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ABSTRACT

In this study, the mortars utilized in the restoration projects need to be compatible with the conventional mate-
rials that were first used in these structures, both in terms of their mechanical and physiochemical qualities.
Here, varying proportions of tufa stone powder — 37 and 42 percent by weight of the mixture, are used to
partially replace the fine aggregate mixed mortars for repairs (M1, M2). In order to compare the performance
of the third type of mortar (M3) with the tufa stone-based combinations, it was used in addition to the pre-
viously made mortars (M1, M2). The three types of mortars were thoroughly evaluated by examining their
mechanical properties and durability qualities in conjunction with the tufa stone. The prepared mortar M2, out
of all the mortars tested, which had a higher percentage of tufa stone powder substitution and a lower binder
content, performed the worst mechanically, according to the data. The compressive and flexural strength of
M2 mortar mix is 1.12 MPa and 0.72 MPa tested at 28 days. Similarly, the UPV, shear strength and shear
interface for the M2 mortar mix is 0.71 MPa, 0.52 MPa and 1208 m/s at 60 days respectively. This implies
that in comparison to the traditional tufa masonry, this specific mortar is less compact and more flexible. The
created mortar (M2) has similar thermal qualities and is long-lasting like tufa stone found in historical sites.

Keywords: Mortar repair; Tufa stone; Robustness; Physical and Mechanical properties; Characterization
process.

1. INTRODUCTION

Deterioration of building materials can take many forms throughout time, including mechanical, chemical,
mineralogical, and physical changes. There are several reasons why components in old buildings deteriorate.
This usually takes place at the interface where the material meets the environment or where it meets another sub-
stance. The inherent qualities of the construction material, which include its kind, attributes, mass distribution,
origin, processing techniques, historical significance (previous preservation efforts), compatibility and blend-in
with other materials, and more, control this procedure. Environment also has a role in determining when degen-
eration begins and how fast it advances. It is important to choose repair construction materials for restoration
projects that are compatible with the original materials used in these historic buildings in terms of their mechanical
qualities, chemical and mineralogical makeup, and visual similarity [1]. For this reason, ensuring total com-
patibility (physical, chemical, and structural) between the old stone and the repaired mortar is an essential
prerequisite for conservation and restoration projects. To ensure that the repair mortar performs as best it can,
compatibility is necessary. The Latin term “tofus” which meaning “a spongy stone,” is whence the name “tufa”
originates, denoting the stone’s great permeability. Throughout history, historical structures in several parts of
France have frequently used tufa, a common French limestone. It has very good physical properties and white
in color and the stone is easily found in the Loire Valley and was heavily utilized in the building of historical
buildings there, especially for their fagade [2]. As such, this stone has already been the focus of a great deal of
research. Tufa stones are usually shaped into consistent sizes in quarries using technology. These stones are then
brought to the closest manufacturing facility. A substantial amount of colloidal waste is generated during the
production process when sand and water are combined, which is harmful to the environment. As disposal costs
rise, it becomes economically unfeasible to dispose of this trash [3]. Therefore, it became necessary to discover
solutions for this problem by repurposing these waste products, even in small amounts. Reuse and recycling
techniques have, in fact, been increasingly well-known in the building materials industry in recent years. Tufa
powder can be used again as a partial an alternative to aggregate or cement in concrete and cement mortar due
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to the similarity in their mineral makeup and physical attributes [4]. This alternative can be used for a number
of purposes, such as historic building restoration mortar. The components of restorative mortars come in a wide
variety and include many different compounds. Because lime has a long history of use in historical landmark and
monument repair mortars in European countries, among these mortars, it is the most widely recognized binder.
Prior research work analysis indicated that cement and lime were compatible when used in repair mortar com-
positions [5]. When used with ancient stone, this has a positive effect on the restoration mortar’s efficacy since
the physical, chemical, and mechanical qualities line in a highly desirable way. As a result, the repair mortar
mixture’s proportions need to be thoroughly thought out, and choosing extra ingredients and their qualities call
for a high level of accuracy [6]. For this reason, precise experimental research should be used to determine them.
When the prepared mortar is first applied, it should be done so with the intention of maintaining and improving
the historical building’s exterior appearance from an architectural and historical standpoint. It is imperative that
the original and processed mortars’ micro structural properties show similarities in their use as building mate-
rials [7]. The constructed mortar should not be substantially weaker or stronger than the original stone from a
mechanical standpoint. A balanced strength in relation to the original materials must be attained. Variations in
the components’ strength and stiffness might weaken the binding between the ancient stone and the prepared
mortar, impacting the connection over time as well as in the immediate term. On the other hand, it is expected
that the prepared mortar will boost the old stone’s resilience against adverse environmental factors and extreme
exposures [8]. The purpose of this research was to produce repair mortars with the efficient utilization of left-
over tufa stone powder by partially substituting it for fine aggregate. The objective was to create a repair mortar
that works well with tufa stone when restoring historic sites. To assess the suggested repair mortar’s suitability
through experimentation, a different composition is created. The experimental analyses include assessing the
mechanical characteristics of each recommended repair mortar formulation in an effort to choose the best res-
toration mortar that blends in with the stone and the old mortar. The temperature and durability characteristics
of the recommended repair mortars were also assessed, as they were important considerations in determining
whether or not tufa stone powder should be used as a portion of the combined repair mortar mix component.

