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Abstract: The use of lime as a binder in masonry lining mortars plays an important role in its conser-
vation and durability. Knowledge of the mechanical characteristics of pre-existing and restoration
mortars is essential in order to guarantee the compatibility between them and for avoiding the
appearance of pathologies. The paper mainly focuses on the study of the mechanical performance
of lime-based mortars to be applied in rehabilitation works in old buildings. Four types of mortars
were tested with very similar workability, based on lime putty, aerial lime, and hydraulic lime.
Sand and crushed rock powder were used as aggregates. Compressive and flexural strengths of
the mortars were determined, as well as their ultrasonic pulse velocity. Furthermore, specific tests
were carried out to characterize the performance of the mortar when used as a binder for plasters
and coatings, such as the development of cracking, superficial water absorption under low pressure,
and pull-off strength. According to the results obtained, mortars with lime putty showed better
mechanical properties, while those with aerial lime had better behavior regarding water absorption
under pressure. Despite that, it was generally possible to verify the adequacy of the studied mortars
to be used in the rehabilitation of masonry elements.

Keywords: coatings; plasters; mortars; lime putty; aerial lime; hydraulic lime; crushed rock powder;
mechanical performance; masonry; rehabilitation

1. Introduction

Mortars have been used since prehistoric times. The first types of mortar arose by
agglutination of different materials, which ensured this basic need. Several transformations
occurred over time until the discovery of fire made it possible to observe the effect of heat
on limestone and plaster, something that evidenced the substantial improvement in its
properties [1].

Lime is one of the oldest binders to be used in construction and was used by ancient
Greeks to produce masonry by mixing with sand. Later, Santorini stone, which is a pozzolan
(compound rich in silica), was added, thus constituting a hydraulic binder that had as
its main characteristic the fact of gaining mechanical strength even underwater [2]. The
Romans developed a vast knowledge of lime mortars and pozzolans. Until 79 AD, artificial
pozzolans (forehead and carbuncultus) were used, but with the eruption of the Vesuvius
volcano, natural ashes were available for use in several great Roman constructions [3].

After the development of Portland cement, lime, which until then was the most used
binder for all types of construction, started to have a secondary role, since cement was a
more resistant binder, which hardened quickly, thus requiring a shorter time to achieve
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better mechanical performance. Thus, the knowledge on how to produce and apply ancient
mortars, as well as the characteristics of these materials was lost over time [4].

Nowadays, one of the main problems registered for buildings is the lack of main-
tenance, conservation, and rehabilitation interventions. These problems result in the
degradation and abandonment of built heritage. In several countries, rehabilitation works
in existing buildings have experienced a noticeable increase over the past few decades.
This leads to the necessity of assessing the compatibility of modern building materials with
the original ones, since harmful by-products may induce severe damage to the adjacent
stone blocks [5,6]. Research has been carried out around the world, in order to meet
these requirements.

The influence of using different materials in lime-based mortars has been studied.
Aalil et al. [7] assessed the potential of recycling brick waste to formulate pozzolanic
mortars. Mortars produced using aerial lime, sand, and brick dust were characterized.
Results showed brick dust exhibits a pozzolanic activity and reduces shrinkage. Moreover,
it increases hydric and hygric expansion enhances mechanical strength and affects the color
of mortars. An appropriate recipe for restoration mortars could then be proposed to restore
regional architectural heritages, depending on the properties of their historic substrates.
On the other hand, Thirumalini et al. [8] studied the influence of organic additions on the
mechanical properties of lime mortar, and the results showed that loading of organics in the
lime mortar decreases the pore size due to the formation of weddellite element in the lime
mortar, which fills the gap between two consecutive lime particles. The addition of organics
does not reduce total porosity due to the formation of large numbers of smaller size pores
in the lime mortar. However, the addition of organics enhanced the mortar strength.

Special attention has been dedicated to the compatibility of lime with different binders.
Thus, research aiming at comparing the performance of different binders and characterizing
mortars produced with blended binders has been carried out.

In the rehabilitation works of historic masonry, Maravelaki-Kalaitzakiet al. [9] studied
the physico-chemical characterization of original mortars and plasters and the evaluation
of the repaired ones prepared with natural hydraulic lime (NHL) as binding material and
siliceous sand and crushed brick as aggregates. The research included an extensive number
of tests to quantify a number of mechanical and physical parameters of the mortars and,
after 3 years of intervention with NHL-based mortars and plasters, the success of the
interventions was revealed since no cracks or release of soluble salts occurred.

