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A B S T R A C T

So far, the mechanical testing at the macro scale of aerial lime-based materials has mainly been focused on the 
analysis of mortars, while binder specimens have not been studied as much. In the present work an alternative, 
material-effective and low-waste methodology to evaluate the mechanical properties of aerial lime binders and 
mortars is proposed. The core of this methodology is based on specimen size reduction, minimizing quantities of 
material required during development and testing. In particular, the proposed methodology is aimed at studying 
the interaction of different quantities of a phase change material (PCM) with aerial lime binders and mortars. The 
mechanical properties of pure aerial lime binders were successfully characterized, whereas mortar specimens 
provided less detailed information. The mechanical characterization showed that aerial lime binders, and 
consequently mortars, are weakened in the presence of Poly(ethylene glycol) - PEG, a PCM. It was observed that 
8 % of PEG in the binder lower the resistance to compression by 36 %, resistance to scratch on 76 % and flexural 
resistance by 32 %. Finally, this study also proposes a model for the physical interaction between the PCM and 
the aerial lime-binder to explain the observed weakening mechanism: PEG can hinder the correct crystalline 
interlocking between the calcite crystals in the carbonated binder, and act as a lubricant promoting their sliding 
under compressive forces.

1. Introduction

Aerial lime-based mortars are one of the oldest construction mate
rials manufactured by humans [1,2]. Currently, the slow setting via 
carbonation of these mortars, their low mechanical properties compared 
to concrete, and loss of traditional know-how for their manufacturing, 
have resulted in a reduction of their use. Nevertheless, these mortars 
remain relevant for the restoration of built heritage. Their physico
chemical and mechanical characteristics make them compatible with 
the historical original masonry [2,3]. Also, thanks to their reduced 
environmental footprint, if compared to concrete, these mortars are 
becoming an interesting alternative for sustainable architecture. 
Generally, aerial lime-mortars are used in construction and restoration 
for non-structural applications (plasters, renders, beddings, or pointers 
to join elements of masonry) given their low compression strength in the 
order of a few MPa [4].

To overcome these limitations and promote the use of lime-based 
mortars, the introduction of additives in lime-based mortars has 

increased significantly over the previous decade. Small amounts of ad
ditives in the mortar improve its processing and final properties [5]. 
Among various types of additives Phase Change Materials (PCMs) [6,7], 
often polymeric in nature, are thermal energy storage systems (TES) able 
to increase the thermal capacity of the mortars (plasterings). They melt 
or crystallize at specific temperatures, meanwhile capturing or releasing 
thermal energy [8]. The phase-change temperatures are often correlated 
with the day/night cycles, helping control of the interior temperature 
and reducing the intense need of for conventional thermo-regulation 
systems. However, many authors have reported that when PCMs are 
introduced in mortars, they tend to reduce the mechanical performance 
of the latter [6,7]. Particularly, when the PCMs are included in the 
mortars as Form-Stable Phase Change Material aggregates (FS-PCM) 
impregnated with Poly(ethylene glycol) (PEG) as active PCM, the me
chanical properties can be reduced by 50 % with respect to the control 
[6]. In this regard, a previous work [9] revealed that the lack of 
confinement of PEG inside the FS-PCM aggregates leads to its dispersion 
in the binder phase. It was then hypothesized that this lack of 
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confinement and the consequent mixture of PEG with the binder could 
be one of the reasons behind the reported weakening of the mortars [6, 
7]. However, until now this hypothesis has not been demonstrated, and 
the interaction between PEG and binder phase is not fully understood. 
To this aim, the mechanical testing of pure aerial lime-binder specimens 
and lime-based mortars in the presence of PEG could provide funda
mental information to explain the reported mortar weakening.

Currently, the standard-regulated mechanical testing of lime-based 
mortars consists of evaluating the strength characteristics of the 
mortar (compression and tensile strength) and is performed according to 
EN 1015–11 [10]. Furthermore, the adhesive strength and elastic 
modulus of renders and plasters are studied using the EN 1015–12 [11]. 
In the present work, only the compressive and flexural strength char
acteristics were considered.

As defined by the EN 1015–11 standard [10], all mortars where the 
binder content is at least 50 % aerial lime are classified as lime-based 
mortars. This means that the category of “lime-based mortars” consists 
of those where the binder can be made of pure aerial-lime or up to a 
blend of 50/50 lime:cement. Under this definition, the mechanical 
resistance of this category can cover a wide range [4,12,13], where the 
strength of the mortar highly depends on that of the binder [4]. It has 
been recently underlined that current mechanical testing methods are 
basically designed for cement-based mortars and, therefore, they might 
not be fully suitable for characterising lime-based ones, to assess plaster 
and renders [14].