2. MATERIALS AND METHODS

2.1. Materials

White cement with different grades of 33, 43 and 53 are available in India and this experimental study 33 grade
of cement was used. The properties of 33 grade white cement are discussed in Table 1. Around 93% of the air
lime’s composition was calcium hydroxide, in accordance with hydrated lime (EN 459-1) [9]. Tufa stone pow-
der is a waste particle that is produced as a result of cutting tufa stone. Usually, the size of its particles varies
between 0.5 and 80 um. Table 1 lists the physical and mineralogical characteristics of the tufa stone powder and
air lime. The fine aggregate employed in this study is silica sand, which has a bulk density of around 1.22 g/cm®
with particles ranging in size from 20 to 315 pm. Figure 1 shows the distribution of particle sizes for the silica
sand and tufa stone powder. Every mortar that is manufactured uses regular tap water. The bonding and adhesion
between old tufa stone and the mortar was improved by adding Sika Visco-bond admixtures. The old tufa stone
was procured from France and used for these experimental investigations. This stone’s main characteristics are
its white hue, its comparatively a 1.31 g/cm’ light bulk dry density, and its reputation for being sculpturally sim-
ple when used in historic building repair and rehabilitation. According to mineralogy, calcite and silica make up

Table 1: Physical, chemical and mineralogical characteristics of used materials.

TYPE OF UNITS 33 GRADE - AIRLIME* | POWDERED | ROCKTYPE -
CHARACTERISTICS WHITE CEMENT* TUFA STONE* | TUFA STONE*
Bulk density (dry) gem? - 0.41 0.89 1.29
Blaine surface cm? g! 4900 10580 - -
Porosity % - - - 50
Skeletal density gem? 3.09 2.14 2.49 2.49
Compression strength MPa 51 - - -
Composition of minerals Wit% CS=172 Ca(OH), =90 Calcite = 47 Calcite = 47
CS=11 Calcite = 4.2 CT opal =25 CT opal =25
CA=10 Mica & Clay =9 | Mica & Clay =9
Quartz=9 Quartz=9

*Data received from the manufacturer.
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Figure 1: Tufa stone and silica sand — particle size distribution.

Table 2: Mortar mix proportions for experimental study.

MORTAR TYPE % OF BINDER TUFA STONE SILICA SAND
POWDER (wt %) (Wt%)
M1 White cement 1/3 37 38
Lime 2/3
(25%)
M2 White cement 1/3 42 43
Lime 2/3
(15%)

the majority of tufa stone, as seen in Table 1. Apart from that, the stone has a porosity of about 48% and a wide
variety of pore diameters, from 0.003 to 20 pm. Because of these properties, the stone’s 10 MPa compressive
strength is rather low.

2.2. Mortar preparation

Two different types of mortars (M1 and M2) were used for this experimental study. The tufa stone powder along
with air lime, white cement and silica sand was used in different ratios as indicated in Table 2 for each mortar
creation. Different amounts of binders were present in the two produced mortars (25% and 15%). Comprising
two thirds lime and one third white cement, the ratio of each binder stayed the same for every mortar that was
made. At two different percentages (37% and 42%) according to the total weight percentage of the mixture, tufa
stone powder was employed to partially replace silica sand. As a result, each prepared mortar had a different
amount of these two ingredients, as shown in Table 2. Both prepared mortars had a water-to-cement ratio of 0.4.
The prepared mortar specimens were stored in the constant temperature of 25°C. The mortar (M1 & M2) has
skeleton and bulk densities of 1.89 and 1.21 g/cm® respectively. A restoration mortar with the designation M3
(LEGASTON R), available from Véga Industries, was selected for the study in addition to the two pre-made
mortars. Due to the fact that this mortar is composed of limestone sand, lime, and certain ingredients, it can be
used to replace or repair delicate stones that have chipped or fractured [10]. This proprietary production mortar’s
precise mix proportions were kept a secret because it is anovel product. Its bulk density was found to be 1.62 g/cm?,
whereas its skeleton density was 2.17 g/cm?.

