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A B S T R A C T

This research paper investigates the use of Powdered Olive Stone (POS), an agricultural by-product, as a partial 
replacement for quartz sand in lime-based mortars used for the repair and conservation of historical structures. 
POS offers a potential solution, addressing waste disposal and reducing reliance on traditional aggregates. This 
study specifically focuses on lime-based mortars, one of the most commonly used materials in heritage conser
vation, addressing a research gap regarding the use of POS in this context. In particular, different mortar for
mulations were prepared by partially replacing natural quartz aggregates with POS at substitution rates of 5 %, 
10 %, and 15 %. Additionally, the effect of nano-silica incorporation was evaluated. Following curing, the 
specimens underwent a comprehensive set of analyses, to examine both mechanical and physical properties of 
the produced mortars at 28 and 90 days of curing. Such investigations include colorimetric assessment, optical 
and electron microscopy analyses, capillary water absorption test, ultrasonic pulse velocity measurements, bulk 
density determination, salt crystallization resistance, and mechanical testing for compressive and flexural 
strength.
Results: demonstrate that the incorporation of POS resulted in significant modifications of both physical and 
mechanical properties of the mortars, which can be tailored in order to meet specific requirements of conser
vation projects.

1. Introduction

The construction industry has a significant impact on environmental 
dynamics, mostly due to its large-scale use of natural resources [1]. 
Their long-term exploitation raises serious ecological issues. As the de
mand for construction materials continues to increase, it becomes 
crucial for the industry to prioritize sustainable practices and alternative 
materials to mitigate its environmental impact and preserve natural 
earth resources for future generations [2]. The increasing demand for 
sustainable development has spurred a number of scholars to concen
trate their research on repurposing discarded or recycled resources as 
possible building materials. Such approaches include responsible 
sourcing, recycling building debris, and incorporating alternative ma
terials like agricultural and industrial wastes [3–8].

Utilizing agricultural and industrial by-products in mortar mixes is a 
type of green construction practice that addresses the issue of waste 

disposal, while minimizing the use of natural resources such as aggre
gates in construction and cutting down production cost as well [9].

Studies involving other agricultural by-products like rice husk ash, 
palm oil clinker, and sawdust as organic aggregates substitute have 
shown that replacing traditional aggregates with organic materials can 
reduce the weight of mortar [10–12]. These studies demonstrated that 
the reduction in density is achievable because the organic materials 
generally have lower densities than natural mineral aggregates [13].

Among such waste materials, powdered olive stones (POS), have 
shown potential as an additive or a partial replacement for traditional 
ingredients in mortar mixtures. A significant amount of solid waste with 
millions of tons of olive stones produced annually around the world, 
primarily in Mediterranean regions where olive oil production is 
concentrated [14], whose disposal causes a major environmental 
concern. However, it can be used in biofuel production, water treatment 
and in the construction industry [15]. The adoption of such wastes 
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would lower buildings’ energy consumption, consequently reducing CO₂ 
emissions and promoting greater energy savings [15].

POS is the solid residue generated after olive oil extraction. It is a 
lignocellulosic substance with cellulose, hemicelluloses, and lignin as its 
main component and it offers several benefits, such as affordability and 
availability, low density, renewable nature, lack of related health risks 
[16]. The effect of ground olive stones on the mechanical characteristics 
of mortars has been the subject of a number of investigations. One 
important finding has been that adding from 20 % to 70 % olive stone 
usually results in a lower mortar density and improves thermal insu
lation [17], but potentially compromises its compressive strength. Fer
reiro et al. [10], for example, found that the amount of POS used to 
substitute fine crushed limestone aggregates decreased the mechanical 
properties of the cement mortar as the proportion of POS increased. 
Nevertheless, they also pointed out an appropriate application range of 
0–30 % where the decrease in the strength of the mortar is not very 
significant and is acceptable for application [10]. This is also confirmed 
in a research by Cheboub et al. [18] where it was discovered that 
replacing natural sand with crushed olive kernel aggregates in a 
self-compacting lightweight mortar decreased the tensile and compres
sive strengths, but within the acceptable range limits as stated in the 
RILEM guidelines for lightweight concrete [19]. Although increasing the 
amount of POS in a mortar mixture decreases certain properties like 
workability and setting time, the mechanical strength of the mortar 
increases with an increase in POS content up to a certain limit as a 
partial replacement of sand [20].

