed that the topcoat 

acts as a sacrificial layer. This layer promotes the saline solution transportation from the interior 

of the plaster to its exterior, enhancing this way the plaster durability. The influence of the 

carbonate aggregate on the plasters resistance against soluble salts must be analysed 

separately, however. While on the one-coat system the carbonate aggregate exerted a 

considerable improvement on the evolution of the plasters degradation, the opposite happened 

on the two-coat system. Despite of the higher degradation speed of the two-coat C100 plaster, it 

can be considered a positive aspect since this plaster is able to retrieve more efficiently the 

saline solution to the exterior, thus promoting and maintaining the physical properties of both 

the undercoat and the masonry wall. However, it can be stated that the two-coat C100 plaster, 

because of its poorer visual aspect at earlier stages, will lead and require precocious and more 

frequent replacement interventions. 
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