2.3. Experimental methods

2.3.1. Pore distribution and porosity

One of the most important physical properties of any porous material is its total porosity (OT). The overall
porosity of tufa stone and mortar specimens were calculated using twenty samples (Table 3). For each set of
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Table 3: Details of tested specimens in experimental study.

TYPE OF THE PROPERTY | TYPE OF THE SPECIMEN | DIMENSIONS OF THE SPECIMEN (cm)
Porosity Irregular shape and small pieces 4.51t09.5 cm’
Compression strength Cylinder 4x4
Flexural strength Prism 4 x4x16
UPVC Cylinder 4x8
Shear strength Cylinder 4x4
Capillary water absorption Cylinder 5x%x5
Thermal conductivity Cylinder 0.5x2
Permeability of Gas Cylinder 5x5
Permeability of water Cylinder 4 x4

five specimens, the average total porosity was determined. A mercury intrusion porosimetry (MIP) test was per-
formed to ascertain the distribution of pore diameters. A Micropore IV 9520 Auto pore micro-porosimeter that
could produce pressures between 2.76 kPa and 414 MPa was the equipment used to measure pore sizes between
0.003 and 450 pm. Three specimens of stone and mortar were examined, and the mean value was obtained for
each set of tests.

2.3.2. Compression and flexural strength

The compression and Flexural testing were conducted for all the specimens using the testing machine (Instron
4485) with 250 kN capacity and rate of loading is 0.2 mm/min. A flexural bending test with three points was
used. Twelve specimens underwent tests at 14, 28, and 60-day intervals (refer to Table 3). Three-point loading
procedure (EN 1015-11) [11] was conducted for the experimental procedures. Based on sets of three readings for
each measurement, the average flexural strength value was noted. Adherence to the standard NF-P94-420 [12]
requirements was ensured during the evaluation of compressive strength. The mortar and tufa stones were tested
in 14, 28 and 60 days using twenty cylindrical specimens of four centimeters in diameter and height. For each
measurement, sets of five specimens were used to calculate the reported average compressive strength value.

2.3.3. Shear strength

As shown in Table 3, tests were conducted on saturated cylindrical specimens at 14, 28, and 60-day intervals.
Each specimen, as shown in Figure 2, was made up of two centimeters of sticky mortar and two centimeters
of constructed tufa stone. In compliance with ASTM D3080-11 [14], the direct shear strength test a method
commonly employed in geotechnical evaluations was employed to ascertain shear strength. The specimen was
placed in the area between the two proportionately moving bisected pieces of the box. The top of the section was
kept in fixed state and the bottom section is moved at the loading frequency of 0.5 mm/min in this experimental
process. A loading circle connected these parts, making it easier to quantify shear loads, as seen in Figure 3.
The resultant lateral forces efficiently illustrate the friction state at the mortar-stone interface by representing the
stress applied to the specimen’s shear plane. Twenty specimens were tested, and for each measurement, sets of
five specimens were used to calculate the mean shear strength value.

2.3.4. Thermal conductivity

The conventional hot wire method was used to measure thermal conductivity, adhering to the ASTM D5930-97
[15] standard’s instructions. Twenty samples were baked at 60°C for 48 hours. The pulse velocity of ultrasonic
was recorded for each specimen in accordance with the guidelines provided in the NF-P94-411 [16] standard.
82 kHz tiny wave frequencies Pundit equipment was used to measure the wave passage velocity. Specimens
were evaluated for ultrasonic pulse velocity at 14, 28, and 60-day intervals. The average of five measurements
was represented by each ultrasonic pulse velocity value that was recorded. After that, they were evaluated after
28 days after being encased in plastic films (as shown in Table 3). Thermal conductivity was quickly determined
using the FP2C device. That required connecting two specimens with the same geometry directly using a hot
wire. Since the evolution of temperature is correlated with the logarithm of time, the thermal conductivity is
calculated. Using the chosen nickel-type hot wire, an electrical current is created through the specimens to raise
their temperature. All during the test, the specimens serve as an unlimited medium. For each five-piece set, we
recorded the average heat conductivity coefficient value. For a total of twenty specimens, thermal expansion was
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Figure 3: Shear strength testing setup [13].

evaluated using a LINSEIS TMA PT1000 device. When a specimen is exposed to varying temperatures, such as
20, 40, and 60°C, thermal expansion can be evaluated. Before any defects were measured, each specimen was
given a full day to stabilize. To keep the samples from drying out, they were covered in plastic before being ana-
lyzed after 28 days. For every measurement, sets of five specimens were used to obtain the average coefficient
of thermal expansion.

