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Abstract

Volubilis is the most important archaeological site in Morocco, considered as a
UNESCO world heritage site since 1997. Unfortunately, the sustainability of the site is
in danger by the many degradation patterns detected on the site. Urgent interventions
are required in order to consolidate and restore the monuments of the site.

In this paper, the efficiency of nanolime as a consolidation treatment for calcarenite
stone, the main construction stone of the site, was assessed. To create degraded
reference samples, calcarenite samples were subjected to two accelerated aging tests: a
thermal shock test and a salt crystallization test. The two tests created damage quite
similar to that of the site, namely cracking and surface degradation respectively. These
samples were then treated with nanolime according to a protocol defined in relation to
the stone properties and the concentration of the product used. After the application of
nanolime, the samples were characterized using non-destructive tests (P-wave velocity,
capillary absorption, surface hardness, and colorimetric tests) depending on the type of
stone damage. On cracked samples, the treatment acted on the surface of the stone while
cracks were still present in depth. On salt crystallized samples, the treatment was
efficient as it helped recover the lost surface cohesion. Therefore, the nanolime
treatment is efficient for stones that are degraded at the surface (sanding, alveolization,

scaling) but less so for cracked stones of the Volubilis site.
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1. Introduction

The main objective of this research was to study the efficiency of nanolime as a consolidation
treatment of a weathered limestone called calcarenite. Calcarenite is the main building stone
of the archeological site of Volubilis, a world heritage site [1] located 30 km north of Meknes

city in Morocco (figure 1).

Figure 1: (a) Geographical location of the archeological site of Volubilis, (b) calcarenite stone used as wall rubble and (c)

as carved architectural elements

Over the years, exposure to aggressive environmental conditions has caused substantial
damage to the site’s monuments. The damage has affected the site on two levels: structural
disorders that occurred after the Lisbon earthquake in 1755 [2], which caused the collapse of
most of the monuments, and disorders that affect the building materials (stones and mortar).
According to the ICOMOS glossary-illustrated figures of alterations of the stone [3], the
degradation patterns observed in situ can be divided into two categories: biological
colonization that alters the aesthetic aspect of the stone and degradation patterns that cause a
loss of matter. The latter includes sanding, scaling and alveolization that are due to the
crystallization of destructive salts originated in some of the restoration mortars and
transported to the stone porosity by water transfer [4], as well as cracking that is caused by

climatic variations [5].

Figure 2: Degradation patterns on the site of Volubilis

Even though it is possible to use unweathered calcarenite stones, collected in the quarries
close to the site as a replacement to the weathered ones, the replacement would sometimes
affect the authenticity of the monuments, especially in the case of carved stones such as the
capitals and the columns. Replacement is also unnecessary when the degradation affects only
the surface of the stone. In this case, the degraded stones should be treated in situ, using
efficient consolidation methods and materials. Consolidation is used to improve the cohesion
of weathered stone when decay patterns and cohesion loss are present [6]. Although it is
widely used as a conservation practice, it is a risky one due to its non-reversibility and to the
possibility of undesirable side-effects. For this reason, before carrying out consolidation work
in situ, the efficiency of the consolidation should first be tested through several laboratory

studies, the main objectives of which are to ascertain their effectiveness as well as their



potential harmfulness [7]. In these studies, parameters such as stone composition and stone
properties, type of consolidation products, application protocols, curing conditions, etc.
should be taken into account [7].