Aggelakopoulou et al. [10] studied the influence of calcium hydrated lime (lime
putty or hydrated lime powder) on the chemical and physico-mechanical characteristics
of lime mortars. The obtained results revealed that lime powder mortars present a higher
carbonation rate and higher values of compressive strength compared to lime putty mortars.
Lime powder mortars also exhibit a unimodal pore size distribution (while lime putty
mortars present a bimodal one) and higher capillary rise coefficient and porosity accessible
to water in respect to lime putty mortars.

Garijo et al. [11] performed a mechanical characterization of natural hydraulic and
aerial lime mortars presenting a lime/aggregate ratio of 1:3 and a water/lime ratio of 0.9.
Results show that the greatest increase in the mechanical properties of both mortars occurs
up to the first 56 days. This increase ranges between 60% and 90% of their corresponding
value at an age of 448 days depending on the mechanical property and type of mortar.
Between day 56 and day 224, there is a more moderate, but progressive evolution. However,
after day 224, the evolution of the mechanical properties in light of their mean value is very
slow for the aerial lime mortar and shows a slight increase for the natural hydraulic mortar.
Furthermore, various empirical equations of such behavior over time have been proposed
for both mortars.

Faria et al. [12] carried out an experimental study of lime mortars, using dry hydrated
lime and two lime putties, to check the existing bibliography referring that mortars made
with lime putty with long extinction periods behave better than others made with the
current dry hydrated limes. They concluded that the use of lime putties with long extinction



Sustainability 2021, 13, 3281 3 of 17

periods in mortars allows better performance, particularly in applicability and resistance
to sulfates.

Silva et al. [13] analyzed the potential of blended lime-cement mortars to substitute
blended lime-natural hydraulic lime mortars as repair mortars in restoration works. They
concluded that cement altered more markedly the mechanical and water transport proper-
ties of blended mortars than hydraulic lime, with consequences on compatibility. Results
showed that blended lime-cement mortars can be used, but cement content should be
higher than 25% (of total binder mass), so that there is a strength increase at an early age,
and lower than 50%, in order to not significantly affect compatibility. However, blended
lime mortar with 50% natural hydraulic lime presented the highest potential for restoration.

Gulbe et al. [14] also studied the influence of cement on the properties of lime mortars.
The usage of pure aerial lime binders reduces the water resistance and mechanical durability
of the material. They determined that pozzolan additives or cement have to be used in lime
mortar. Mixed cement lime mortar (with an increasing amount of cement) were synthesized
and their properties tested. Results show that Portland cement can be used as a suitable
additive to mortars, to improve their compatibility with the hydraulic and historic mortars.

In another work, Silva et al. [15] studied the influence of hydraulic lime content on
the properties of blended lime-hydraulic lime mortars. Mortars composed of aerial lime
and different percentages of natural hydraulic lime were tested, and results showed that
blended mortars with hydraulic lime contents higher than 25% exhibited higher initial
mechanical strength and water absorption and desorption rates than the aerial lime mortar,
with a slight reduction of water vapor permeability. Thus, these mortars were revealed to
be more promising to be used as repair mortars than the hydraulic lime ones.

The durability of lime mortars in aggressive environments is still an issue nowadays.
Grilo et al. [16] evaluated the mechanical, physical, and microstructural behavior of mortars
formulated with natural hydraulic lime NHL3.5 conforming to European Standard EN
459-1, submitted to natural marine environment, humid and standardized conditions,
and also the benefits and drawbacks of adding metakaolin in partial replacement of lime.
Results showed that mortars with NHL3.5 presented positive results at young ages. The
metakaolin addition contributed tothe strength increase and capillary water coefficient
decrease, thus improving the performance in an aggressive marine environment.

The curing conditions of the mortars are also a parameter that conditions their per-
formance. Mechanical and mineralogical characteristics of natural hydraulic limemortars
with different percentages of lime replacement by metakaolin under different laboratory
and natural marine curing conditions have been an object of study [17].