2.3.5. Ultrasonic pulse velocity

For twenty specimens in all, ultrasonic pulse velocity measurements were performed in accordance with stan-
dard NF-P94-411 (see Table 3). A device called Pundit was used to test the wave passage velocity at a tiny wave
frequency of 82 kHz. For every specimen, ultrasonic pulse velocity measurements were made at 14, 28, and 60
days. The recorded values are the average of five observations each.

2.3.6. Capillary water absorption

The Washburn model is used to estimate the height of water in a vertical cylindrical porous pipe without taking
gravity into account. Two distinct imbibition factors can be obtained using this technique (A and B). Both the
anterior capillary height and the mass uptake curve (M) inclination with regard to the time spent squared were in
line with these two factors. Actually, the capillary water absorption test demonstrates how the characteristics of
the porous medium influence imbibition activity and provides a better explanation for the kinetics of imbibition
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over time (h and M). Finally, using the following equation, the capillary porosity (N¢) can be determined from
this test: A = p__ .BNc. Twelve dried specimens from earlier were tested in accordance with EN-1925 [17].
Three measurements from mortar and stone samples were used to calculate the average capillary absorption
coefficient.

2.3.7. Permeability of gas and water

The water permeability test was shown to be an efficient method of obtaining further information on the water
transfer characteristics of the specimens under investigation. This test was performed on twenty specimens
(Table 3). In order to guarantee that the specimens were fully saturated, the vacuum saturation procedure
was utilized. Water permeability was measured using a high-pressure triaxial cell in the range of 10-16 m/s.
A hydraulic pressure system that was automated was used to maintain a constant head pressure. To make sure the
Darcy law could be used correctly, the condition of stability was confirmed prior to the test. In order to guarantee
that the specimens were properly saturated, a bottom-up water flow direction was used during the test to keep air
bubbles from becoming trapped. Additionally, an automated hydraulic system was used to apply confining pres-
sure to the specimens. By keeping the confining pressure marginally greater than the applied head pressure, the
system produced a unidirectional flow of water. Each measurement was broken down into sets of five readings
to determine the average coefficient of water permeability. Statically compacting mortar inside a stainless-steel
cylinder mold generated twenty samples for the test of gas permeability, as shown in Table 3. The test protocols
were followed when measuring gas permeability at the designated curing age. Each property was measured in
sets of five, from which the average coefficient of gas permeability was determined. The specimen kinds and
dimensions are shown in Table 3 along with these characteristics.

2.3.8. Microstructural analysis of mortar

Under various operating circumstances, the surface behavior of the mortar mixes (M1 and M2) was examined
using Fourier Transform Infrared Radiation (FT-IR) and Scanning Electron Microscopy (SEM) with X-ray
Diffraction (XRD). These investigations were carried out to find out how well tufa stone powder performed with
silica sand and how it interacted with cement particles to increase the mechanical strength of mortar mixtures.
Based on the findings from the mechanical strength of each mortar mix, the microstructural analysis was looked
at in this study to find the best blends.

3. RESULTS AND DISCUSSION

3.1. Porosity and pore size distribution

The pore size distribution curves for all mortar samples and the tufa stone, as determined by the Mercury Intru-
sion Porosimetry (MIP) test, are shown in Figure 4. All of the measured porosities are displayed in Table 4,
and Figure 4 shows the MIP test results. The produced mortar M3 seems to work best with pore widths of
0.6 um and 1.6 um, as shown in Figure 4. The fact that peaks are present at these two diameters suggests that this
mortar has the best porous structure for the material. For the constructed mortar M1, pore diameter shows two
separate peaks at 2.5 pm and 1.6 um in Figure 4. This shows that the pore structure of mortar M1 is somewhat
coarser than that of manufactured mortar M3. However, the mean pore diameter of the mortar (M2) is 2.5 pm.
When compared to tufa stone, which shows a clear peak at 8.4 um, all three mortars’ claimed pore diameters
are much lower. These results certainly match the overall porosity values shown in Table 4. It appears that the
mortar’s porous composition is significantly influenced by the binder content. For instance, mortar M1, which
has a 25% binder concentration, is less porous than mortar M2, which is made with a 15% binder percentage.
In fact, the mortar’s microstructure is greatly influenced by the amount of aggregate utilized. For mortar M2,
adding a 42% replacement of the total aggregate resulted in higher porosity, which reached 47% overall. This
implies that an increase in the aggregate substitution rate leads to an increase in the total porosity. It seems that
adding more lime to the mortar paste also known as the binder reduces part of its porosity and improves its
homogeneity [18]. Additionally, as the lime rate increases, the distribution of pore sizes shifts, increasing the
number of smaller pores. Because the binder concentration varied and tufa stone powder was partially substi-
tuted, the resulting mortars, M1 and M2, displayed varying degrees of hydration and carbonation reactions.
The aggregate particles operate as nucleation sites for the creation of freshly configured calcite crystals due to
their structural similarity to the binder and the limestone particles’ ability to stimulate carbonation processes.
Indeed, during the early phases of hydration, limestone offers a surface that is ideal for C-S-H gel formation
and growth. This considerably quickens the process of hydration [19]. The calcite crystals tend to bond with
the surrounding aggregate particles and resemble tiny versions of portlandite crystals. This interaction helps to
limit the total porosity and increase the mechanical strength of the material by promoting the creation of smaller