In restoration work, consolidants of various kinds are used to recover the initial strength of a
damaged stone. Organic consolidants (such as acrylic and epoxy resin and silicone resins),
have been widely used and were proved to have mainly good performance of reinforcement
and water resistance. That said, there is a reluctance to use this kind of consolidant. Acrylic
resin, for example, promotes the growth and spread of bacteria and micro-organisms that can
aesthetically alter the stones [8]. Alkoxysilanes (such as methyltrimethoxysilane (MTMOS)
and tetraethyl orthosilicate (TEOS)) achieve a good consolidation action due to hydrolysis
and condensation reactions that lead to the formation of silica gel inside the pores of the
treated stone [9,10]. These silica-based products can penetrate porous materials, but have low
chemical compatibility with calcareous substrates and, in some cases, have low efficiency and
durability [11]. A dense network of microporous gel that is likely to crack can be formed.
This network may obstruct the porosity of the stone by causing a significant reduction in
water permeability [12]. Inorganic consolidants are more compatible with calcareous stones
[13] from a chemical point of view. This is the case of lime milk which is the result of stirring
calcium hydroxide particles Ca(OH); in pure water and lime water which is filtered lime milk.
However, to achieve a real consolidation with inorganic consolidants, a huge amount of the
product is necessary as Ca(OH)> has very low solubility in water (1.73 g/l at 20°C) [14]. The
use of these products causes further damage by transporting soluble salts into the stone that
crystallizes during the drying phase of the product. This makes them not only potentially
inefficient but could also cause further harm to the stone [15]. Recently, nanolime has been
used as a replacement for the incompatible and inefficient consolidants mentioned before. It is
a dispersion of calcium hydroxide nanoparticles in alcohols (ethanol, isopropanol, and n-
propanol) [16]. When applied to stone, the alcohol evaporates and calcium hydroxide particles
are deposited in the porosity of the stone replacing the binder lost in the degraded stone once
carbonation is done. Nanolime is a promising consolidation treatment due to his high
compatibility with the calcareous substrate. It has also a higher efficiency as it can carry large
amounts of lime into the treated substrate (up to 50 g/l), without water [16]. So far, nanolime
treatments have been tested on different substrates such as wall paintings, renders, and
plasters [17, 18, 19], as well as on highly porous stones like the Maastricht stone and lime-
based mortars [20, 21, 22, 23]. For all these reasons, nanolime seems to be a promising

consolidation treatment for degraded calcarenite stones. This said, before applying nanolime



to the degraded calcarenite stones of the site of Volubilis, a study was carried out on the
treatment of calcarenite, given that it is a very heterogeneous stone with a low porosity of

19% and therefore might require a particular treatment protocol.

2. Research aim

In this study, the efficiency of nanolime as a curative solution for the consolidation of
calcarenite stones was assessed. First, unweathered calcarenite samples were artificially
degraded and later treated with nanolime. The treated samples were characterized using non-
destructive tests (the capillary absorption test, the ultrasonic velocity test, the hardness test,

and colorimetric tests) to evaluate the consolidating effectiveness of nanolime.

3. Materials

3.1. Calcarenite stone
Calcarenite stone is the main building stone of the archeological site of Volubilis,
representing over 60% of the volume of the site’s building stones. It was usually recovered
from Ain Schkor quarry, located within 5 km of the site. Calcarenite is a beige-yellowish
limestone rich in terrigenous material and large bioclasts [24] containing mostly calcite and
quartz [4]. The stone has an average porosity of 19%, close to that of the San Julian
calcarenite [25] and lower than other calcarenite like the Maastricht calcarenite (40 to 52% of
porosity) [26], the Marsala calcarenite (40 to 60% of porosity) [27] or the Tamala calcarenite
(30 to 50% of porosity) [28]. The calcarenite has a bimodal distribution with two distinct pore
families: a first principal peak is observed around the pore diameter equal to 20 pm, this type
of pores represents the macroporosity, estimated at 52%. The second peak is between 0.1 and
0.3 wm, this type of pores is the mesoporosity of the stone, estimated at less than 27%. The
Calcarenite of Volubilis has a capillary coefficient of 2.03 kg/m?h®5, and compressive
strength of 18.45 MPa. Compared to the previously cited calcarenites, the presently tested
calcarenite has a higher compressive strength than the Marsala stone (1.2 to 4 MPa) [27],
lower than the san Julian calcarenite (38 MPa) [29]. The Maastricht calcarenite has a wide
compressive strength range (5 to 20 MPa) [30]. The presently studied calcarenite in visibly a
heterogeneous stone, composed of two distinct parts: a yellow, visibly more porous, part and a
white, more compact part (figure 3). Calcarenite has an average ultrasound velocity of 2751
m/s, but due to its apparent heterogeneity, it has an anisotropy index of 15% [31] which

indicates that the velocity is higher in a certain direction. The microscopic image of the



calcarenite, taken with a scanning electron microscope Hitachi TM-3000, shows a compact

matrix (formed of calcite) surrounding angular quartz grains with a diameter of approximately

100 um [31].