However, there is a gap in research regarding the use of POS in lime- 
based mortars. In this research, the POS is used to partially substitute the 
natural quartz aggregates in varying portions in the preparation of a 
repair mortar. In particular, lime mortars have been prepared by mixing 
lime and quartz sand as aggregate, and the latter has been substituted by 
POS at 5 %, 10 % and 15 %. Moreover, the adding of nanosilica to the 
mixture has been tested. Several studies have shown that nano-silica can 
significantly improve the properties of cementitious materials due to its 
high surface area [21], and reactivity [22], which contribute to a denser 
microstructure and enhances the interfacial transition zone (ITZ) be
tween the aggregate and the binder, leading to improved bonding [23, 
24]. After the setting of the specimens, a series of analyses were con
ducted, including colorimetric analysis, microscopic and electron 
microscopic observations, capillary water absorption tests, ultrasound 
pulse velocity tests, bulk density measurements, salt weathering as
sessments and mechanical tests to evaluate compressive and flexural 
resistance.

2. Materials and methods

2.1. Materials and preparation of the specimens

Several lime-based mortars, made by mixing hydrated lime, siliceous 
sand, Powdered Olive Stone (POS) and eventually nanosilica were 
prepared.

In particular, three types of mortars were tested: 

1. Lime + aggregate + water (reference specimens) (L);
2. Lime + aggregate + powdered olive stone (POSL) in varying pro

portions (5 % = POS5L; 10 % = POS10L; 15 % = POS15L);
3. Lime + aggregate + powdered olive stone + aqueous suspension of 

nanosilica (POS-SL) in varying proportions (5 % = POS5-SL; 10 % =
POS10-SL; 15 % = POS15-SL).

The binder selected in this study was a hydrated lime (CL70-S) 
provided by Unicalce S.p.A., from Lecco, Italy. Pure siliceous sand with a 
particle size distribution between 0.1 and 0.3 mm, supplied by CTS s.r.l., 
Altavilla Vicentina, Italy, was used as aggregate. POS having grain sizes 
within 100–315 microns was supplied by BioPowder.com based in 
Spain. Moreover, the product Nano Estel (CTS s.r.l., Altavilla Vicentina), 

an aqueous colloidal suspension of silica nanoparticles with an average 
size of 10–20 nm, with 30 wt% of silica, has been used in the POS-SL 
specimens’ preparation. The nanosilica suspension was first diluted 
with demineralized water to a concentration of 10 wt% and subse
quently allowed to be absorbed by the POS. The diluted nanosilica was 
added to the POS at a ratio of 0.35 w/w until maximum saturation was 
achieved, ensuring no excess product was released. Once prepared, the 
nanosilica-POS mix was added right after to the pastes. For the prepa
ration of all mixtures, deionized water has been used.

Lime/aggregate ratio selected for this study was 1:3 by volume, as it 
is the most common proportion used in the literature and in conserva
tion practices [25]. POS was added as a partial replacement of sand in 
different proportions: 5, 10 and 15 % by volume. Moreover, reference 
mortars (L), exclusively made of lime and sand, were prepared for 
comparative purpose. A set of three samples per test was produced for 
each typology.

For each type of mortar mixture, the amount of water to be added 
was measured by the flow table test [26] to achieve a suitable work
ability (Table 1). This procedure is repeated three times for each mortar 
mixture. The degree of spread, or flow, is measured after each trial, and 
the average spread is calculated to provide a quantitative measure of the 
mortar’s consistency.

All the mortars were manually mixed for 15 min to obtain a uniform 
paste and then transferred to 50 × 50 × 50 mm cube, 50 x 50 x 20 mm 
prism and 160 × 40 x 40 mm prism wood moulds in two layers. Each 
layer was compacted with 10 strokes to remove any air bubbles and 
voids. The specimens were released from the moulds after 28 days and 
tested at 28 and 90 days. Samples were cured under controlled envi
ronmental conditions (RH 60 ± 10 % and 20 ± 5 ◦C). Different mortar 
mixes were prepared according to the proportions presented in Table 1.

2.2. Analytical methodology

All the tests and measurements were performed on the hardened 
mortars at 28 days, except for the mechanical tests which were con
ducted on 90 days cured specimens.

2.2.1. Colour measurements
Colorimetric assessment according to EN 15886:2010 [27] has been 

carried out to evaluate the colour change in the samples with varying 
concentrations of POS by using a PCE-CSM 7 portable colorimeter. The 
colour is defined by L*, a* and b* coordinates in the CIE (Commission 
Internationale d’Eclairage) L*a*b* colour space which represent the 
lightness, the red/green and the yellow/blue coordinates respectively. 
Five surface point analyses were selected for each sample, then the 
average values of the L*, a*, and b* coordinates were then calculated for 
each mortar typology. The colour coordinates differences (ΔL*, Δa* and 
Δb*) were obtained by subtracting the L*, a*, and b* values of the 
olive-stone mortars from the L*, a*, and b* values of the reference ones. 
Moreover, the total colour differences (ΔE) were calculated according to 
the Eq. (1). 