The current standard (EN 1015–11) requires performing the tests on 
at least 3 mortar specimens cast on steel moulds of 160 ×40 ×40 mm3. 
These dimensions are problematic since: 

(a) They are not representative of the real dimensions of lime-based 
mortar applications, which are normally applied as thin layers, 
around a few mm thick [14].

(b) Casting these large specimens requires a large amount of mate
rial. According to the standard, the fresh paste needs to be 1.5 
times larger than the required amount to perform 3 replicas of 
each sample. These quantities are not always easily available, 
especially at the research laboratory developing phase.

(c) Particularly for aerial lime-based mortars, which harden via 
carbonation, the necessary time required to have a fully 
carbonated specimen of such dimensions will most probably 
exceed the 28 days required by the EN 1015–11 [15]. If the test is 
performed before the mortar is fully carbonated, the mechanical 
resistance will be a fraction of the one achieved once carbonation 
is complete.

(d) To cast aerial lime-based mortars of this geometry and prevent 
micro-cracking, a common practice is to use superplasticizers 
which perhaps are not necessary when making a layer a few mm 
thick.

(e) Under the current climate crisis, the large production of waste 
material and its correct disposal at the laboratory level is an ur
gent problem that universities and research entities should 
consider [16,17]. Large specimens also imply large material 
quantities, and after the test is performed, these materials are 
disposed, generating equal amounts of laboratory waste.

Moreover, based on the standard, the specimens should be cast in 
steel moulds, which are non-porous materials, unlike the common 
substrates where lime-based mortars are normally applied. These non- 
porous substrates drastically impact the porosity of the mortar 
[18–20]. Consequently, the mortars cast in porous substrates present a 
higher mechanical resistance [18–20]. A different European standard 
dedicated to mortars in the field of cultural heritage, the EN 17187 [21], 
briefly mentions the mechanical characterization of lime-based mortars. 
In this standard, it is advised to perform the mechanical characterization 
only if enough material is available, but no reference to any testing 
methodology is present.

To overcome some of these issues, alternative methodologies to 
characterize the mechanical properties of lime-based mortars have been 
proposed. A very popular one is the Drilling Resistance Measurement 
System (DRMS) [22,23], which correlates the resistance to drill of a 
material with its compressive strength. The drilled orifices are often only 
a few millimetres of in diameter [4], and they can be done in the lab
oratory and in situ. Another technique of increasing interest is the 
scratch resistance test [24–26], where the scratch resistance is corre
lated to the compressive and flexural strength of mortars. Both DRMS 
and scratch test are complementary techniques that allow to charac
terize the bulk and surface of the materials respectively. Besides, they 
can work on mortars with different and irregular dimensions, thus 
eliminating the specimen-size problem. However, in both cases when 
these measurements are made on heterogeneous materials (such as 
mortars), the results are difficult to interpret and often present a high 
noise-to-signal ratio. Another alternative method to determine the 
compressive strength of non-standard specimens is the double punch 
test (DPT) [27]. It consists of loading a small mortar (around 40 x 40 x 
10 mm3) between two circular plates of smaller diameter (20 – 30 mm). 
In this way, the compressive strength is calculated as the ratio between 
the failure load and the regular cross-section of the plates, instead of that 
of the specimen. Nonetheless, the results obtained strongly depend on 
the size of the mortars and of the punches [28]. Lastly, a modern 
minor-destructive test, has been applied by Łątka [29] on lime-based 
mortars, which is similar to DRMS since it consists of recording the 
resistance of a material to penetration with a hammered needle. Sample 
size and availability is a common challenge in the analysis of historical 
mortars. This issue has been overcome by cutting the samples to obtain 
semi-regular shapes of non-standard sizes [30] or mounting them in 
“support” materials that correct their irregular geometry while sus
taining the small sample [31,32]. In these cases, the cutting action may 
affect the sample’s integrity and using of the additional material must be 
considered when deriving the realistic mechanical performance of the 
tested mortar.

To the knowledge of the authors, currently, there is no mechanical 
study performed on specimens made exclusively of aerial lime-binder 
(without aggregates). The objective of the present work is to investi
gate the mechanism of weakening of lime-based binders with the 
introduction of this specific PCM: PEG. Moreover, this work aims to 
propose an alternative methodology to evaluate the mechanical prop
erties of pure lime-based materials, where both binder and mortar 
samples can be tested on small sample sizes.