[ er | SUBRAMANIAN, R.; VENKATRAMAN, Y., revista Matéria, v.29, n.2, 2024

0.07 -
0.06 . m;
0.05 Mo
o { —v— Tufa Stone
Py
£0.04
()
=
2003+
>
s
£ 0.02
o
0.01 4 /
0.00 v v

0 5 10 15 20 25 30
Diameter of the pore (um)

Figure 4: Pore distribution of tufa stone and mortars.

Table 4: Tufa stone and mortar — porosity values.

TYPE OF MATERIAL TOTAL POROSITY IN %
Mortar (M1) 41.94
Mortar (M2) 46.15
Mortar (M3) 28.42
Tufa stone 47.68

pores. Specifically, because there are fewer nucleation centers and less packing density in the mortar M2 binder
as a result of the lower lime content, the carbonation process is less effective [20]. These elements are necessary
to sustain carbonation and hydration reactions as well as the crystallization of calcite [21]. As a result, there was
a reduction in density and an elevation in porosity within the pore structure, featuring an average pore diameter
of 2.5 um and an overall porosity of 47%. Since there are fewer nucleation centers and less packing density to
facilitate hydration, carbonation reactions, and the creation of crystalline calcite, the lower lime content in the
mortar M2’s binder results in an unsuccessful carbonation reaction [22]. Thus, as can be seen from Table 4 and
Figure 4, which display a total porosity of 47% and a mean pore diameter of 2.5 pm, respectively, the pore struc-
ture becomes less compacted and more porous. Understanding the properties of the pore structure in the mortar
is crucial to ensure compatibility with old masonry. Hence, mortar M2, with porosity levels similar to tufa stone
and a less compacted pore structure, is less compatible with the stone. When crystallization pressure was applied
to the mortar, which had a lesser percentage of fine pores, the stone could deteriorate [23].

3.2. Mechanical properties

3.2.1. Flexural and compressive and strengths

The flexural strength and compression strength of tufa stone and mortar mixes (M1, M2 & M3) are shown in
Figure 5 and Figure 6 respectively. The results shows that the tufa stone has higher strength compared to other
three types of mortars. At all ages (14, 28, and 60 days), M2’s flexural and compressive strengths were consis-
tently lower than those of the other mortars (M1, M3). The very limited properties of M2, namely its strength,
toughness, and deformability, may be useful for restoring and maintaining historic sites. In these landmarks, M2
may act as a protective covering for the ancient tufa stone. No matter where the degradation comes from, this
protective layer would take it all in, making sure that any deterioration happens inside this layer (the prepared
mortar, M2) and does not affect the original stone itself, keeping it intact. As mentioned earlier, the hydraulic ele-
ments hydrate at a slower pace as a result of the decreased binder quantity shown in mortar M2. This is because
the mortar’s silica components and air lime have limited pozzolanic reactions, which cause the reaction process
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Figure 5: Tufa stone and mortar — flexural strength at the ages of 14, 28 and 60 days.
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Figure 6: Tufa stone and mortar — compression strength at the ages of 14, 28 and 60 days.

to produce more portlandite [24]. As a result, this restriction limits the quantity of hydrated products that can be
generated in pozzolanic reactions. In a similar vein, the mortar’s lower lime content decreased the silica com-
ponents’ solubility and reactivity, which in turn caused the pH to drop. AKYUNCU and AVSAR [25] indicates
that an ineffective carbonation reaction occurs because to the lower lime content in the M2 binder. The trace
amount of calcite in the limestone powder is insufficient to act as a nucleating agent to promote crystal growth
when portlandite is carbonated [26]. As shown in Table 4 and Figure 4, this results in a higher total porosity and
the development of a less dense pore network inside the mortar’s structure. As a result, this weakens the mortar.
The created mortar M1, on the other hand, had superior packing density. It contained 25% binder and substi-
tuted 37% of the tufa limestone powder. As a result, there were more nucleation agents available to assist the
carbonation and hydration events, which promoted the development of rock crystal [27]. The decrease in open
porosity led to strengthening, and as Table 4 and Figure 4 illustrate, the distribution of pore diameter started to
exhibit two peaks at 2.5 and 1.6 pm. In contrast to tufa stone, M2 has reduced compressive and flexural strength.
In reality, this feature is helpful for the envisioned use of the refurbishment mortar, especially for the connection
of old mortars and brickwork components [28-31].