ΔE = (ΔL*2 + Δa*2 + Δb*2)1/2                                                       (1)

2.2.2. Water absorption by capillarity
To assess the behaviour of the mortars towards water, the determi

nation of the water absorption was investigated according to EN 
15801:2010 standard [28]. A filter paper layer of the thickness of about 
10 mm was placed on the bottom of a vessel and saturated with distilled 
water, which amount was kept constant during the entire duration of the 
test. Then specimens of 50 × 50 x 50 mm dimension were weighted and 
positioned in contact with the wet layer of filter paper to allow the water 
absorption by capillarity. The weighting was repeated at time intervals 
of 10, 20, 30 min and 1, 4, 6, 24, 48, 72, 96, 128, 152 and 176 h until the 
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specimens reached the saturated state. The amount of water absorbed by 
specimens is expressed in function of time as Qi = [(mi − m0)/A] [g/cm2] 
where mi is the mass of the specimen measured at time ti, m0 is the mass 
of the dry specimen and A is the surface area in contact with water.

2.2.3. Salt crystallization test
The durability of the new formulated mixtures against salt decay was 

evaluated. The prism specimens having dimensions of 50 mm× 50 mm x 
20 mm, were subjected to salt crystallization test according to the EN 
12370:1999 standard [29] and modified in accordance with the rec
ommendations of [30], [31] and RILEM TC 271-ASC [32], aiming to 
better simulate real-world conditions. The salt crystallization test was 
conducted to evaluate the resistance of the specimens to salt-induced 
weathering, a critical factor in determining the long-term durability of 
materials used in conservation and restoration. The specimens were 
initially dried and weighed until a constant mass was achieved. Subse
quently, specimens underwent 15 crystallization cycles consisting of 2 h 
of immersion in a supersaturated solution of sodium sulphate (14 %w/w 
at 20◦C) for 10 % of their height, 8 h of drying in an oven at 45◦C and 
14 h of cooling at room temperature. The weight of each test sample was 
measured before the crystallization test and after each cycle and the 
resulting weight variation (ΔM) was calculated.

2.2.4. Mechanical resistance
The flexural and compressive strength were measured to assess the 

mechanical performance of the mortars as reported in EN 1015–11:2019 
[33]. Flexural strength test was carried out on standard specimens of 
160 × 40 x 40 mm to evaluate the mechanical performance of the new 
formulated mortars. The load was increased uniformly at a rate of 
0.2 MPa/s, until failure occurred. The maximum load applied (F) to 
specimens until failure was recorded and the flexural strength (fflex) was 
calculated using the Eq. (2). 

fflex = 1.5
FL
d3 [MPa] (2) 

Where L is length of the support span and d is the thickness of the 
sample. The two halves resulting from the prism specimens were then 
used for compressive strength measurements. The compressive strength 
(fcomp) was then determined according to Eq. (3): 

fcomp =
F
d2 [MPa] (3) 

Where F is the maximum load applied to specimens until failure, and 
d the thickness of the sample. The resulting flexural and compressive 
strength values are the mean values calculated for each mortar type.

2.2.5. Ultrasonic pulse velocity test and bulk density measurement
Ultrasonic pulse velocity (UPV) measurements have been performed 

according to the norm EN 14579:2005 [34]. UPV is an acoustic 
non-destructive test (NDT) method most often used to evaluate the 
relative quality, or uniformity, of concrete structures, and to identify the 
presence of internal flaws such as cracks, voids, and honeycombing. UPV 
ultrasound speed determination performed by using a Pundit 6 

instrument, equipped with two transducers having 54 kHz frequency, 
employing a solid couplant between the samples and the transducers. 
Three measurements were conducted for each specimen along the three 
different axial directions (x, y, z). Then, the ultrasonic pulse velocity was 
calculated and the average values obtained.

Bulk density values were measured according to the EN 772–13:2002 
[35], following the Eq. (4): 

ρ =
mdry

V

[ g
cm3

]
(4) 

where ρ is the dry bulk density, mdry is the mass of the specimen after 
drying to constant mass and V is the apparent volume of the specimen.

2.2.6. Optical microscope and SEM-EDS investigations
Mortar fragments of about 3x3x3 cm of L, POS15 and POS15-S 

mixtures have been embedded in epoxy resin, then cut and polished 
on one face to conduct microscopic observations. Optical Microscope 
(OM) analysis was performed using a Zeiss AxioLab microscope equip
ped with a digital camera to capture images. Image analysis enabled a 
quantitative evaluation of the POS particle size distribution within 
POS15 and POS15-S mortars. In total, nine acquisitions were captured 
for both the mixtures. Images were first subjected to a standardized post- 
processing procedure to selectively isolate the olive stone grains from 
the mortar matrix and then subsequently processed by the software 
program ImageJ, which is based on Sun-Java and developed by the US 
National Institutes of Health [36], to calculate the areas of each organic 
particle. However, when two or more organic particles are in contact or 
closely packed, the software cannot detect their boundaries as distinct 
elements and instead interprets them as a single object. As such, larger 
particle areas may indicate the aggregation of multiple POS grains, 
reflecting a lack of homogeneous dispersion within the mortar matrix.