2. Materials and methods

2.1. Materials

Both binder and mortar specimens were prepared using aerial lime 
(Calce idrata Fiore di idrato purissimo extra ventilato, Fassa Bortolo Srl, 
Italy) composed of 89 % Ca(OH)2 and 11 % CaCO3 according to XRD 
analysis (see below). The carbonate content is associated with accidental 
carbonation during transportation and measurement. The aerial lime 
powder had a granulometry of <0.1 mm and a density of 450 kg/m3. For 
the mortar specimens, silicate sand (granulometry 0.1 – 0.3 mm) was 
used instead of carbonate sand, to ensure that the CO3 so it FTIR signal 
would be associated unequivocally with the binder. Silicate sand is 
mainly composed of silicon dioxide and is characterized by the Si – O 
FTIR vibrational signal at ~ 1100 cm− 1, which does not overlap with the 
CO3 vibration at 1420 cm− 1. The PCM of interest was Poly(ethylene 
glycol) (trade name PEG-1000) supplied by Sigma–Aldrich (Germany). 
This PCM has a melting point between 37◦C and 40◦C and a solidifica
tion temperature around 18–20◦C [6]. PEG-1000 was stored in a sealed 
container at room temperature and 50 % humidity; consequently, it is 
safe to assume that it was in the solid state before its dispersion in water 
and subsequent introduction in the specimens. PEG-1000 was intro
duced in both binder and mortar specimens in the following percentages 
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by mass weight of the binder: 5, 8, 10, and 15 %. The selected per
centages for this study allowed a distribution of values that would 
elucidate the effect that PEG has on the binder for a mix-design similar to 
the one used in the previous studies [6,9]. PEG-1000 was dissolved in 
the water used to make the specimens, to obtain a complete dispersion of 
this polymer in the whole volume of each specimen. For each type of 
specimen (binder and mortar), five sets were made: a control set without 
any PEG-1000, and four sets with the above-mentioned percentages. The 
proportions for each of the specimen types (binder and mortar) are re
ported in Table 1. The binder specimens were made by mixing the total 
mass of aerial lime with distilled water, or distilled water with the 
respective PEG %, in proportion 1:1. The mortar specimens were pre
pared by first mixing the dry components (binder and aggregates) in a 
clean plastic bag. Once the dry components were homogeneously mixed, 
distilled water, or distilled water with the respective PEG %, was added 
in the proportion specified in Table 1. The binder specimens were cured 
for 1 day at 20◦C with 65 % RH and removed from the casts. The mortar 
specimens were cured in a controlled room at 20◦C with 90 % RH for 3 

days and at 65 % RH for 7 days before being removed from the casts 
(except for the carbonation specimens that remained in the casts to 
promote the carbonation from a single face – see carbonation).

In binder specimens, water to binder ratio was 1:1.
A series of preliminary tests were performed to optimise the shape 

and size of the different specimens depending on the type of test and 
material (mortar or neat binder). Different dimensions of the specimens 
were then selected depending on the specimen type and the specific test 
performed. In Table 2 the geometrical parameters are reported for each 
type of specimen, and in Fig. 1 the different moulds and specimens are 
shown. Moreover, for mechanical testing and porosity measurements, 
all the specimens were artificially carbonated in a chamber saturated by 
CO2 (above 50000 ppm) for fifteen days. FTIR measurements performed 
before the mechanical measurements confirmed that the specimens 
were fully carbonated. The accelerated carbonation process would 
modify the structure of the resulting CaCO3, hardened binder, and thus 
its mechanical performance [33]. However, since all the tested speci
mens were subjected to the same conditions, this process does not affect 
the comparative discussion of the results, but is important to consider 
this before extrapolating the obtained values to other conditions.

2.2. Methods

2.2.1. Aerial lime characterization - X-ray diffraction (XRD)
The material characterization of the aerial lime was conducted on a 

Panalytical X′Pert Pro diffractometer equipped with Ni filter, working at 
45 kV and 40 mA, Cu Kα radiation (λ = 1.5405 Å), in a 2θ range of 
20–40◦. XRD patterns were analysed using HighScore Software (Malvern 
Panalytical).

2.2.2. Micro-Scratch test
Scratch tests were performed on binder specimens (B) on a micro- 

scratch tester (CSM Instruments / Anton Paar) using a Rockwell tip 

Table 1 
Proportions (kg/m3) to manufacture the different types of specimens. In both 
cases (B and M) specimens with all 4 concentrations of PEG-1000 and a control 
without the polymer were made.