3.2.2. Interface of shear

Figure 7 and Figure 8 depict the shear strengths at the mortar-stone contact and the final shear strengths of the
mortars and tufa stone after 14,28, and 60 days, respectively. The shear strengths of the mortars (M1, M2 and M3)
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mixes, as shown in Figure 7, although they are in no way comparable to the shear strength of the tufa stone.
Figure 8 clearly shows that every mortar-tufa stone interface has shear strength data that show complete adhe-
sion. The point where the mortar and tufa stone meet generally exhibits a high degree of adhesion [10]. This
flawless adhesiveness appears to be displayed by the mortar at the interface with the maximum shear strength
(M3). The chemical and mineral properties affect the mortar’s ability to connect with the stone. Stated differen-
tly, it is contingent upon the characteristics of the stone-mortar contact surface, also known as the transition
zone. In a similar vein, this component affected the strength under shear stress. A weaker component, whether
it be in the mortar, the masonry, or at their interface, is the source of both cracks and failures [32]. This resulted
in the rupture of the weakest part, repair mortar M2, since its confined shear strength was less than its strength
at the stone interface. By doing this, you can be confident that it is appropriate and that any possible mortar
failure won’t impact the integrity of the tufa stone as long as it stays contained within and doesn’t spread to
the interface.

3.2.3. UPV analysis

Figure 9 shows the ultrasonic pulse velocity data for the tufa stone and the mortars (M1, M2, M3) that were
used. The mechanical characteristics of a mortar, including strength, deformation behavior, and ultrasonic pulse
velocity, can be greatly influenced the distribution of pore sizes and overall porosity within the mineral structure.
Porosity exerts a substantial influence on the ultrasonic pulse velocity. A lower wave transition rate indicates
more porosity in the mortar, which is associated with a weaker bond [33]. Consequently, as shown in Figure 9,
the more porous mortar M2 displays the delayed and attenuated waves.
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Figure 9: Tufa stone and mortar — Ultrasonic Pulse Velocity (UPV) at the ages of 14, 28 and 60 days.

3.4. Durability property of mortar and tufa stone

3.4.1. Thermal conductivity

Results of the dilatation and heat conductivity coefficients for the tufa stone and mortars are presented in
Figure 10. The thermal dilation coefficients between M2 and the tufa stone were comparable, although different
from those of M1 and M3. Furthermore, mortars M1 and M2’s heat conductivity coefficients were similar to
the tufa stone. When it comes to the preservation of old structures and historical sites, mortar M2 is a suitable
material to use because of the comparable thermal properties it exhibits with tufa stone. The type and quantity
of aggregate used, together with the amount of binder, can all have an impact on a mortar’s thermal conductivity
[34]. In terms of mortar M2, the configuration of its pore network and porosity has an effect on both dilation and
heat conductivity. Because the mortar is porous, heat transfer is decreased and its thermal dilation is changed
[35]. Larger pore widths may also result in higher heat conduction because they allow thermal bridges to form.
Figure 10 illustrates that M2 had a greater thermal dilation coefficient than the repair mortar M 1. Repair mortar
M2’s compatibility with tufa stone was confirmed by the fact that this coefficient value was almost identical to
the tufa stone’s dilation coefficient. The internal strains brought on by atmospheric changes can be effectively
reduced by the convergence of the thermal dilation coefficients between the two elements, the tufa stone and the
repair mortar M2 [36]. Furthermore, the similarity in thermal dilation supports the stable behavior of the tufa
stone and mortar over a long time, especially when exposed to changes in the atmosphere.