In addition, to evaluate whether the olive stone particles in both 
POS15 and POS15-S mortars belong to the same population, statistical 
tests, using IBM SPSS software, have been conducted. The Shapiro–Wilk 
test was performed to evaluate the normality of the POS particles dis
tributions (H0, null hypothesis = population is normally distributed). 
Since the data were not normally distributed, the Wilcoxon non- 
parametric test was carried out to assess the significance of variations 
among particle distribution (H0, null hypothesis = particle distributions 
of each sample come from the same population).

Moreover, Scanning Electron Microscopy (SEM) observations on the 
polished sections of L, POS15, POS15-S samples have been conducted to 
characterize the mortar’s microstructures. Moreover, the analysis 
focused on the morphological characterization of olive stone particles 
and the determination of their chemical composition by means of Energy 
Dispersive Spectroscopy (EDS). The potential formation of hydraulic 
phases resulting from the addition of nanosilica in the POS15-S mortars 
was also evaluated. For these purposes, a Zeiss EVO MA 10 SEM (Carl 
Zeiss, Oberkochen, Germany) equipped with Thermo NORAN System 7 
(Peltier cooled ULTRADRY detector 30mm2) for EDS (Energy Dispersive 
Spectroscopy) (Thermo Fisher Scientific, Waltham, MA, USA) was used. 
Spot analyses were performed at 15 kV in a low vacuum mode.

Table 1 
Mix design of the formulated POS and reference mortars. (v = parts by volume).

Specimens Lime 
(v)

Lime 
(g)

Sand 
(v)

Sand 
(g)

Powdered Olive Stone 
(POS) (v)

Powdered Olive Stone 
(POS) (g)

Nanosilica/POS ratio 
(w/w)

Water/Binder 
ratio (w/w)

Flow 
(mm)

L 1 85.20 3 718.50 - - - 1.75 128
POS5L 1 85.20 2.85 680.96 0.15 13.31 - 2.21 128
POS10L 1 85.20 2.7 645.12 0.3 26.62 - 2.27 128
POS15L 1 85.20 2.55 609.28 0.45 39.94 - 2.30 128
POS5-SL 1 85.20 2.85 680.96 0.15 13.31 0.35 1.88 126
POS10-SL 1 85.20 2.7 645.12 0.3 26.62 0.35 1.88 127
POS15-SL 1 85.20 2.55 609.28 0.45 39.94 0.35 1.88 128
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3. Results and discussion

3.1. Colour measurement

Macroscopic observations clearly indicate that the addition of POS to 
the mixture results in a darker and more yellow appearance of the ma
terial (Fig. 1) due to the natural colour of POS particles.

This is confirmed by the colour measurements whose results are 
summarized in Table 2.

All tested specimens displayed negative ΔL* values, indicating a 
progressive shift to darker tones, with the increasing addition of POS 
content in the mixtures. Indeed, darkening was noted to intensify with 
higher POS percentages and this trend is evident in both the unmodified 
and nano silica-modified mortars. In addition, all samples (both POSL 
and POS-SL mortars) exhibited positive Δa* and Δb* values, indicating a 
shift towards reddish and yellowish hue respectively, moving from 5 % 
to 15 % of POS replacement.

Nano silica has a lightening effect, helping mitigate the variation to a 
darker, reddish and yellowish tint at lower POS concentrations, but this 
effect seems to diminish at higher POS content potentially due to limi
tations in its ability to counteract the high pigmentation of POS. The 
total colour difference (ΔE) between POS mortar specimens and refer
ence ones showed significant increases with POS addition, indicating 
greater visual chromatic deviation. As previously mentioned, although 
nano silica usually lessened total colour differences, this effect dimin
ished at higher POS levels. The results indicate that the addition of POS 
yields mortars particularly suitable for applications in which repairs 
mortars are required to achieve a darker and more yellowish hue. The 
POS is uniformly dispersed within the mixture, ensuring a homogeneous 
coloration throughout the material. Nonetheless, it is essential to 
consider that the colour evaluation for repair mortars should be based 
on a thorough and preliminary analysis of the original historic surfaces, 
in order to ensure aesthetic compatibility with the pre-existing materials 
[37].