Specimen type Binder Aggregatesa Water

Binder (B)b 310 0 310
Mortar (M)b 209 491 230

Notes: In binder specimens, water to binder ratio was 1:1. In mortar specimens, 
water to binder ratio was 1:1.1 and binder to aggregate ratio was 1: 2.35. For all 
specimens, the Binder to PEG ratios were: 1:0.05 ; 1: 0.08 ; 1: 0.1 and 1: 0.15 for 
5, 8, 10, and 15 % of PEG respectively.

a The density of the silicate sand is 1604 kg/m3

b The included PEG % (5, 8, 1,0 and 15 %) were weighted as the corre
sponding percentage fraction of the total mass weight of the binder.

Table 2 
Dimensions of the different tested specimens. All measurements are expressed in mm. The crossed cells indicate tests that were not performed on a specific type of 
specimen. *The porosity measurements were only performed on the binder control specimen, 8 and 15 %w/w of PEG-1000.

Specimen type Test performed

Microscratch Compressive strength test Flexural strength test Carbonation Porosimetry*

Binder 
(B)

20 ×10 x 2 10 ×10 x 5 20 ×10 x 2 ​ 15 ×5×2

Mortar (M) ​ 10 ×10 x 5 40 ×10 x 5 10 ×10 x 10 ​

Fig. 1. Photo of moulds and specimens used. In yellow an example of the silicon mould used for mortar’s flexural test is highlighted. In cyan, an example of the 
silicon mould used for both binder and mortar compression test is highlighted. The white PTFE mould was used for the binder flexural and scratch specimens. An 
example of all the specimens is also shown on the right.
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with 120◦ cone angle and 800μm tip radius. The scratches were per
formed to promote fracture of the specimens with a progressive load 
from 0.03 to 15 N at a rate of 20 N/min for a full scratch length of 3 mm. 
A pre-scan was made with the lowest force (30 mN) to measure the in
dividual profile of each specimen, and apply a correction to the 
measured penetration depth values. In a similar fashion, post-scan (al
ways at 30 mN) allowed measurement of the residual depth after 
scratch. Oscillations in the initial profile due to surface roughness and 
non-perfect planarity were limited to a few μm, as opposed to the 
characteristic dimensions of the scratch process of several hundred μm 
(for both the scratch tip radius and the penetration depth). The test was 
performed on sets of specimens with increasing PEG-1000 concentration 
and a control set without PEG-1000. A total of 3–7 replicas for each set 
were performed. All the measurements were consistently made in the 
surface of the specimens that was in contact with air upon curing, since 
the bottom surfaces (in contact with the mould) presented an imprint of 
the mould’s texture, especially in the control and low PEG percentage 
specimens. Some specimens containing different percentages of PEG 
broke during hardening because of production defects (e.g. bubbles 
trapped in the bottom of the cast) and the intrinsically weakened PEG- 
containing binder, thus the broken specimens were not analysed. Only 
specimens without visible fractures were tested. For each measurement 
the critical force value obtained at fracture was considered.

2.2.3. Compressive strength test
Compressive strength tests were performed on both binder (B) and 

mortar (M) specimens. The samples were tested on an Instron 
1185R5800 electromechanical dynamometer equipped with a load cell 
of 10 kN at a displacement rate of 0.1 mm/min, until failure of the 
specimen. The deformation of each specimen was measured using an 
Instron strain gage extensometer 2620–601, with a range of ± 5 mm. 
The nominal compressive strength was calculated by dividing the 

measured load by the initial surface area of the tested specimen. 
Moreover, the total strain was calculated by dividing the measured 
displacement by the initial height of the tested specimen. The elastic 
modulus was calculated by performing a linear interpolation in the re
gion of the stress-strain curve before the maximum, where contact 
conditions between the sample and the compression plates are optimal 
and the behaviour is truly linear. A total of ten replicas were performed 
for each set of specimens at the different concentrations.

2.2.4. Flexural strength test
The flexural strength tests were performed on both binder (B) and 

mortar (M) specimens. The test was performed on a TA Instruments 
RSA3 machine in transient mode. The distance between the lower sup
ports used for the binder specimens was 10 mm, while that used in the 
mortar specimens was 25 mm. Both types of specimens were tested at a 
displacement rate of 0.3 mm/min until failure of the specimen. The 
flexural strength was calculated considering the maximum value of 
stress calculated according to beam theory. A total of ten replicas were 
performed for each set of specimens at the different concentrations.

2.2.5. Carbonation test
To monitor over time the level of carbonation of the mortar speci

mens and therefore to determine if PEG-1000 may affect this process, a 
series of measurements were performed over a period of 44 days. 
Twenty cubic specimens for each concentration of PEG-1000 (4 con
centrations plus a control specimen without PEG-1000) were mixed and 
cast on the same day, and were carbonated under room conditions (~25 
ºC, 40 – 70 % RH, and ~400 ppm atmospheric CO2) with only one face 
exposed to the air. In this case, the natural carbonation process was 
followed to follow in detail the kinetics of the reaction and see the effect 
that PEG-1000 had on it.