Santos et al. [18] studied the pore structure of air lime mortars, formulated with aggre-
gates of different mineralogy and grain size distribution, to assess the influence of sand
type on the microstructural modification over time and establish the relationship between
these modifications and the mechanical performance. An optimized grain size distribution
of the sand (optimized compactness) proved to be favorable to air lime mortars compared
with grain size distribution defined by standard EN 196-1. A relationship between the
mechanical properties and the porous structure was established. The assessment of the
microstructure indicates that the packing density and the shape of the aggregates are the
dominant parameters influencing the pore size distribution of macropores; however, the
mineralogy and related characteristics also have an important impact on capillary porosity.

Zhang et al. [19] studied a building material widely used in ancient buildings in
Chinese coastal areas, to assess the parameters that influence the properties of shell lime
mortar. Results show that the sand-lime and water-lime ratios have major impacts on the
disintegration index, shear strength, and compressive strength of shell lime mortar, which
can also be enhanced by adding glutinous rice.

To ensure compatibility, it is important to characterize the performance of the ma-
terials to be used in the rehabilitation [12]. It is important to know their mechanical
performance [20], and also some physical characteristics, such as the hygroscopic behavior.
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Garijo et al. [21] studied the influence of several parameters on the mechanical per-
formance of natural hydraulic lime mortars, to take into account variations in the dosage
methodology and production process. Parameters studied included water/binder ratio,
mold material, aggregate size and type, and the different curing conditions on mortar
performance. The authors propose a number of empirical equations, which can be helpful
when simulating numerical models of historical constructions.

The present paper aims at contributing to a better knowledge of lime-based mortars
to be applied in rehabilitation works in old buildings. The paper focuses mainly on the
mechanical performance of the mortars. Four types of lime mortars were tested with very
similar workability. Different aggregates were also taken as variables. Laboratory tests
were carried out to quantify direct mechanical parameters, such as the compressive and
flexural strength of the mortars. Indirect parameters that may be related to mechanical
performances, such as ultrasonic pulse velocity, were also quantified. Then, specific tests
were carried out to characterize the performance of the mortar when used as a binder to
build masonry walls and also as plaster in wall coverings. The development of cracking,
superficial water absorption, and pull-off strength were some of the parameters tested.

The results obtained for all variables took into account are presented are described,
analyzed, and commented on. The results are also compared with results from a previously
published bibliography. The adequacy of the studied mortars for use in the rehabilitation
of old buildings is commented on.

2. Materials and Methods
2.1. Materials

The materials used for preparing the studied mortars were aerial lime, hydraulic lime,
and lime putty as binders, and sand and crushed rock powder as aggregates.

First of all, regarding the aggregates used, the river sand came from the quarry of SEAT
(Sociedade Extração Areia do Tejo) located in Guerreira—Santa Cita (Santarém; Portugal)
and was provided by the company José Antunes&Filhos, Lda (Carvalhal—Sertã, Portugal).
All the sand was previously passed through a sieve with 4 mm mesh. The crushed rock
powder was supplied by the company Mota Engil, coming from its quarry in Vale dos
Ovos—Sabacheira (Portugal), and it was also passed through the 4mm mesh sieve.

The grain size distributions of the aggregates, obtained according to the standard
NP EN 933-1 [22], are shown in Figure 1. Their maximum (Dmax) and minimum (dmin)
diameters are indicated in Table 1. The density of the sand and crushed rock powder
used as aggregates, determined according to the standard Portuguese Standard NP EN
1097-6 [23], and their bulk density obtained following the standard NP EN 1097-3 [24], can
be also observed in Table 1.

Figure 1. Grain size distribution of sand and crushed rock powder used as aggregates.
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Table 1. Density, maximum, and minimum diameters of aggregates.

Aggregate Dmax
(mm)

dmin
(mm)

Density
(kg/m3)

Bulk Density
(kg/m3)

Sand 2 0.250 2609 1494
Crushed rock powder 4 <0.063 2725 1534

In relation to the binders used in the mortars, the lime puttywas provided by the
company Aldeias de Pedra Construções, Lda (Vila de Rei, Portugal). The aerial lime used
was provided by the company Calcidrata de Alcanede—Santarém (Portugal) and it was
classified as CL90 according to NP EN 459-1 [25]. Finally, the hydraulic lime was provided
by the company Cimpor. This hydraulic lime was classified as HL5 [25].

2.2. Sample Preparation

Four types of mortars have been analyzed in this study. Firstly, a mortar with lime
putty and sand, designated as ASPL, as well as a mortar containing aerial lime, hydraulic
lime, and sand, named ACL/HL, were prepared. In addition to this, two other kinds of
mortars were also made, one of them with aerial lime, sand, and crushed rock powder,
designated as ACL/PP, and the other with lime putty, sand, and crushed rock powder,
named as ASPL/PP. The preparation of the mortars has been performed according to the
standard EN 1015-2 [26], using an automatic mixer.