3.2. Water absorption by capillarity and durability against salt 
crystallization

Fig. 2 shows the capillary water absorption curve, illustrating the Qi 
values (water absorbed per unit area g/cm3) over time for the different 
mortar specimens. From the data, it can be observed that all specimens 
show a gradual increase in Qi values over time as water absorption 
continues. The rate of increase is more rapid during the early stages 
(10–60 min, 25–60 s1/2), and it slows down as time progresses (after 6 h, 
147 s1/2).

L mortars exhibited the highest initial water absorption rate. In 
contrast, the POS substitution resulted in a slower absorption rate, with 
increasing of POS content correlating with a progressive decrease of 
initial water absorption. Concerning the POS-SL mortars, the addition of 
nanosilica modified the absorption rates compared to the samples con
taining only POS. As a result, the behaviour of these specimens appears 

more similar to that of the L mortars.
After six hours, on the contrary, a significant change in the relative 

behaviour of the absorption curves was observed. The POSL and POS-SL 
series closed the initial absorption gap, with specimens containing 
higher POS content surpassing the L samples in terms of Qi. Among 
these, the POSL series exhibited higher Qi values compared to the POS- 
SL specimens.

This test can provide information on the pore network characteristics 
of the explored material. In particular, the Qi values measured at long 
terms is proportional to the total open porosity. From the data obtained 
it can be stated that the inclusion of POS increased the capillarity 
porosity.

In particular, the higher the percentage of POS, the greater is the 
porosity of the material. On the other hand, nano silica effectively re
duces water absorption by producing a densification of the mortar ma
trix [38].

Moreover, the overall behaviour of the absorption curves is strongly 
influenced by the pore size distribution of the mortar systems. The 
curves corresponding to the POSL and POS-SL mortars exhibit two 
distinct sections with different slopes, which may be attributed to a 
bimodal pore size distribution comprising both large and small pores. 
The larger pores are likely responsible for the rapid water uptake 
observed at early times, whereas the smaller pores contribute to a 
slower, sustained absorption phase, as they draw water from the larger 
pores due to higher capillary pressure [39]. It can be hypothesized that 
the presence of larger pores arises from the increased water demand 
associated with the POSL and POS-SL mixtures. Indeed, it is well 
established that the amount of kneading water significantly affects the 
pore structure of lime-based mortars, leading to increased overall 
porosity and a shift toward larger pore diameters as water content in
creases [40]. This is further supported by the initial hydric behaviour of 
the POSL mortars, which display a slower absorption rate at higher POS 
concentrations. This phenomenon is explained by the reduction in 
capillary sorptivity as pore diameter increases [41]. Conversely, all 
POS-SL mortars were prepared with a constant water-to-binder ratio, 
resulting in similar initial absorption rates within this group. Finer 
porosity, on the other hand, may be introduced through the addition of 
POS. In this context, when the samples approach saturation, the cavities 
and voids within the POS could absorb water from the larger pores, 
which is then gradually diffused into the POS’s porous network, 
resulting in a very slow filling process. Therefore, it can be concluded 
that both the increased water content and higher POS concentrations 
contribute to enhanced overall porosity. This increased porosity may, in 
turn, facilitate greater moisture ingress and the transport of soluble salts, 
potentially serving a sacrificial function by mitigating further damage to 
the existing materials [42].

Salt crystallization is widely recognized as one of the main causes of 
deterioration in porous building materials [43]. The degradation process 
occurs as a result of repeated crystallization–dissolution cycles within 
the pore structure, which are strongly influenced by specific 
thermo-hygrometric conditions [44]. To assess durability against salt 
crystallization, a reliable accelerated test was conducted under 
controlled laboratory conditions. The results of this test are presented in 
Fig. 3, which displays the mass variation curves of the specimens over 15 
cycles.

Additionally, photographic documentation of the samples and the 
associated degradation phenomena observed after each cycle is pro
vided in Fig. 4.

Up to the seventh cycle, all POSL and POS-SL samples experienced an 
increase in mass due to salt precipitation within the pore structure. 
Among them, the POS15L specimens showed the most significant gain of 
16 %. In contrast, the POS-SL mortar types recorded the lowest mass 
increases, with POS5-SL reaching only a 9 % increase after the seventh 
cycle, compared to 13 % in the L mortars.

However, starting from the eighth cycle, the mass variation curve 
begins to decline toward a point where the gain from salt absorption is Fig. 1. Macroscopic appearance of the formulated mortars.
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Table 2 
Colorimetric coordinates, standard deviation and differences values (ΔL*, Δa*, Δb* and ΔE) between reference mortars and the ones with the POS addition.