To measure the carbonation level, FTIR measurements were 

Fig. 2. Selected curves of each of the tests performed on binder-only specimens with different percentages of PEG-1000. The critical load corresponding to the 
fracture onset of the material is marked as “CL” for µ-scratch and flexural strength tests. For uniaxial compression testing, the critical points are marked with A and B, 
depending on the observed failure behaviour. The diagrams on the right represent a sketch of the two relevant failure modes.
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performed in attenuated total reflectance (ATR) mode on powder sam
ples collected from the ground mortar specimen. After each measure
ment, the specimen was discarded. The measurements were made using 
a NicoletTM iS20 spectrometer (ThermoFisherTM Scientific), equipped 
with a DTGS detector and a diamond itXTM Smart accessory for ATR in 
the spectral range 4000–400 cm− 1, collecting 64 scans for each mea
surement with a 4 cm− 1 spectral resolution (diameter of the crystal 
2 mm). Each measurement was performed in triplicate and the average 
of the spectra was considered. To normalize the spectra, 10 % by weight 
of Potassium ferricyanide (C6N6FeK3) was ground together with the 
specimen; all spectra were normalized by the C6N6FeK3 peak at 
2117 cm− 1. The proportion between the hydroxide peak at 3640 cm− 1 

and the carbonate peak at 1420 cm− 1 was used to measure the pro
gression of carbonation. The presence of CO3 in these samples can only 
come from Ca(OH)2 which has been converted to CaCO3 via carbon
ation, thus this ratio serves as a good indicator for carbonation.

2.2.6. Porosity test
The effect that PEG-1000 has on the porosity of the binder was 

studied with Mercury Intrusion Porosimetry (MIP) in an Autopore IV 
9500 (Micromeritics). For each measurement, the total weight of the 
binder specimen was approximately 1.5 g. The porosity measurements 
were performed in fully carbonated specimens by duplicate to ensure the 
reproducibility of the results.

3. Results and Discussion

3.1. Binder mechanical performance

Three testing methods were used to evaluate the mechanical per
formance of the binder: micro-scratch resistance, uniaxial compressive 
strength test, and flexural strength test. Representative results are pre
sented in Fig. 2. In all the performed tests, it was observed that the 
presence of PEG-1000 in the binder reduced the maximum load that the 
specimens could bear. The results from the µ-scratch test revealed that as 
the quantity of the polymer increases, the material resistance decreases. 
Moreover, the fragile nature of the specimens can be clearly observed in 
the results from the µ-scratch test, evidenced by the sudden failure, as it 
was expected. The same brittle failure occurs in the flexural strength 
tests, with the exception of the control specimens which exhibit a very 
limited degree of ductility after the onset of fracture; those with PEG- 
1000 fail catastrophically immediately thereafter, instead. The limited 
ductility of the control is observed in Fig. 2, with a limited degree of 
deformation even after the critical load value (CL in the figure). Instead, 
in the PEG-containing specimens, once the critical load is reached (CL), 
the specimen breaks suddenly, as noted by the drop in the stress signal at 
the maximum deformation. This type of behaviour under flexural stress 
was also identified in gypsum-rich plasters [34], and was identified by 

the authors as a consequence of the pore collapse of the plaster. Lastly, 
during the uniaxial compression experiments, it was observed that for a 
critical PEG concentration of 8 % there is a change in the failure mode 
(from A to B in Fig. 2), which becomes more plastic-like. As can be 
observed in the diagram, the binder specimens, at these high concen
trations, show an apparent yielding. As a matter of fact, the specimen 
progressively disintegrates into a compact and plastic mass of powder, 
with a behaviour similar to kinetic sand (see graphical diagram in Fig. 2). 
As the test proceeds, this powder is progressively compacted, thus 
showing large deformations developing at fairly constant stress values 
between 4 and 6 MPa. Once cohesion is lost (B in Fig. 2), the resulting 
binder+PEG powder is responsible for the observed plastic-like response.

To quantitatively describe the mechanical behaviour, the critical 
loads and elastic modulus (for compressive and flexural tests) were 
evaluated. The elastic modulus (E) (Fig. 3) for flexural strength tests, 
shows a decrease of E with the presence of PEG, and a slight increment at 
10 % of PEG. The same behaviour is even clearer in the case of the 
compressive test. Moreover, the introduction of PEG in the binder, 
irrespectively of the amount, caused an average decrease in of the 
flexural E of 0.4 ± 0.2 MPa and of the compressive E of 33.2 ± 7.4 MPa. 
The latter corresponds which corresponds to a drop with respect to the 
control’s elastic modulus of c.a. 27 % tested in flexural mode and 40 %, 
when tested under compression.