The application of the mortars studied in this work is for use as masonry coatings in
the rehabilitation of old and historical buildings. Therefore, the lime to aggregate ratio
adopted for preparing all the specimens was 1:3 (in volume), because this is the most
common value of this parameter taken for this particular application [4]. The purpose of
this research is to analyze mortars with the same or very similar workability, in order to
facilitate their real practical use if adequate mechanical performance is obtained. Then,
regarding the amount of water used for manufacturing the mortars, it was determined
based on the abovementioned criterion consisting of all the mortars produced, which had
the same or very similar workability. The workability was evaluated from the consistency
of the studied mortars, determined using the flow table according to standard EN 1015-
3 [27]. The flow value of all the studied mortars was in the range from 145 to 150 mm.
Finally, the dosages in volume for each one of the mortars can be observed in Table 2, and
their dosage in mass is compiled in Table 3.

Table 2. Dosages in volume for each mortar type.

Mortar Type Aerial Lime Hydraulic
Lime Lime Putty Crushed Rock

Powder Sand

ASPL - - 1 - 3
ACL/HL 0.5 0.5 - - 3
ACL/PP 1 - - 1 2
ASPL/PP - - 1 1 2

Table 3. Dosages in mass for the studied mortars.

Mortar
Type

Aerial
Lime

(g)

Hydraulic
Lime

(g)

Lime
Putty

(g)

Crushed
Rock

Powder
(g)

Sand
(g)

Water
(mL)

ASPL - - 370 - 1380 88.58
ACL/HL 92 128 - - 1400 300
ACL/PP 182 - - 475 920 280
ASPL/PP - - 370 475 920 87.32



Sustainability 2021, 13, 3281 6 of 17

The setting of the mortars was carried out in accordance with standard EN 1015-
2 [26]. Two different types of specimens were made. Prismatic samples with dimensions
40 mm × 40 mm × 160 mm were prepared according to standard EN 1015-11 [28]. Speci-
mens of mortars on ceramic bricks were also prepared. This type of specimen consisted of
applying a layer of mortar with 20 mm thickness on the top surface of a brick with dimen-
sions 300 mm × 200 mm × 90 mm, simulating a coating layer. All the bricks used were
moistened using a brush before the application of the mortar (see Figure 2a). In addition to
this, a wooden frame, also moistened, was placed on the brick as a formwork to delimit the
mortar and allow the application of a layer of a constant thickness (see Figure 2b). After
that, the mortar coating was applied on the surface of the brick (see Figure 2c) and it was
compacted. Finally, with the help of a board the surface was leveled (see Figure 2d).

Figure 2. (a) Moistening of the surface of the brick; (b) detail of the wooden frame used as formwork;
(c) application of the mortar coating layer; (d) leveling of the surface using a board.

All the samples were stored in a laboratory condition at 20 ± 2 ◦C temperature and
50 ± 5% relative humidity until the latest testing age (90 days).

2.3. Compressive and Flexural Strength

The mechanical strengths were determined according to the standard EN 1015-11 [28]
in prismatic samples with dimensions 40 mm × 40 mm × 160 mm. The testing machine was
a model Servosis ME-402 E (Servosis, Madrid, Spain). For determining the flexural strength,
a load cell of 5 KN was used and the test was carried out with the specimens supported on
four points. In the case of the compressive strength, the load cell had a force of 200 kN. The
ductility coefficient defined as the quotient of flexural strength divided by compressive
strength was also calculated. For each one of the mortar types studied, both flexural and
compressive strength were obtained in three samples at 28 and 90 hardening days.
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2.4. Pull-Off Test

The pull-off test allows evaluating the adherence of a coating to the support, according
to a perspective of durability and resistance. This test makes it possible to determine the
adhesion resistance relative to the maximum strength, applied by direct tension, perpen-
dicular to the mortar surface [29]. The pull-off test was carried out in accordance with
standard EN 1015-12 [30] and it was performed in the specimens of mortars on ceramic
bricks as a coating layer.