Coordinates St. Dev. Variations

Specimen L* a* b* L* a* b* ΔE ΔL* Δa* Δb*

L 88.54 0.64 2.48 0.56 0.12 0.26 - - - -
POS5L 86.39 1.39 5.95 0.70 0.22 0.29 8.63 − 2.15 0.75 3.47
POS10L 84.47 2.05 7.78 1.21 0.24 0.37 23.34 − 4.08 1.41 5.30
POS15L 84.18 2.32 8.70 0.91 0.22 0.37 30.32 − 4.37 1.69 6.22
POS5-SL 86.98 1.18 4.93 1.29 0.27 0.37 4.37 − 1.57 0.55 2.45
POS10-SL 84.18 2.24 6.93 0.52 0.19 0.30 20.74 − 4.37 1.60 4.46
POS15-SL 83.34 2.66 8.01 0.35 0.15 0.33 30.87 − 5.20 2.02 5.53

Fig. 2. Capillary absorption curves of reference and experimental mortars specimens.

Fig. 3. Curve representing the weight variation of olive-stone and reference mortars during the salt crystallization cycles.
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no longer enough to counteract the mass lost. As a result, both POSL and 
POS-SL specimens began to experience severe mass loss accompanied by 
diffused macroscopic exfoliation and cracking phenomena (Fig. 4).

Notably, POS5L underwent a sharp mass reduction to − 15 % by the 
fifteenth cycle, while the POS10L and POS15L mortars exhibited 
breakage during the fourteen and thirteen cycles, respectively.

Although POS-SL mortars showed less mass increase during the 
initial cycles, they exhibited more rapid degradation than the POSL 
mortars, with none of the nano silica specimens surviving beyond the 
eleventh cycle due to disintegration. As for the L specimens, despite 
undergoing considerable damage throughout the test, they remained 
physically cohesive until the end of the fifteen cycles, with a final mass 
loss of − 5 %.

Overall, POS-modified mortars exhibited the highest initial mass 

gain due to increased porosity, particularly POS15L, which experienced 
the most significant uptake. This high salt absorption led to an accel
erated degradation, with POS15L disintegrating by the 13th cycle. These 
findings indicate that a high POS content enhances salt ingress and 
crystallization, still leading to structural weaknesses.

Mortars modified with nano silica (POS-SL series) demonstrated 
improved early-stage performance, characterized by lower initial mass 
gain and reduced salt accumulation, likely due to a dense porous 
network created by the nanosilica addition. Nevertheless, these mortars 
underwent more severe degradation compared to their POS-only coun
terparts, with POS10-SL and POS5-SL mortars failing by the 12th cycle. 
Although nano silica initially enhances resistance by densifying the 
microstructure, it may exacerbate internal stresses due to salt crystalli
zation in finer pores, leading to premature failure. Indeed, it is well 

Fig. 4. Salt weathering developed in the formulated mortars during the test cycles.

M.A. Zicarelli et al.                                                                                                                                                                                                                             Construction and Building Materials 499 (2025) 144137 

6 



known that capillary pressure is inversely proportional to the network 
pore radius [45].

When comparing both mortar types, although POSL mortars absor
bed more salt, they showed a slightly higher durability with respect to 
the POS-SL ones. On the contrary, nano silica-modified mortars delayed 
deterioration but failed abruptly. Ultimately, the reference mortars 
showed the highest durability, surviving all test cycles.

3.3. Mechanical performance and SEM and OM observations

The results of the bulk density measurements are presented in Fig. 5. 
In general, the bulk density values of the reference mortars are higher 
compared to those of the POSL and POS-SL formulations. Specifically, 
mortars prepared with lime and siliceous aggregate alone exhibited 
average bulk density values of approximately 1.64 g/cm³ , which aligns 
with previously reported values for similar formulations [46]. The 
incorporation of POS led to a significant decrease in bulk density, 
particularly at higher replacement levels. Average bulk density values 
dropped from 1.51 g/cm³ (POS5) to 1.38 g/cm³ (POS15), a reduction 
that can be attributed to the lower intrinsic density of the olive stone 
powder compared to siliceous sand [47,48]. Conversely, the addition of 
nanosilica resulted in a partial recovery of bulk density values, with 
POS5-SL mortars reaching an average of 1.58 g/cm³ . This trend is likely 
due to the formation of a denser matrix promoted by the presence of 
silica nanoparticles, which react with calcium hydroxide to form cal
cium silicate hydrate (C–S–H) phases [49].

This hypothesis is supported by the results obtained from the SEM- 
EDS investigation. In particular, SEM analysis enabled the observation 
of the L mortars matrix and the morphology of olive stone particles 
embedded within the POS15L and POS15-SL mixtures. The back
scattered electron images (BSE) are reported in Fig. 6. The olive stone 
powder particles exhibited sizes ranging from approximately 370 µm to 
80 µm and displayed a dense, rough surface texture. They appeared as 
bundles of cells characterized by large lumens and cracks, as illustrated 
in Fig. 6 B,C [50,51].