Figure 3: (a) Calcarenite stone from Ain Schkor quarry (cubic sample 4x4x4 cm?), (b) microscopic image of the calcarenite

(x1000) and (c) pore size distribution of the calcarenite stone

3.2. Nanolime
The product used in this study is a commercial ready to use nanolime CaloSil E50 (IBZ-
Salzchemie GmbH & Co) that became available on the market in 2006. It is a suspension of
Ca(OH): particles in ethanol with a size range of 50 to 150 nm. CalLoSil E50 carries 50 g of

lime per liter, which is approximately 30 times more lime than in traditional limewater.

4. Methods

4.1. Artificial aging test

In order to test the effectiveness of consolidation, nanolime needs to be applied on degraded

stones. Calcarenite stone samples were therefore subjected to two artificial aging tests to

induce different forms of degradation. For each protocol, three cubic samples (4x4x4 cm?®) of
the calcarenite stone, cut from bigger blocks retrieved from the quarry, were tested. The
artificial aging procedures used are the following:

- Thermal shock test based on the standard EN 14066 [32]. The test consists of successive
cycles of drying at a temperature of 105°C for 24 hours, followed by immediate
immersion in water at 20°C. When carried out on the calcarenite stone, the standard
normalized aging test had no effect as no visible damage or weight variation was observed
[31]. For this reason, and in order to obtain altered samples, we decided to increase the
amplitude of temperature variation. The samples were dried at 250°C for 24 hours and
then immediately immersed in water at 0°C. The cycles were repeated until the samples
were visibly damaged.

- Salt crystallization test carried out according to the standard EN 12370 [33]. All the
samples were subjected to successive cycles of immersion for 2 hours in a 14 % solution
of NaxSO4,10H>0 followed by drying in an oven at 105 °C for 20 hours and cooling at
room temperature (20°C) for 2 hours.

4.2. Application protocol of nanolime on the calcarenite stone samples



The application procedure is one of the factors influencing the effectiveness of nanolime.
Even though capillary absorption is the most used method of application in laboratory studies,
it is not a practical one [6-20-21]. In this study, nanolime was applied by brushing [34] which
is commonly adopted in the practice of in-situ conservation [6,7].

To improve the consolidation effect of the treatment, the product is applied more than once.
The optimal number of applications ultimately depends on the stone porosity and pore size
[35]. Slizkova et al. [21] showed that after the first three applications of CalLoSiL ES0 on a
highly porous stone such as the Maastricht stone (with an average porosity of 50 %), the water
movements became slower, which indicates partial saturation of the pore space. Due to the
lower porosity of calcarenite stone (19 %) compared with Maastricht stone, the product was
applied three times to the stone [36]. A higher number of applications would not be as
effective as Ca(OH)> particles wound quickly fill the pore space. To define the interval
between two consecutive applications, a preliminary test was conducted on a cubic sample of
calcarenite stone (4x4x4 cm?) to determine the time required for the ethanol in the stone
sample to dry. Ethanol was applied by brushing to the surface of the stones, that were placed
in a controlled environment (20 °C/76 %HR). The drying curve (figure 4), evaluated by
measuring the weight loss over time, shows that ethanol was almost entirely evaporated after
90 minutes. The interval between two consecutive applications was defined as 3 hours. All
measurements were performed after 28 days of curing [20-37]. During this time, the
specimens were placed in a controlled environment, with a temperature of 20°C and relative
humidity of 76 %, to enhance the carbonation process and ensure maximum conversion of

Ca(OH); into CaCOs [38].