The strength values of the binders, presented in Fig. 4, also highlight 
that the presence of PEG-1000 reduces the mechanical performance of 
the binder. However, two different behaviours are observed depending 
on the type of test performed: a gradual decrease with increasing PEG- 
1000 concentration for the compression-dominated test configurations 
(scratch and compression), and a sudden drop in the case of flexural 
strength. This suggests that PEG-1000, even in very small quantities, has 
a deleterious effect on the binder tensile strength. Furthermore, for 
micro-scratch and compression testing, the trend seems to approach a 
plateau for higher percentages of PEG-1000. The good correlation of the 
results for these two configurations is related to the fact that, as already 
mentioned, the specimens are subjected to a similar (compressive) state 
of stress. It has indeed been demonstrated that scratch resistance can be 
correlated with the uniaxial compression strength of various types of 
materials [26–28].

The critical stress of the control binder in uniaxial compression is 8.2 
± 2.0 MPa. This value is within the range expected for the mechanical 
resistance of lime-based binders, based on a few studies made in lime 
plasters substituted with gypsum and pozzolan [34,35]. It remains 
important to highlight that further studies are needed to characterize 
mechanical properties of pure aerial lime binders. The observed reduc
tion in the presence of PEG corresponds to a drop of the fracture stress of 
around 37 %, similar to the obtained drop in the elastic modulus. 
Numerically, this is a reduction of 1.9 MPa for binders with 5 % of PEG 
and 3.8 MPa for binders with 15 % of PEG; the reduction for 

Fig. 3. Elastic Modulus of the binder specimens with different percentages of PEG-1000.
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concentrations of 8 and 10 % obviously lie within these values. The 
results from the mechanical testing of the binder specimens in the 
presence of PEG are generally in line with previous ones [6,7]. However, 
the reduction in uniaxial compression resistance measured in a similar 
system using PEG was of 54 % [6]; in this case, the measured stress at 
fracture of the mortars was reduced from 0.52 ± 0.04 MPa to 0.24 ±
0.05 MPa. The difference with the values obtained in this study can be 
associated to the different nature of the samples (binder vs. mortar).

As mentioned before, in a previous work [9], two hypotheses were 
presented regarding the mortar’s weakening in the presence of the 
FS-PCM aggregates: a) it is caused by the mixture of PEG and lime 
binder, and/or b) the poor compatibility between FS-PCM aggregates 

and binder causes internal fissures that overall result in a weakened 
mortar. The results presented here refer to binder-only specimens, 
where any effect related to the presence of aggregates can be excluded, 
and demonstrate, therefore, that the mixture of this polymer with the 
binder is an important reason behind the reduction of the mechanical 
properties of the mortars. Of course, this does not eliminate the possi
bility that a lack of compatibility between the FS-PCM aggregates and 
binder may further contribute to the mortar’s weakening.

The present results show that the mechanical characterization of 
pure aerial lime binders is possible with the proposed specimen di
mensions. As presented in the introduction, testing these types of ma
terials is a challenging task. As a proof, all mentioned alternative 
methodologies consider only the mechanical characterization of mortars 
and not in the binders. Currently, only a few works are dedicated to the 
mechanical characterization of the binder phase of mortars, specially 
using nanoindentation, surface hardness, or penetration measurements 
[36,37], which give an important insight into the binder properties, but 
at a very small scale; also, some of these studies are performed on mixed 
binders containing only a percentage of aerial lime or mortars with a 
reduced quantity of aggregates. Another study uses standardized testing 
procedures with the aid of “confinement mortars” made of cement. 
However, a combination of such different materials could yield results 
that are difficult to compare with other studies. In contrast, recent works 
characterized the mechanical strength and surface hardness of gypsum 
plasters (without any aggregates) partially substituted with lime [34]
and pozzolan [35]. These studies successfully measured the mechanical 
properties of gypsum/lime plasters and provided a methodology that 
allows for testing of both laboratory specimens and historical samples. 
The authors tested the plasters using an adaptation of standard 
EN1015–11, working on specimens that were 1/50th of the standard 
specimen dimensions. They showed that it is possible to obtain repro
ducible and realistic results with geometries that are a fraction of those 
recommended by the standard. However, they could not perform the 
measurements on specimens of pure lime plaster since these would 
disintegrate upon demoulding [34], thus they tested only specimens 
with at least 5 % of gypsum.