EDS analyses performed on the POS15L sample provided the chem
ical characterization of the olive stone particles. The results confirmed 
the expected dominance of carbon (49.75 wt%) and oxygen (40.91 wt 
%), accompanied by minor amounts of calcium (4.84 wt%) and silicon 
(2.26 wt%), and traces of sodium (0.70 wt%) and potassium (0.88 wt 
%). These findings are consistent with those reported in recent literature 
[52].

In addition, spot microanalyses were conducted on homogeneous 
areas within the binder matrix of all mortar samples. In the L and 
POS15L samples, the results mainly showed high concentrations of CaO 
and MgO (from 87 to 97 wt%), reflecting the carbonate nature of the 
lime binder, along with lower SiO₂ contents (ranging from 2 to 10 wt%), 
attributable to the presence of finely dispersed siliceous aggregate.

A systematic and substantial increase in SiO₂ content (up to 16 wt%) 
was observed in the binder matrix of the POS15-SL sample, indicating 
the occurrence of pozzolanic reactions between the nanosilica released 
from the olive stone powder and the lime binder. Moreover, in this 
sample, microchemical analyses performed at the interface between the 
binder and the nanosilica-impregnated olive stone showed an average 
composition of 20.15 wt% SiO₂, 67.437 wt% CaO, 3.418 wt% Na₂O, 
3.406 wt% MgO, and 4.239 wt% K₂O, suggesting the C-S-H phases 
formation.

In addition, the mechanical performance of the experimental mortars 
was assessed. The results of flexural and compressive strength are 
illustrated in Fig. 7A,B. This test is critical in the design of repair mortars 
in verifying their ability to provide sufficient strength to support struc
tural loads and maintain the durability and integrity of the repaired 
sections. It also assesses the compatibility of the repair mortars with the 
original materials in the heritage structure, as mismatched mechanical 
properties could lead to differential stresses, cracking, and compromised 
structural stability [53].

Data showed that the reference sample (L), made of 100 % quartz 
aggregates, consistently exhibited the highest flexural and compressive 
strengths, with average values of 1 MPa and 1.52 MPa respectively. The 
inclusion of POS led to a reduction in strength as the POS content 
increased, with the highest performance observed in POS5L, which 
closely matched the reference sample. The decline in flexural and 
compressive strength was more pronounced in samples with higher POS 
content, such as POS10L and POS15L, possibly due to the increased 
porosity introduced by the POS.

Meanwhile, mortars with the addition of nano silica (POS-SL series) 
showed even further reductions in flexural and compressive strength 
compared to the POSL specimens, suggesting that nano silica may 
negatively impact tensile properties when combined with POS.

UPV measurements are in line with the results of the flexural and 
compressive strength (Fig. 8).

The reference specimens (L) showed the highest UPV values 
(2014.69 m/s). This indicates the densest structure and best mechanical 
integrity, likely due to the pure quartz powder and lime combination 
without replacements. UPV decreases as the percentage of olive stone 
replacement increases (POS5: 1897.98 m/s, POS10: 1710.14 m/s, 
POS15: 1630.80 m/s), because POS is less dense and introduces 
porosity, reducing material compactness. Adding nano silica further 
reduces UPV (POS5-S: 1611.05 m/s, POS10-S: 1588.74 m/s, POS15-S: 
1370.63 m/s) which could be attributed to changes in the stress distri
bution within the mortar matrix.

In a review by Altawaiha et al., it was opined that even though 
adding nano-silica to concrete mixtures decreases porosity and enhances 
its pozzolanic interaction with calcium hydroxide, leading to the pro
duction of CSH and improved mechanical performance, researchers 
however caution the against the use of excessive amounts of nano-silica, 

Fig. 5. Bulk density values of olive-stone and reference mortars.
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as it may cause particle aggregation within the cement matrix, weak
ening the bonds in its internal structure [54]. However, the reduction in 
mechanical strength observed in this study cannot be attributed to an 
excessive use of nano-silica. Another research [55], emphasized that the 
strength of concrete is primarily influenced by the strength of its ag
gregates, the cement matrix, and the interfacial transition zone (ITZ) 
between them. Their research revealed that, after 28 days of curing, 
mortar mixes incorporating recycled aggregates and silica fume 
demonstrated a significant reduction in compressive strength compared 
to natural aggregate concrete. They attributed this short-term reduction 
to the presence of cracks and impurities in the recycled aggregates, 
which hinder the effectiveness of silica fume as these impurities weaken 
the bond between the cement matrix and the aggregates, thereby 
diminishing the pozzolanic and filler effects of silica fume.

In line with these findings, POS, likely introduces inherent porosity, 
into the mortar matrix. This characteristic disrupts the bond between the 
aggregates and the cementitious matrix, potentially weakening the 
overall structure.