Figure 4: Drying curve of a calcarenite sample treated with ethanol

4.3. Assessment of the effectiveness of the consolidation

The effectiveness of consolidation was assessed using the following non-destructive testing

methods:

- P-wave velocity measurements carried out on dried cubic samples (4x4x4 cm?). It is a
non-destructive method that detects any change in the texture of the stone [39]. The test
was performed in laboratory conditions (T=20 °C-HR=40 %), using a Pundit Plus
apparatus with two piezoelectric transducers with a frequency of 83 kHz.

- Capillary water rise test carried out on dried cubic samples (4x4x4 cm?), according to the

procedure described in the standard NF EN 1925 [40]. The samples were dried at 60°C,



placed in a container where they were immersed in water at a height of 3 £ 1 mm and
weighed at regular intervals.

- Hardness test carried out on dried samples. It is a non-destructive test performed using a
Piccolo 2 portable hardness tester, in laboratory conditions on cubic samples (4x4x4 cm?).
In each cube, 10 measures were done on each face (at 1 cm intervals) and then averaged to
obtain the surface hardness values.

- Colour changes were measured using a Konica spectro-photo-colorimeter. The colour
parameters L * a * b *were determined in the CIELab colour space where coordinate L* is
the greyscales that correspond to grades of lightness from 0 (black) to 100 (white), a* is
the red/green coordinate (negative values represent the green component and positive
values represent the red component) and b* is the yellow/blue coordinates (negative
values represent the blue component and positive values the yellow one) [41]. With the
unweathered stones as a reference, the colour coordinate variation (AL*, Aa*, Ab*) was
calculated, as well as the total colour variation (AE):

AE = ((AL¥) 2 + (Aa*) 2 + (Ab*) 2)

5. Results and discussion

The two aging tests used in this study damaged the calcarenite stones differently. The thermal
shock aging tests induced cracking in the tested samples while the salt crystallization test

caused a loss of cohesion and a loss of matter on the surface of the tested samples.

5.1. Nanolime treatment performance for the cracked calcarenite stones

In all the calcarenite stone samples, cracking obtained by thermal shock aging appeared after
2 cycles. On some samples, the cracks were small and present only on one side while for the

rest, the cracks were larger and affected two or more faces (figure 5).
Figure 5: Cracked calcarenite stone samples due to thermal shock aging test (4x4x4 cm3)

These samples were treated according to the protocol described in 4.2 and nanolime was
applied to the cracked faces of each sample. The samples were weighed before and after each
application to determine the quantity of nanolime absorbed as well as the weight variation
after 28 days of curing. The nanolime content varied from 0.64 % and up to 1.30 %,

depending mainly on the size and depth of the crack present on the treated sample. The wider



and longer the crack is, the more nanolime is absorbed and transported inside the specimens.
The samples were placed in a controlled atmosphere (temperature = 20°C and relative
humidity = 76 %). When the ethanol evaporates, the carbonation process starts and CaCOs
particles are precipitated inside the cracks, which explains why the weight increased after the
treatment for all samples. After 28 days of curing, the weight of samples increased between
0.04% and 0.07%. Then, they were characterized in order to assess the variation in the
mechanical and hydraulic properties of the samples, caused by the weathering first and then
by the treatment with nanolime.

The predominant method for assessing the effect of aging tests is by measuring the ultrasonic
P-wave velocity. The results of the measurements in all three directions of the stone samples
are reported in table 1. They were conducted on dried unweathered, weathered and treated
samples. A1% represents the variation in the P-wave velocity between the unweathered and
weathered samples, and A>% the variation in the P-wave velocity between the treated and
non-treated weathered samples (table 1).

The thermal shock test caused a decrease in the ultrasonic P-wave velocity in all three
directions of each sample. This decrease indicates that there have been changes in the
microstructure with the appearance of cracks that are caused by the difference in the
coefficient of expansion of the constituent mineral. These changes cannot be explained
considering the bedding of the stone as it could not clearly be identified, not even based on
the P-wave velocities measured. Usually, the bedding can be identified when the velocities
measured in two directions of stones are similar while the velocity measured in the third
direction is higher. In that case, we can assume that the bedding plane is perpendicular to the
third direction. This was not the case here, as none of the directions had a velocity that is
significantly higher than the two others. Therefore the bedding remains unknown as it does

not correspond to any of the principal directions of the stone samples used.