Before starting the test, the position of the three square metallic slabs in the coating
was marked ( see Figure 3a). According to other authors [29,31,32], the use of square slabs
for this test was chosen, instead of circular ones, due to the fragility of the lime mortars,
which could be damaged inside the notches when they are carried out with a crown drill.
The square metallic slabs were glued to the mortar coating using a quick epoxy resin
manufactured by UHU Company (Bolton Adhesives group, Rotterdam, Nederland). After
that, the notches were executed using a circular saw (see Figure 3b) in the mortar coating
beside the sides of two of the three square slabs (see Figure 3c), in order to assess the
possible differences in the behavior related to pulling in the cases with and without these
notches. Finally, the square slabs were pulled out with the equipment for the direct tension
test (see Figure 3d).

Figure 3. (a) Marking of the position of the square metallic slabs in the mortar coating of a specimen
(one of the slabs is already glued in the coating); (b) execution of the notches using a circular saw;
(c) detail of the notches already finished in the perimeter of the left and right square slab, while
the central slab was tested without notch; (d) equipment for direct tension test used for pulling out
the slabs.

As has been already mentioned, in pull-off tests the strength is usually determined
using circular slabs glued to the mortar coating, although in this work square slabs were
used. Therefore, it was necessary to make the conversion from the determined pull-off
strength for square slabs (σsquare) to the equivalent strength for circular ones (σcircular). The
equation used for making this equivalence is shown next:

σcircular =
σsquare × Acircular

Asquare
(1)



Sustainability 2021, 13, 3281 8 of 17

where: σcircular is the equivalent pull-off strength for a circular slab glued to the mortar
coating (MPa), σsquare is the pull-off strength for a square slab glued to the mortar coating
obtained from the test (MPa), Acircular is the contact area of a circular slab with a radius equal
to 25 mm (mm2), Asquare is the contact area of a square slab with a side of 50 mm (mm2).

For each one of the mortar types studied, three specimens were tested at 90 harden-
ing days.

2.5. Ultrasonic Pulse Velocity

The ultrasonic pulse velocity (UPV) provides information about the mechanical char-
acteristics, the homogeneity, and the presence of cracks and defects in the mortars. This
parameter was determined according to the standard NP EN 12504-4 [33] at 90 harden-
ing days. The equipment used was a Pundit manufactured by C.N.S. Electronics LTD.
(London, England). The ultrasonic pulse velocity was obtained in prismatic samples with
dimensions 40 mm × 40 mm × 160 mm using direct transmission. This parameter was also
determined in the specimens of mortars on ceramic bricks as coating layer using indirect
transmission, with both transducers on the surface of the mortar layer. For each mortar
type and kind of specimen, three samples were tested and three measurements were taken
in the same sample. In addition to this, for specimens of coating mortars on bricks, several
measurements were made at different distances (6, 7, 9, 11, 13, 15, and 17 cm, respectively)
between the centers of transducers (see Figure 4a,b).

Figure 4. (a) Marking of ultrasonic pulse velocity (UPV) measuring points in the surface of a coating
mortar; (b) measurement process for the same sample.

2.6. Water Penetration under Low Pressure Test (Karsten Method)

The water permeability under pressure is an important property to assess in mortars
being used as masonry coatings in the rehabilitation of old and historical buildings. This
property has been studied in this work according to the Karsten method, which corresponds
to RILEM Test Method No. II.4. [34]. When water is applied at a certain pressure to a
porous material, it seeps into its microstructure. Therefore, the volume of water that is
absorbed during a certain time period is a characteristic of the material and it depends on
its porosity [32]. The samples used for the test were mortars applied on ceramic bricks
surface as a coating layer, in order to simulate a situation as close to real as possible.

Before preparing the setup of the test, the specimens were dried in a ventilated oven
at 60 ± 5 ºC temperature. Three Karsten tubes with a capacity of 4 ml were fixed to each
sample (see Figure 5) using silicone. Prior to initiating the test, it was given 24 h for silicone
drying. Once the tubes were filled withwater, the test started and readings of the amount
of water absorbed were taken at 15 s, 30 s, 1 min, 1.5 min, 2 min, 3 min, 4 min, and 5 min.
No measurements at later times were noted because in all mortars total water absorption
was finished in 5 min or less. The final result obtained from this test is the absorption
coefficient. For each mortar type, three samples were tested at 90 hardening days.
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Figure 5. Position of the Karsten tubes in the sample for performing the test.