3.4.2. Capillary absorption

With tufa stone and repair mortars, the capillary absorption coefficient is used to quantify the volume of water
that is transferred through imbibition due to capillary action. Figure 11 illustrates the relationship between the
square root function of time and the capillary front height for a range of mortars and tufa stone. The relationship
between weight increase and capillary water, or water absorbed by imbibition, is shown in Figure 12 for both
mortars and tufa at different curing times. Table 5 also displays the evolution of the imbibition coefficient for
the stone and mortars, together with the mass coefficient (A) and visual coefficient (B). The water absorption
heights of the tufa stone and the prepared mortar M2 are similar. On the other hand, when compared to the tufa
stone, Figure 11 demonstrates that the manufactured mortar M3 and prepared mortar M1 have distinct water
absorption heights. As shown successively in Figure 12 and Table 5, the weight increase resulting from absorbed
water, as well as the mass and visual coefficients, demonstrated a convergence between M2 and the tufa stone.
The findings specify that differences in water drive through capillary action were primarily influenced by the
mix proportion of the repair mortar, particularly the quantity of binder and the amount of tufa stone powder
replacement [37]. The water flow is constrained in repair mortar M2 in comparison to what could have passed
through the pores of the tufa stone. The higher internal porosity and enhanced water absorption can be attributed
to the calcic properties of the limestone particles [38]. Additionally, the presence of clay minerals in the lime-
stone may have an impact on the moisture content of the repair mortar. When compatibility was considered, the
water absorption by capillary action of the restoration mortar M2 was comparable to that of tufa stone. Due to
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Table 5: Capillary water absorption of mortars and tufa stones — Experimental results.

TYPE OF MORTAR CO-EFFICIENT OF MASS CO-EFFICIENT OF VISUAL
(g/cm*/ min'?) (g/cm*min'?)
Mortar (M1) 0.201 0.607
Mortar (M2) 0.318 1.103
Mortar (M3) 0.047 0.239
Tufa stone 0.309 0.921

the unique capillary imbibition characteristics of the repair mortar and the tufa stone, soluble salts might migrate
and precipitate through their interfacial zone, potentially accelerating the deterioration of the older stone.

3.4.3. Gas and water permeability

The gas and water permeability co-efficient was shown in Figure 13 and Figure 14 for different mortars (M1,
M2 & M3) and tufa stones. These statistics demonstrate that, in similarity to the produced mortar M3 and the
prepared mortar M1, the prepared mortar M2 showed greater coefficients of gas and water permeability at every
step. As can be seen in Figure 14, mortar M2’s gas permeability coefficient was higher than that of the tufa stone.
This confirms even more the previous claim about its composition making it appropriate for usage with old
stone. Higher water and gas permeability in the repair mortar than in the old masonry causes less water to pass
through the pores in the stone because water evaporates over the mortar’s openings more quickly [39]. The sig-
nificant and comparable total permeabilities of M2 and the tufa stone, as indicated in Table 4, suggest improved
permeability, which encourages rapid drying and reduces the chance of cracks, which affects durability. While
a larger amount of binder decreases porosity inside the binder matrix, the addition porosity is increased by
aggregate and facilitates the passage of gas and water [13]. Increasing the amount of lime in mortar as opposed
to cement allows for greater fluid permeability by forming a larger open-pore structure. Water flow is greatly
impacted by this and is essential for repair mortars. Water, as everyone knows, is a major factor in masonry
degradation in a variety of ways. As such, the mortar ought to demonstrate a comparable or even greater ability
to transfer water than the tufa stone. This suggests that a mortar with a less water transmission capacity than a
tufa stone will not discharge water as quickly as a tufa stone.

3.4.4. Microstructural analysis of mortar mix

Based on the above experimental studies, the mortar M1 is very good in compressive and flexural strength com-
pared to other mortar mixes (M2 and M3). Also, the M2 mortar mix shows very low strength in all experimental
studies. Hence, the microstructural analysis was conducted for M1 and M2 mortar mixes and the results are
discussed below.

XRD analysis — Using the M1 and M2 mortar mixes including tufa stone powder, an X-ray diffraction
examination was performed to investigate the corrosive products that were produced in the concrete as a result
of sulfate attack. Figure 15 displays the diffractograms from XRD. In comparison to the M2 sample (Second
picture), the first image shows lower intensity peaks of C-S-H and portlandite in the M1 sample, which was
exposed to 200 cycles. Furthermore, minute levels of thenardite and gypsum were found in the first picture. The
substance’s intensity peaks increased upon exposure, signifying the cyclic sulfate exposure-induced creation
of gypsum, thenardite, and the material. C-S-H and portlandite are consumed as a result of this procedure. The
XRD findings suggest that the M1 mix crystalline structures are higher than the M2 mix. The M1 mix’s peaks
were in good agreement with the 80, 110, 60, 40, 30, and 20 hkl planes at 26, corresponding to 140, 210, 260,
291, 370, and 450, respectively. This attests to the peaks in the M1 mix having substantially greater intensities
than those in the M2 mix.