Table 1: Variation in the ultrasonic P-wave velocity after the thermal shock tests and after treatment with nanolime

After the treatment, all specimens showed an increase in the P-wave velocity that varied from
4 to more than 40 %. For all the samples, except sample 1, the increase was greater in the
direction where cracks were detected and where the decrease in the P-wave velocity was
higher. This means that the cracks allowed a better absorption of the consolidant, and a higher
quantity of calcium hydroxide particles was deposited in them after the evaporation of

ethanol. The quantity of nanolime absorbed is also related to the size of the cracks. Indeed, the



most damaged sample, sample 3, is the one where the largest cracks appeared, given that the
decrease in P-wave velocity in this sample was high. This sample absorbed the highest
quantity of nanolime (the weight increased of 1.3%) and had the highest weight variation after
28 days (+0.07%). The cracking of the samples caused a local modification in the porous
network, which led to a change (an increase) in the imbibition properties of the stones.

To understand this modification and its effect on the water transfer properties, the capillary
imbibition kinetics of the damaged and treated stones was measured and compared to that of
the unweathered stones [42]. In fact, the imbibition properties derive directly from the
geometry of the porous network (pore size, pore connectivity, etc.) [43]. Figure 6 shows the
imbibition capillary curve of the most damaged sample of the three (sample 3) before and
after the treatment. These imbibition curves were compared to the imbibition curve of the
unweathered sample.

The imbibition curve represents the evolution of the water uptake with the square root of time
in the three directions of the cubic stone sample for the weathered sample (black curves) and
treated samples (red curves). Compared to the unweathered stone (blue curve), the water
uptake of the cracked samples in all three directions is much higher. When the imbibition was
done through the cracked surfaces, the samples saturated much more quickly (after 30
minutes) compared to the non-degraded samples where the total saturation took on average 3
hours. Figure 7 shows that water rises faster in the cracks than in the non-cracked parts of the
stone. Besides, the water content at the end of the test performed on the weathered sample
was almost twice as high as the water content at the end of the test carried out on the

unweathered sample.

Figure 6: Capillary imbibition curves of the most damaged sample (sample 3)

Table 2 shows the evolution of the imbibition coefficients in each sample before and after the
aging tests and after the treatment with nanolime. It was calculated from the slope of the
imbibition curves previously presented. The aging test caused an increase in the imbibition
coefficients in all three directions. However, the increase was always smaller in the direction
perpendicular to the cracks, in which the decrease in the ultrasound velocity was the highest.
In the other directions, the cracks are directly in contact with water, which explains the higher

imbibition coefficient.

Table 2: Capillary imbibition coefficients of unweathered, weathered and treated calcarenite stone samples



Figure 7: Capillary imbibition of cracked samples (4x4x4 cm’)

After treatment, a clear disturbance of the imbibition kinetics was observed. In the directions
parallel to the cracks, the imbibition curve of the treated samples could be divided into two
distinct parts. If we consider the imbibition curve done through the first direction of sample 3,
as shown in figure 6, in the first (Part I), the curve is almost linear and has a much smaller
slope than that of the imbibition curve of the unweathered sample, as a result of nanolime
treatment and a partial saturation of the pore space with CaCOs particles. In the second (Part
IT), the slope of the curve increases drastically and becomes parallel to that of the cracked
sample (table 2). However, in the directions perpendicular to the cracks, little to no change in
the slope of the imbibition curve between part I and part II was observed given that the non-
cracked faces of the sample were not treated.