2.7. Shrinkage Cracking

In the specimens of mortars applied on ceramic bricks surface as a coating layer, it
has been made a visual evaluation of the possible formation of shrinkage cracks at 28 and
90 hardening days.

3. Results
3.1. Compressive and Flexural Strength

The compressive strength results obtained are depicted in Figure 6. All the studied
mortars showed an increase of this parameter between 28 and 90 days. At 28 days the
highest compressive strength was noted for mortars with lime putty and sand (ASPL
series), followed by the specimens which incorporated both aerial and hydraulic lime with
sand as aggregate (ACL/PP series). On the other hand, the lowest values of compressive
strength at 28 days were noted for samples prepared with lime putty, sand, and crushed
rock powder (ASPL/PP series). However, the abovementioned ASPL/PP mortars showed
the highest compressive strength at 90 hardening days, compared to the other studied series.
The values of this parameter were relatively similar for ASPL, ACL/HL, and ACL/PP
specimens at 90 days of age, although it was slightly higher for ASPL ones.

Figure 6. Compressive strength results for the studied mortars.

Regarding the flexural strength, the results of this parameter can be observed in
Figure 7. At 28 days, the flexural strength was very similar for ASPL, ACL/HL, and
ACL/PP mortars, being lower for ASPL/PP ones. This parameter showed an important
increase at 90 hardening days for mortars that incorporate lime putty (ASPL and ASPL/PP
series) and this rise was more noticeable for specimens that combined lime putty, sand and
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crushed rock powder (ASPL/PP series). The flexural strength for mortars with aerial lime
(ACL/HL and ACL/PP series) was lower compared to mortars with lime putty (ASPL and
ASPL/PP series).

Figure 7. Flexural strengths noted for the different kinds of mortar analyzed.

The ductility coefficient results are represented in Figure 8. For mortars with lime
putty, this parameter rose between 28 and 90 days, having a more notable increase for
ASPL/PP specimens. On the other hand, the ductility coefficient decreased with age for
mortars which included aerial limes (ACL/HL and ACL/PP series). These specimens with
aerial lime showed higher values of this coefficient at 28 days, while at 90 days it was
slightly greater for mortars with lime putty.

Figure 8. Ductility coefficients for the studied mortars.

3.2. Pull-off Strength

All the kinds of mortars showed a cohesive fracture once we finished the pull-off
test, as can be seen in Figure 9. The pull-off strength results at 90 days of age are depicted
in Figure 10. As can be observed, the highest value of this parameter corresponded to
specimens with lime putty, crushed rock powder, and sand (ASPL/PP series), followed
by ASPL samples. The pull-off strength was lower for mortars of the series ACL/HL and
ACL/PP compared to those with lime putty.
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Figure 9. Images of cohesive fractures observed in the studied mortar coatings after performing the
pull-off test.

Figure 10. Pull-off strength results for the analyzed mortar coatings at 90 days.

3.3. Ultrasonic Pulse Velocity

The ultrasonic pulse velocity was determined for prismatic samples as well as for
specimens of mortar coatings on ceramic bricks. The results of this parameter for both
types of samples are shown in Figure 11. In general, scarce differences in this parameter
were observed for all the studied mortars, which would indicate that they would have a
similar porosity, with slight differences.

In relation to the prismatic samples, the ultrasonic pulse velocity was very similar for
lime putty mortars (ASPL and ASPL/PP series), although this parameter was higher for
mortars with aerial lime and both sand and crushed rock powder as aggregates (ACL/PP
series). The lowest ultrasonic pulse velocity was noted for mortars which incorporated
both aerial and hydraulic lime (ACL/HL series).

Regarding the specimens consisting of mortar coatings on ceramic bricks, the ultra-
sonic pulse velocity was very similar for ASPL, ACL/HL, and ASPL/PP series and scarce
lower for ACL/PP mortars.
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Figure 11. Ultrasonic pulse velocity obtained for prismatic samples (designated as “prism” in the
graph) and in mortar coatings on ceramic bricks (designated as “brick” in the graph) at 90 harden-
ing days.

3.4. Water Penetration under Low Pressure

The values of the absorption coefficient at 90 hardening days determined using the
Karsten method are depicted in Figure 12. The highest coefficients were noted for mortars
with lime putty (ASPL and ASPL/PP series), whereas the lowest values of this parameter
corresponded to specimens that incorporated aerial lime (ACL/HL and ACL/PP series).

Figure 12. Absorption coefficients at 90 days obtained using the procedure of the Karsten method.