3.2. Mortar mechanical characterisation

Both flexural and compressive resistance tests were performed on 
mortar specimens of reduced dimensions. The results (Fig. 5) confirm 
that the presence of PEG-1000 weakens the mortar specimens, reducing 
the stress at fracture from the control value of 0.46 ± 0.13 MPa to 0.29 
± 0.15 MPa when 15 % PEG was introduced, which would reduce the 
minimal required mechanical resistance for its use in restoration [38]. 
For comparison, aerial lime mortars with the presence of PEG inside 
FS-PCM aggregates showed a flexural strength resistance of 0.20 ±
0.07 MPa [6], in line with the obtained results. Moreover, there is no 
apparent correlation between the reduction of the critical load and the 
quantity of PEG-1000 in the mixture. The mortar specimens display a 
general behaviour that is even more brittle than pure binder ones; this 
difference might be related to the higher influence of defects due to the 
presence of the aggregates in the mortar. The introduction of hetero
geneities and defects can promote crack formation. This is more critical 
for flexural strength test, where a tensile component is present. 
Accordingly, results for this configuration showed low critical values 
and a high dispersion, and for this reason, they are not graphically 
presented. Instead, for the compression test, a critical load can be reli
ably identified. A marked change of the slope can be observed before 
failure, which could be associated with an increment of the apparent 
rigidity of the specimens when they are compacted.

Again, the average fracture resistance of the mortar specimens for 
each PEG-1000 concentration was calculated. As can be seen in Fig. 5b, a 
reduction of about 27 % with respect to the control is observed, irre
spective of PEG-1000 concentration. This corresponds to a drop from the 
control value of 1.92 ± 0.37 MPa to an average of 1.40 ± 0.12 MPa for 

Fig. 4. Strength of the binder specimens at different concentrations of 
PEG-1000.
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the specimens with PEG. Again, the dominant failure mechanism re
mains brittle. However, the results obtained for the binder-only speci
mens (Fig. 3 and Fig. 4) provided more reproducible and reliable results, 
highlighting the advantage of working with binder-only specimens.

The current set of results from the mechanical tests highlights the 
detrimental effect that PEG-1000 has on aerial lime binders and mortars. 
To investigate its origin, two essential properties of lime-based mate
rials, that have a direct impact on their mechanical response, were 
examined: the carbonation and pore microstructure.

3.3. PEG’s influence on carbonation

Aerial lime-based mortars harden via carbonation. In this process, Ca 
(OH)2 is slowly transformed into CaCO3, incrementing its mineral 
hardness from ~2–3 in the Mohs scale. When these mortars are not fully 
carbonated, their mechanical resistance is also commonly lower [39]. 
Indeed, a plausible hypothesis for the reported reduction of the me
chanical properties on aerial-lime mortars with FS-PCM aggregates [6]
is that the PCM would hinder or slow the carbonation.

To understand the impact that PEG-1000 has on the carbonation of 
aerial lime-based mortars, long-term natural carbonation tests were 
performed. The results presented in Fig. 6 show that, contrary to what 
could be expected, PEG-1000 promotes the carbonation of the binder. 
Even at high percentages of the polymer, carbonation is apparently 
accelerated. Although no clear trend with PEG-1000 concentration can 
be identified, it is evident that the carbonation progression is always at 
least as fast as in the absence of the PCM additive. Further tests are 

necessary to understand why, apparently, the presence of PEG favours 
the carbonation process. Nevertheless, the weakening of these mortars 
cannot be ascribed to a slowed-down carbonation.

3.4. Porosity

The porosity of the binder phase could give insight into the way the 
calcite clusters are interacting with the introduced PEG-1000, and the 
impact that this could have on the mechanical response of the mixture. It 
is important to highlight that the specimens tested were subjected to 
accelerated carbonation, which is known to have an impact on the 
porosity network and consequently on the mechanical properties of 
these types of materials [33]. Nonetheless, in the following section, a 

Fig. 5. Results from the compression test, a) representative curves of the test on mortar specimens with different percentages of PEG-1000; the points of failure of the 
material are marked as “CL”; and b) strength of the mortar specimens at different percentages of PEG-1000.

Fig. 6. Carbonation progression over 44 days of mortar specimens with 
different percentages of PEG-1000 included in the mixture.