In the directions parallel to the cracks, the abrupt change in the slope shows that the porous
network of the stone was no longer homogeneous. The coefficient of imbibition of the treated
part (Part I) was lower than that of the unweathered calcarenite stone. This might indicate that
in addition to the cracks, the calcium carbonate particles were also deposited in the pores of
the stone, causing a change in the pore space at the surface that was obstructed and
consequently slowing the water rise in the sample. However, once the water goes past the
treated part, the behavior of the stone is that of the weathered one. Beck [44] observed similar
behavior when studying the evolution of the imbibition behavior of an artificially aged tuffeau
limestone using the cyclic wetting-drying aging test described previously. The aging caused
the appearance of a patina caused by the dissolution of calcium carbonate and its re-
crystallization on the evaporation surface of the stone that slowed water movement only at the
surface of the samples.

In conclusion, the nanolime treatment does not seal the cracks entirely but it significantly
improves the mechanical characteristics of the stone. The P-wave velocity measurements after
the treatment prove that the cracks were partially sealed as they were still smaller than those
of an unweathered stone. This result is corroborated by the water imbibition curves. The
results show that on the surface, the cracks seem to be treated and that the treatment caused
the appearance of a patina that slows the imbibition of water at first. Therefore, the beneficial
effect is significant but limited to a thin layer at the treated surface while at the core, the

hydric and mechanical behavior indicates that the stone is not completely consolidated.



5.2. Nanolime performance in consolidation treatment for salt contaminated calcarenite
stones
The salt crystallization protocol caused degradation by the progressive loss of matter on the
weathered surface, which is a very common kind of degradation found on the site. The
protocol specified by the standard NF 12370 [33] recommends conducting the test for 15
cycles. However, the test was very destructive to the calcarenite stone. At the end of the test,

the samples were too damaged to be treated (figure 8).

Figure 8: Damaged calcarenite samples (4x4x4 cm?) after 15 cycles of the salt crystallization aging test

A second salt crystallization aging protocol was carried that was stopped at the 6% cycle, once
visible damage with loss of material started to occur. The average weight variation of the

samples during the salt crystallization test is presented in figure 9.

Figure 9: Average weight variation during the first 6 cycles of the salt crystallization aging test [ 34]

The average dry weight increased at the beginning of the test (during the first three cycles) as
a result of the presence of the salt that precipitated in the pores of the tested samples. After
that, the weight of the accumulated salt could not be balanced by the lost weight due to loss of
surface matter [45], causing a decrease in weight from the fourth cycle on. Unlike the thermal
shock protocols, the degradation induced by salt crystallization caused a loss of material.
Alveolization was detected on the surface of the stone, resulting from the weathering of the
yellow parts by sanding while the white parts remained intact (figure 10). The high percentage
of macropores (52%), responsible for the capillary rise phenomenon [46], allowed the stone to
absorb high quantities of the saline solution. In addition to that, and according to Zehnder &
al. [47], crystallization originates in larger pores (macropores) that are connected to smaller
ones (mesopores), causing damage to the stone. This indicates that the macrospores are more
concentrated in the yellow parts than in the white parts of the stone, visibly more porous.

Once they were damaged, the treatment was applied to all the damaged faces of the
calcarenite samples. The samples were weighed before and after each application to determine

the quantity of nanolime absorbed as well as the variation in the dry weight of the specimens.

Figure 10: Calcarenite stone sample (4x4x4 cn’) (a) before, (b) after the second salt crystallization test and (c) after

treatment with nanolime



The nanolime content of the calcarenite immediately after treatment varied between 1.85 and
2.86 %. The high amplitude of the variation in nanolime content can be explained by the
heterogeneity of the calcarenite stone. The two parts constituting the stone might have
different hydraulic properties, and the amount of nanolime absorbed depends on which part is
predominant in the treated sample. After 28 days, the weight variation measured was
proportional to the nanolime content, and it was betwwen 0.30% and 0.51%. It is due to the
precipitation of calcium hydroxide particles in the porosity of the specimens.

P-wave velocity measurements could not be performed on these degraded samples. The
damage occurred mainly at the surface, where there was a loss of cohesion between the
grains. Putting the piezoelectric transducers on the samples would have undoubtedly caused
further damage, and the contact would not have been ensured due to the eroded surfaces. For
these samples, it was possible to quantify the effect of the accelerated aging test, and that of
the treatment, with a surface hardness test [48]. The results presented in table 3 show the
evolution of the average surface hardness in the samples due to the aging test and to the

consolidation treatment.