3.5. Shrinkage Cracking

The visual evaluation of the specimens of mortars applied on ceramic bricks surface
as coating layer did not reveal any formation of shrinkage cracks at 28 and 90 hardening
days. Figure 13 shows images of the surfaces of all the mortar’s coatings analyzed taken at
the age of 90 days.
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Figure 13. (a) Surface of lime putty and sand (ASPL) mortar coating specimen at 90 days; (b) surface
of lime putty, sand and crushed rock powder (ASPL/PP) mortar coating specimen at 90 days; (c)
surface of aerial and hydraulic lime with sand as aggregate (ACL/PP) mortar coating specimen at
90 days; (d) surface of aerial lime, hydraulic lime, and sand (ACL/HL) mortar coating specimen at
90 days.

4. Discussion

In view of the results of the compressive and flexural strengths obtained for the
studied mortars (see Figures 6 and 7), it seems that the incorporation of crushed rock
powder as aggregate produced a reduction of both parameters in the short-term (28 days),
although it has a beneficial effect in the middle-term (90 days), improving the mechanical
performance, especially when it is combined with lime putty. With respect to the different
types of limes studied, in view of the results obtained, the use of lime putty (totally or
partially in the binder) overall gave higher strengths after 90 days. This would agree with
other authors [11], which noted that the evolution of mechanical properties was slower
when aerial lime is used in the binder. Then, specimens with aerial lime would probably
need more time than 90 days for reaching similar mechanical strengths than mortars with
lime putty. In addition to this, there are authors [14] who also reported that aerial lime
binders would reduce the mechanical performance of mortars, in keeping with the results
obtained in this work.

On the other hand, the pull-off strength results (see Figure 10) reveal that the incor-
poration of lime putty produced a beneficial effect in relation to pull-off strength. This
result would be in line with other works [12], which pointed out that lime mortars made
with putties could improve the general behavior of the mortars. In addition to this, higher
pull-off strength has been observed for mortars that combined hydraulic and aerial lime
in the binder, in comparison with those made with aerial lime only. This would confirm
the beneficial effects of using blended mortars with both aerial and hydraulic lime, also in
agreement with other authors [15].

Furthermore, it has been noted that the results of pull-off strength obtained were
overall in keeping with those noted for compressive and flexural strengths. In view of
that, for checking if there is a direct relation between pull-off and mechanical strengths, a
linear fit between compressive and pull-off strengths values obtained for all the mortars
studied has been performed (see Figure 14), obtaining a R2 value equal to 0.87313, which
would show a good correlation, confirming that higher compressive strength entails higher
pull-off strength. The results noted for the pull-off strength were also consistent with those
obtained by other authors [35], which reported that the values of this parameter were in the
range between 0.61 and 1.66 MPa for mortars applied in external elements of old buildings
as plasters and coatings.
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Figure 14. Linear fit between compressive and pull-off strengths values obtained for the studied mortars.

Regarding the ultrasonic pulse velocity, the results obtained in prismatic samples (see
Figure 11) would suggest that the mortars with aerial lime and crushed rock powder would
be slightly less porous compared to the rest of the mortars studied, while those with both
aerial and hydraulic lime would have scarce higher porosity. Several authors have pointed
out that the aggregate used in lime mortars has an influence on the porosity and pore size
distribution of lime mortars [18], as well as that lime powder mortars generally present
higher porosity [10]. Therefore, the possible lower porosity suggested by the ultrasonic
pulse velocity results obtained in this work for the studied mortars with aerial lime and
crushed rock powder would indicate a beneficial effect of crushed rock powder. Finally, the
ultrasonic pulse velocity results obtained in prismatic samples using direct transmission
were overall in agreement with those noted for other authors [35,36], which reported
values of this parameter between 1340 and 2570 m/s for samples made using mortars for
applications such as exterior plasters and coatings for old building refurbishment.

In relation to the specimens consisting of mortar coatings on ceramic bricks, the
ultrasonic pulse velocity results would indicate that mortars with lime putty and those
which combined aerial and hydraulic lime had a similar porosity when they are applied
as a coating layer. On the other hand, the ultrasonic pulse velocity results would suggest
that coatings made using mortar with aerial lime and crushed rock powder would have a
slightly higher porosity. This result differs from that observed for prismatic specimens and
it could be due to a possible higher formation of internal shrinkage cracks compared to
the rest of the mortars analyzed, although this phenomenon had not been observed in the
surface of the specimens with coating layers. The values of ultrasonic pulse velocity for
mortar coatings on ceramic bricks from indirect transmission measurements also agreed
with other researchers [35,36], which pointed out values of this parameter from 1524 to
2920 m/s taken in mortars applied as coatings in surfaces of exterior elements of old
buildings [35].