Although nano silica is known for its pozzolanic and filler effects, 
which reduce porosity and improve the bond between the binder matrix 
and aggregates, its effectiveness in this case may have been limited by 
these structural deficiencies introduced by the POS aggregates in this 
case, whose porous nature could have contributed to a weaker interfa
cial transition zone (ITZ) between the aggregates and the binder matrix, 
diminishing the ability of nano silica to effectively strengthen the 
structure. Furthermore, these flaws can act as stress concentration 
points, reducing both flexural and compressive strength, aligning with 
the research findings of Dilbas et al. [55].

Additionally, if nano silica is not uniformly distributed within the 
matrix, particle aggregation may occur, further weakening the internal 
bonds and contributing to the reduction in mechanical strength [56]. It 
is well known that the uneven distribution of nano silica within the 
matrix can lead to particle aggregation, weakening internal bonds and 
reducing mechanical strength [56].

To verify this hypothesis, image analysis was carried out on nine OM 
acquisitions of the POS15L and POS15-SL samples to determine the POS 
particle size distribution within the mortar mixtures. Following acqui
sition, the images were pre-processed to isolate POS particles from the 
surrounding mortar matrix. The processed images were then analysed 
using the ImageJ software. Each micrograph was converted into an 8-bit 

format and subsequently subjected to a segmentation procedure to 
extract quantitative information on the particles. Finally, data regarding 
the particle area were obtained (Fig. 9).

The quantitative analysis of particle areas reveals a pronounced 
concentration of POS particles in the smallest size class for both mortar 
types. Specifically, about 97 % of POS15L particles and about 95 % of 
POS15-SL particles fall within the first bin (0.008 and 2.1891 mm2), 
indicating a dominant presence of fine grains. However, while POS15L 
displays a narrow and uniform distribution with no particles detected 
beyond 10.91 mm², POS15-SL exhibits a slightly broader particle size 
range, with small percentages extending up to 21.82 mm². These larger 
area values in POS15-SL may reflect the occurrence of larger clusters due 
to particle agglomerates.

Moreover, a Wilcoxon test was conducted to compare the area dis
tributions of POS15L and POS15-SL particles (H0, null hypothesis =
particle distributions of each sample come from the same population). 
The results showed that the median particle area was significantly lower 
in POS15 (Mdn = 0.05 mm²) compared to POS15-SL (Mdn =

0.11 mm²). The test indicated a statistically significant difference be
tween the two groups (W = 0, p < .001). Since the p value is below the 
0.05 significance threshold, the null hypothesis that the two samples 
originate from the same population, was rejected. These findings suggest 
that POS15L and POS15-SL have significantly different particle area 
distributions, with POS15-SL containing a higher proportion of larger 
particles, likely due to increased aggregation, giving as result the 
reduction of mechanical performance.

4. Conclusions

This study investigated the use of Powdered Olive Stone (POS) as a 
sustainable partial replacement for quartz in lime-based mortars, 
assessing the effects of POS content (5–15 %) and nano-silica addition 
on their physical and mechanical properties.

A range of measurements, tests, and analytical investigations were 
conducted for this purpose, including colorimetric measurements, water 
absorption by capillarity tests, bulk density determinations, UPV mea
surements and compressive and flexural strength tests, as well as OM 
and SEM-EDS analyses. Furthermore, durability was assessed through 
salt crystallization tests.

The main results can be summarized as follows: 

Fig. 6. SEM-BSE images of the reference L (A), POS15L (B) and POS15-SL (C) mortar matrix.
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Fig. 7. Flexural and compressive strength of reference and POS mortars specimens.

Fig. 8. Ultrasonic pulse velocity test and values of the reference and POSL and POS-SL mortars specimens.
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• Increasing POS content darkened the mortars and shifted their hue 
toward red and yellow, due to the natural colour of POS. Nano-silica 
mitigated these changes at low POS substitution, but its effect 
decreased at 15 % POS, with all variations remaining acceptable for 
aesthetic purposes.

• POS increased mortar porosity and water absorption, potentially 
acting as a sacrificial material to protect historical surfaces from 
crystallization damage.

• The addition of nano-silica reduced water uptake by densifying the 
pore network, enhancing early resistance to salt crystallization, but 
causing more severe long-term degradation compared to POS-only 
mortars.

• POS reduced bulk density, UPV, and mechanical strength due to its 
porous, low-density nature; nano-silica partially restores density but 
does not improve mechanical performance.

• POS-SL mortars show lower flexural and compressive strength, likely 
due to a weakened interfacial transition zone (ITZ) and particle 
agglomeration, as confirmed by optical microscopy.

Overall, this research indicates that the careful formulation and 
optimization of POS-containing mortars are crucial for meeting the 
specific requirements of conservation projects, paving the way for future 
exploration into the long-term performance of these materials in real- 

world conditions.
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