Table 3: Variation in surface hardness values for the unweathered samples, after the aging test and after nanolime treatment

After the aging test, the stone surface was weakened by the crystallization of Na;SO4,H20
salt. The resulting disintegration of the matrix of the stone caused a decrease in hardness due
to the loss of cohesion between the grains. After treatment, an increase in hardness was
observed in all the samples, indicating that CaCOs particles had been deposited on the surface
of the stone, replacing the lost materials. The variation in surface hardness after the aging test
was the greatest in sample 3, making it the most damaged sample of all three. It was also the
sample that absorbed the most nanolime, which helped treat and recover the cohesion loss.

For all three samples, the increase in surface hardness is directly related to the nanolime
content of the treated samples. The more nanolime was absorbed, the more CaCO3 was
deposited in the stone and the more cohesion recovery was achieved. The treatment with
nanolime not only helped recover the loss of surface hardness but also increased it beyond the
value of the unweathered stone. The treatment was efficient from a mechanical point of view.
However, a change in color was detected on the treated surfaces due to the formation of a

white haze.



5.3. Aesthetic compatibility of the treatment by nanolime
The aesthetic aspect of the treatment is an important feature of any restoration work. The
aesthetic parameters were studied with a colorimetric test. The results of the colorimetric
measurements performed on the thermal shock samples as well as on the salt crystallization

samples in table 4.

Table 4: Average colorimetric values of the weathered calcarenite samples before and after nanolime treatment

The thermal shock aging test caused a small change in the aesthetic aspect of the samples,
inducing an increase in the L* and a* coordinates and a decrease in the b* coordinate. After
the treatment, the samples became slightly whiter and less yellow and the overall color change
measured was 3.6. Although the visual appearance of the stone does not affect its durability, it
remains an important parameter for the compatibility assessment. Some authors recommend
that the color difference AE be less than 5 [49-50]. According to this recommendation, the
treatment of the cracked stone was compatible.

The salt crystallization aging test caused a decrease in the L* coordinates and an increase in
the a* and b* coordinates. This means that the samples were darker, redder and more yellow.
After the treatment, an increase in the L* value for all the samples was noticed, which implies
a lightening of all the samples that was due to the white haze observed on the surface of the
stones, as a part of the nanolime absorbed had actually settled on the surface (figure 10).
When compared to degraded stones, the total color change was 12.19, which is higher than
the aesthetic recommended limit. However, when comparing the colorimetric values of the
treated stone to that of the unweathered stone, a total change of 4.94 was obtained, which

remains within the recommended limit.

6. Conclusion

Nanolime was used as a treatment of calcarenite stone samples degraded in the laboratory
using two artificial aging tests to create damage — cracking due to thermal shock and loss of
surface degradation due to salt crystallization — similar to the damage observed on the site.

On the cracked stone samples, nanolime proved to be only partially efficient. The treatment
caused the formation of a patina induced by the deposition of CaCOs particles in the pores at
the surface. This patina slowed down the water rise during the water imbibition tests but, at

the core, the behavior of the treated samples was close to their behavior before nanolime



treatment. Moreover, P-wave velocity measurements of the treated samples were lower than
those of an unweathered stone, indicating that at depth the cracks are not completely treated
but only sealed partially at the stone surface.

The consolidation of the surface degraded stones with nanolime was efficient as the
mechanical properties improved and the surface hardness increased. The replacement of the
lost binder of the damaged stone surface by CaCOs particles induced by the nanolime
increased the surface hardness. The increase is directly related to the quantity of nanolime
absorbed. The more nanolime was absorbed, the more CaCOs3 particles were deposited in the
stone and the more cohesion recovery was achieved.

The treatment induced a lightening of the stone samples that was more intense in the salt
crystallization samples. However, colorimetric measurements showed that the color change
remained within the recommended limits (AE < 5) from an aesthetic point of view.