Fig. 7. MIP measurements of the binder only specimens for the control, 8 % 
and 15 % of PEG-1000. The bar plot represents the relative porosity, whereas 
the dotted lines indicate the cumulative porosity.
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comparative discussion between the tested specimens is presented, and 
since all of them were subjected to the same carbonation conditions, the 
relative change amongst the specimens is not attributed to the carbon
ation process, but to the presence of PEG. To understand this, Mercury 
Intrusion Porosimetry (MIP) measurements were performed on flexural 
binder specimens: the control, 8 %, and 15 % of PEG-1000. The results 
(Fig. 7) show that as PEG-1000 is included in the binder mix, the total 
porosity is reduced from 50.6 ± 0.1 % to 41.8 ± 0.3 % at 8 % of PEG 
and 31.6 ± 0.6 % at 15 % of PEG. The introduced PEG-1000 is appar
ently partially filling the pores of the binder. Moreover, when observing 
the relative porosity size distribution, a reduction of those pores smaller 
than 0.1 µm is observed. Pores under this diameter are associated, in 
lime-based mortars, with the binder, more specifically to the crystalline 
lattice [40]. When the water used to prepare the binder evaporates, the 
dissolved PEG-1000 can be accumulated at the border of the portlandite 
crystals. Later, when the portlandite crystals undergo carbonatation and 
become calcite, a size reduction is observed [41]. PEG-1000 that was 
surrounding the original portlandite crystals, now is filling the 
inter-crystalline spaces between calcite crystals. Indeed, this would 
impact only the intrinsic porosity of the crystalline lattice. This hy
pothesis is supported by the small shift to larger pores observed as the 
quantity of PEG in the binder increases (Fig. 7).

3.5. Proposed mechanism of PEG weakening

The gathered experimental evidence allows to propose a model for 
the weakening mechanism that lime-based binders undergo when PEG- 
1000 is poorly confined and therefore disperses inside the binder matrix. 
The proposed model (Fig. 8) suggests that when the binder is carbonated 
and PEG-1000 is accumulated in the inter-crystalline porosity, it hinders 
the crystalline interlocking, overall weakening the matrix. In fact, at 
8 %, the pores below 0.1 µm are reduced from 8.3 % to 0.3 % of the 
overall porosity (Fig. 8). Therefore, the overall cohesiveness of the 
binder will be given by PEG-1000, which serves as a glue for the calcite 
crystals, instead of the crystalline interlocking. This modification in the 
matrix composition explains the observed change in the elastic modulus 
of the binder specimens and the disintegration into powder and “plastic- 
like” behaviour under compressive stress (Fig. 2).

The presence of PEG-1000 in the inter-crystalline porosity also serves 
as a lubricant that promotes the sliding of two neighbouring calcite 
crystals under a given force. The dependence of the PEG-1000 concen
tration is evident under compression forces since they induce this sliding 
movement between the crystals. Instead, in the flexural mode, the 
crystals do not slide under the applied force, and the overall material is 
only weakened by the reduction of the crystalline interlocking; thus, no 
relevant concentration dependence is observed.

Fig. 8. Summary diagram of the proposed effect of PEG-1000 on lime-based binders and the weakening mechanism. The blue arrows represent the applied forces in 
the mechanical testing, whereas the red arrows indicate the material’s reaction forces. Calcite crystals are represented as white rhombohedra while PEG-1000 is 
drawn in pale-orange.
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4. Conclusions

In the present work, the weakening mechanism induced by PEG- 
1000 in lime-based binders and mortars was investigated. To this aim, 
a non-conventional mechanical testing methodology was proposed, that 
allows to successfully test the mechanical response of size-reduced 
specimens made of purely aerial lime binder. By reducing the other
wise inevitable formation of cracks and fissures, a reliable mechanical 
characterization can be achieved. This is a fundamental step to in 
studying the effect of additives on these types of materials at a labora
tory scale. The core of this new methodology for the mechanical testing 
of aerial lime binders and mortars is based on the specimen’s size- 
reduction, where the required material to test is overall reduced 
allowing to a) work in conditions of low availability of testing material, 
and b) reduce the laboratory waste. Future works should consider the 
comparison of the mechanical characterization using standard testing 
methodologies and the present one.

This new approach allowed to reach conclusive results and deter
mine the detrimental influence that PEG-1000 has in aerial lime-based 
binders, leading to a weakening of their mechanical properties.

Moreover, based on the combined analysis of mechanical testing, 
carbonation, and porosimetry measurements, this work proposes an 
interpretation of the underlying weakening mechanism. When PEG is 
dispersed in the binder matrix, it hinders the crystalline interlocking of 
calcite, weakening the aerial lime matrix. Moreover, PEG acts as a 
lubricant that promotes crystalline gliding when compressive forces are 
applied.

Finally, in this work, it was evidenced that it is possible to obtain 
reliable and reproducible results of the mechanical performance of 
purely lime-based binders. The latter opens the possibility for future 
studies to work with these types of materials and study exclusively the 
macro-mechanical response of the binder phase in lime-based mortars.
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