With respect to the water absorption coefficient under low pressure, its results differ
from the previously discussed for mechanical properties, for which generally the best
performance has been reported for lime putty mortars. The higher absorption coefficients
observed for series with lime putty could be related to the possible presence of pores
with higher diameters, in spite of having similar or even less global porosity compared to
series with aerial lime, as suggested the parameters related to mechanical behavior already
described. These pores with higher diameters would facilitate the penetration of water
under pressure in the microstructure of the lime putty mortars, giving greater values of
the absorption coefficient, as has been noted. In the case of aerial lime series, the possible
finer porosity would makethe water penetration more difficult, showing lower absorption
coefficients. There are authors [10] who reported that lime putty mortars had a bimodal
pore size distribution, with two predominant families of pores with 0.04 and 16.8 µm
diameters, while lime powder mortars showed a unimodal distribution with the most
frequent pore radius at 0.6µm. Then, the higher water absorption observed in this work
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for the lime putty mortars analyzed could be explained in relation to the abovementioned
presence of a pore family with a relatively high diameter, such as 16.8 µm [10], which
would make the penetration of water under pressure in the microstructure of the material
easier. Despite that, the abovementioned possible differences in the pore size distribution
of the mortar coatings studied would not noticeably affect their mechanical behavior, as
has been shown.

Finally, according to the results obtained, mortar coatings with lime putty presented
better mechanical performance, whereas those which incorporate aerial lime in the binder
showed better behavior with respect to water absorption under low pressure. However, the
general performance noted for all the studied mortars was adequate for their application
as coatings of masonry elements in rehabilitation works.

5. Conclusions

The main conclusions that can be drawn from the results previously discussed can be
summarized as follows:

• The compressive and flexural strengths increased with time for all the studied mortars,
being this rise more noticeable for mortars made using lime putty and both sand and
crushed rock powder as aggregates (ASPL/PP series). At 90 hardening days, higher
values of both mechanical strengths were noted for mortars with lime putty (ASPL
and ASPL/PP series) compared to aerial lime ones (ACL/HL and ACL/PP series).

• In view of the results of compressive and flexural strengths, the incorporation of rock
crushed powder as an aggregate would produce a reduction of these parameters in the
short-term (28 days), although it has a beneficial effect in the middle-term (90 days),
increasing both mechanical strengths, especially when it is combined with lime putty.

• Regarding the different types of limes studied, the incorporation of lime putty in
the binder would generally produce higher compressive and flexural strengths after
90 days.

• With respect to pull-off strength, all the studied mortars showed a cohesive fracture.
The results of this parameter were overall in keeping with those noted for compressive
and flexural strength, showing the ASPL/PP and ASPL series higher pull-off strength
than ACL/HL and ACL/PP ones.

• The ultrasonic pulse velocity was similar for all the studied mortars, which would indi-
cate that they would have a similar global porosity, with slight differences between them.

• The highest absorption coefficients were noted for mortars with lime putty (ASPL and
ASPL/PP series). This could be related to the possible presence of pores with higher
diameters in these mortars, in spite of having similar or even less global porosity
compared to aerial lime mortars (ACL/HL and ACL/PP series), as suggested by the
ultrasonic pulse velocity results. These pores with higher diameters would facilitate
the penetration of water under pressure in the microstructure of the mortars with
lime putty.

• Mortars that incorporated aerial lime (ACL/HL and ACL/PP series) showed the
lowest absorption coefficient. This would reveal a finer porosity in these mortars
which would make the water penetration more difficult.

• The formation of shrinkage cracks in the surface of the mortar coatings was not
detected at 28 and 90 hardening days.

• As a general conclusion, mortar coatings with lime putty (ASPL and ASPL/PP series)
showed better mechanical properties, while the mortar coatings with aerial lime
(ACL/HL and ACL/PP series) had better behavior regarding water absorption under
pressure. Despite that, considering the results obtained in this research, the overall
performance of all the studied mortars is adequate for being used in the rehabilitation
of masonry elements in old and historical buildings.
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