SEM analysis — The SEM pictures of the M1 and M2 mortar mixes are shown in Figure 16, where the
different ratios of silica sand and tufa stone powder are visible. The microstructural features of cement-based
materials have a major impact on the hardened properties of concrete. The concrete microstructure and matrix
morphology were revealed by the SEM analysis. After 28 days, two SEM micrographs were produced for the
M1 and M2 mixes. The M1 mortar mix’s microscopic picture is presented in the first figure, which shows a
denser and more uniform microstructure than the M2 mix, which is depicted in the second figure. With the
smaller grains in the M2 mix considerably lowering pore size, the hydration process aids in the pore structure’s
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Figure 16: SEM images of M1 and M2 mortar mix with tufa stone powder.
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Figure 17: FTIR images of M1 and M2 mortar mix with tufa stone powder.

refining. According to experimental findings pertaining to mechanical qualities, the mixture that contained 50%
of the M1 mix performed well in terms of compressive strength. Its increased strength is attributed to the C-S-H
gel that is present in this combination.

FTIR studies — The FTIR spectra of the M1 and M2 mortar mixture and the powdered tufa stone is shown
in Figure 17. The —OH group in this picture is responsible for the asymmetric absorption peak in the 3235-3730
cm ' range. The peak at 3481 cm™ in this area indicates the stretching vibration of the hydroxyl (-OH) and
carboxyl (~COOH) groups in the M1 mortar mix. The methyl and methylene groups’ distinctive peak levels of
absorption were found at a number of peaks, including 2754, 1391, and 1317 cm™'. Additionally, the stretching
vibration of —C=0-at the peak of 1692 cm' indicated the existence of the ester group. Furthermore, the polyether
—C—O—C- stretching vibration is responsible for the unique absorption peak in the M1 mix at 1107 cm ™. The
hydroxyl (—OH) stretching vibration is responsible for the asymmetric peak observed in the 3115-3655 cm™' area
of M2’s FTIR spectra, which are displayed in the second section of the figure. The absorption peak at 3448 cm™
shows evidence of carboxyl (-COOH) and hydroxyl (-OH) groups. The distinct methylene group absorption
peaks may be seen at 2720, 1385, and 1257 centimeters. Because of the stretching of the -C=0O-groups, the ester
group is also located at 1729 cm™'. Furthermore, the polyether -C—O—C- stretching vibration in M2 mortar mix
is considered responsible for the unique absorption peak at 1107 cm™'. More functional groups are present in the
M1 mix than in the M2 mix, according to the experimental investigation.
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4. CONCLUSION

The aim of this investigation was to determine whether tufa stone powder could be used to make mortar in lieu
of some of the fine aggregate. Based on the deductions, mortar M2, which had a lower percentage of binder
(15%) and a higher percentage of tufa powder substitution (42%), was found to be the most suitable and com-
patible option for historic monuments built of tufa stone.

The following succinctly outlines the reasoning for this conclusion:

* Mortar M2, the most porous of the mortars tested, with a single pore diameter peak that is somewhat smaller
than the tufa stone. They have similar overall porosities in spite of this. This mortar has a high porosity, which
allows salts to crystallize easily, especially when pressure is applied.

* Mortar M2 is a great preservation material due to its decreased compressive and flexural strengths. This fea-
ture reduces the possibility that cracks would emerge and permits the mortar to deteriorate without compro-
mising the integrity of the old stone.

* The reduced shear strength where this mortar meets the tufa stone safeguards historic sites. It guarantees a
good bond between the brickwork and the mortar, demonstrating the mortar’s resistance to dynamic loads and
shear stresses.

» At the mortar-stone interface, a lower adhesive strength is shown by mortar M2’s decreased ultrasonic pulse
velocity. This intrinsic bond between the different mortar constituents helps to slow down the aging process
of the old stone.

* The thermal behavior of mortar M2 is similar to that of tufa stone, indicating that it is more effective in reduc-
ing stresses resulting from variations in the climate at the sites of contact.

» This mortar appears to have limited water movement based on the similar capillary absorption behavior seen
in both the tufa stone and this mortar. As so, there will be less opportunity for soluble salts to seep through the
mortar-stone interface.

* Over a range of cure times, mortar M2 showed permeability coefficients for gases and water that were quite
similar to those of the tufa stone. The quick evaporation of these materials through this mortar’s pores may
greatly reduce the passage of gas and water through the tufa stone’s pore structure.

¢ In addition, building on the results of this investigation, future research will examine how well the mortar

that was developed works in conjunction with tufa stone, as well as how well it performs in salt tests and how
durability evaluations might enhance the analysis.
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