Finally, for the Volubilis site, considering the results of this study, nanolime treatment can be
recommended for the stones degraded at the surface (sanding, alveolization, scaling) and to a
lesser extent for cracked stones. Another interesting work would be to study the durability and
the effectiveness of nanolime, not as a curative solution, but as a preventive treatment to the

calcarenite stone.
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Table 1: Variation in the ultrasonic P-wave velocity after the thermal shock tests and after treatment with nanolime

Thermal shock Unweathered | Weathered | A1% Treated A2%
samples samples samples
(m/s) (m/s) (m/s)

Sample Direction 1 1990 1626 -18% 2341 +44%
1 Direction 2 2797 1389 -50% 1528 +10%
Direction 3 3175 2105 -34% 2463 +17%

Sample Direction 1 2360 1854 -21% 1928 +4%
2 Direction 2 2857 2260 -21% 2418 +7%
Direction 3 3150 1869 -41% 2654 +42%

Sample Direction 1 2339 1581 -32% 1644 +4%
3 Direction 2 2439 1970 -19% 2285 +16%
Direction 3 3140 1377 -56% 2010 +46%




Table 2: Capillary imbibition coefficients of unweathered, weathered and treated calcarenite stone samples

Unweathered Weathered Treated
(g/cm?min'/?) (g/cm?min'/?) (g/cm?/min'’?)
// to the crack 0.049 (+88%) Part| 0.019 (-26%)
Sample (Direction 3) ‘ ° Partil | 0.047 (+80%)
0.020 (-23%
1 /7 o the crack 0.026 +0.002 0.045 (+73%) Part| F23%)
(Direction 1) Part Il 0.043 (+65%)
1 to the crack 0.039 (+50%) Part | 0.038 (+46%)
(Direction 2) ’ ° Partll | 0.041(+57%)
// to the crack 0.054 (+170%) Partl 0.012 (-40%)
(Direction 3) : 0 Partll | 0.026 (+30%)
Sample Part | 0.014 (-30%)
P /[tothecrack | 5504 0,001 0.055 (+175%) °
2 (Direction 1) Part Il 0.045 (+125%)
1 to the crack 0.048 (+140%) Part | 0.042 (+110%)
(Direction 2) ' ° Part Il 0.046 (+130%)
// to the crack 0.067 (+148%) Part| 0.016 (-40%)
(Direction 3) : 0 Partll | 0.071(+162%)
Sample 0.015 (-40%
p // to the crack 0.027 +0.002 0.073 (+170%) Part | (-40%)
3 (Direction 1) Part Il 0.069 (+155%)
1 to the crack 0.048 (+78%) Part | 0.041 (+50%)
(Direction 2) ’ ° Partll | 0.053 (+96%)




Table 3: Variation in surface hardness values for the unweathered samples, after aging test and after nanolime treatment

L f rf:
Unweathered Damaged 085 0 Treated Su %ce
surface cohesion
samples samples . samples
cohesion recovery
Sample 1 420 + 26 406 + 22 -3 % 417 £ 18 3 %
Sample 2 401 £23 389 £25 3% 427+ 11 10 %
Sample 3 309 +29 280 £ 35 -9 % 317+ 15 13 %




Table 4: Average colorimetric values of the weathered calcarenite samples before and after nanolime treatment

Colorimetric Cracked Treated A%
values sample samples ¢
Thermal shock L* 80.62 £0.40 82.44 +1.01 2%
protocol a* 2.56 +£0.09 2.91+0.26 14%
b* 12.48 £0.37 9.35+0.11 -25%
AE 3.6
Colorimetric | Unweathered | Salt-Damaged A% Treated A%
values samples samples ¢ samples ¢
Salt L* 82.04 £0.31 73.65+£0.35 -10% 80.18 £0.06 9%
crystallization a* 3.17 £0.12 4.56 £0.27 44% 2.76 £0.03 -39%
protocol b* 13.60 £ 0.96 19.18 £1.01 41% 9.04 £1.37 -53%
AE 10.17 12.19
AE (compared to the unweathered stone) 4.94






