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ABSTRACT

The response to thermal variations is the primary cause of marble deterioration in ancient and
modern buildings. In this study, the thermal behavior of Carrara marble after consolidation by an
innovative hydroxyapatite-based treatment was investigated in comparison with ammonium oxalate
and ethyl silicate. Samples were subjected to heating-cooling cycles up to 80 °C. All the
consolidating treatments were found to be fairly compatible, as in no case the residual strain after
the thermal cycles was found to increase compared to the unweathered untreated marble. Anyway,
the hydroxyapatite-treatment has the advantage of causing the highest increase in marble cohesion
and the lowest residual strain, besides being more chromatically compatible and durable than the

alternative commercial consolidants.
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1. INTRODUCTION

Thermal excursions, such as day/night temperature variations and heating/cooling cycles due
to exposure to solar radiation, are known to be the primary cause of deterioration of marble used for
decorating historic buildings and for cladding modern facades. Thermal deterioration originates
from the anisotropic thermal behavior of calcite crystals constituting marble [1]. Upon heating,
calcite crystals expand parallel and contract perpendicular to the crystallographic c-axis, thus
generating stress inside marble. When stress exceeds the cohesion among calcite grains, new (i.e.
previously not existing) micro-cracks are formed at grain boundaries [1,2]. These newly developed
micro-cracks progressively lead to two characteristic deterioration phenomena affecting marble: the
so-called "sugaring" (i.e., grain detachment and loss) [3,4] and the bowing of thin slabs used as
gravestones or cladding elements [5,6], as illustrated in Figure 1. Sugaring and bowing are major
issues threatening the durability of both historic monuments (e.g. the Cathedral of Florence and the
Alhambra Palace in Granada) and modern buildings (e.g. the New York Public Library and the
Finland Hall by Alvar Aalto in Helsinki) [3]. Besides causing the loss of important historic artifacts,
these weathering phenomena also have significant economic consequences: for instance, the
replacement of the bowed slabs used for cladding the Amoco Building in Chicago cost as much as $
65 million [1]. In addition, thermally induced micro-cracks increase marble porosity and surface
area, which results in increased marble susceptibility to dissolution in rain [7], black crust formation
[8] and deterioration due to salt crystallization [9].

To re-establish cohesion between loose calcite grains, numerous organic and inorganic
consolidating treatments have been proposed through the years [3,9-16]. In spite of the relatively
abundant literature on consolidants effects on marble mechanical and sorption properties, a very
limited number of studies investigated how consolidants affect marble thermal behavior [8,17].
Considering that marble response to temperature variations is the primary cause of its deterioration,
the possible change in thermal behavior after consolidation is one of the most important aspects to
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evaluate the suitability of any possible consolidant for marble. In fact, in case the applied treatment
was found to worsen marble thermal behavior, consolidation would result being counterproductive.
For instance, this was the case of an organic consolidant based on polymethyl-methacrylate
dissolved in xylenes, found to significantly increase marble residual strain after thermal cycles, thus
potentially leading to accelerated deterioration [17].

The present study is aimed at evaluating the thermal behavior of weathered Carrara marble
after consolidation with an innovative treatment based on hydroxyapatite. This treatment, originally
proposed for limestone consolidation [18], is based on the formation of hydroxyapatite
(Cai0(PO4)s(OH)2, HAP) from the reaction between calcite grains and an aqueous solution of
diammonium hydrogen phosphate ((NH4)HPO4, DAP) [18,19]. The HAP-treatment has recently
been investigated for consolidation of sugaring marble and very encouraging results have been
obtained. Indeed, the HAP-treatment proved to restore weathered marble cohesion back to the
condition before weathering, without significantly altering marble color [16]. The HAP-treatment
outperformed traditional consolidants (such as ammonium oxalate and ethyl silicate), thus standing
out as one of the most promising inorganic treatments for marble preservation [16]. In addition to
the good consolidating ability, the HAP-treatment is also able to improve marble resistance to
dissolution in rain, thanks to the very low solubility and slow dissolution rate of HAP, compared to
calcite [19,20]. Considering its high potential, further development of the HAP-treatment for
consolidation and protection of marble and limestone has been undertaken by several research
groups [18-30] and the European Commission has recently funded the Marie Sklodowska-Curie
project "HAPAMARBLE" [31], specifically aimed at multi-functionalizing the HAP-treatment for
marble restoration and preventive conservation.

The issue of how HAP-consolidated marble responds to thermal stress has been
preliminarily addressed by the Authors in a previous study [32]. An accelerated procedure,
consisting in heating samples at 400 °C for 1 hour, was adopted to cause thermal damage in

consolidated marble, whose response was evaluated in terms of loss of consolidating efficacy [32].
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Such heating procedure is effective in rapidly causing micro-cracks in marble (which can be
exploited also for producing decayed samples suitable for testing of consolidants [33,34]), however
it was found to be too extreme to evaluate the response that consolidated marble has in the field
when subjected to natural thermal excursions (rarely exceeding a maximum temperature of ~80 °C
[8]). Therefore, in the present study, conditions much closer to the real ones were adopted (heating-
cooling cycles up to 80 °C), so that the actual thermal behavior of HAP-consolidated marble could
be assessed. For comparison's sake, marble thermal behavior after treatment with ammonium
oxalate and ethyl silicate (the two inorganic treatments most widely used nowadays in the practice
of marble consolidation [35,36]) was evaluated as well. To the Authors' best knowledge, the present
study is the first attempt to evaluate the thermal behavior of marble consolidated by HAP and
ammonium oxalate, whereas one study on the thermal behavior of marble treated with ethyl silicate

has been reported in the literature [17].

2. MATERIALS AND METHODS

2.1 Marble samples

A freshly quarried slab of White Carrara marble (supplied by Imbellone Michelangelo s.a.s., Italy)
was used. From the slab, 12 prismatic samples (30x30x20 mm?) were wet sawn. Two samples were
left unweathered and untreated (samples labeled "UW-UT"), while samples to be consolidated by
different treatments were subjected to preliminary artificial weathering. Indeed, as pointed out by
several studies, testing consolidants on unweathered marble leads to unreliable results, because of
its very low porosity and the consequent very low consolidant penetration into the unweathered
substrate [10,16,32]. Hence, preliminary artificial weathering was performed by heating samples in
oven at 400 °C for 1 hour, according to a method previously developed by the Authors [33,34].
After heating at high temperature, marble samples exhibit formation of new micro-cracks, increase

in open porosity and coarsening of pore radius very similar to those exhibited by naturally
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weathered marbles [3,16]. After artificial weathering, two samples were left untreated (samples
labeled "W-UT"), while the remaining samples were subjected to different consolidating treatments

(two samples per treatment), as described in the following.

2.2 Consolidating treatments

Two different formulations of the HAP-treatment were tested and compared with ammonium
oxalate and ethyl silicate, for a total of 4 investigated treatments. All the treatments were applied to
the previously weathered samples (W- prefix in the relevant labels), for the reasons explained

above.

2.2.1 DAP3M

The first formulation of the HAP-treatment was that proposed in [16], involving marble treatment
with a 3 M aqueous solution of DAP, followed by application of a poultice impregnated with
limewater (i.e. a saturated Ca(OH), solution). The samples (labeled "W-DAP3M") were firstly
treated with a 3 M aqueous solution of DAP (Sigma-Aldrich, reagent grade), applied by brushing on
a 30x30 mm? face until apparent refusal (8 brush strokes). At the end of the brushing application,
the samples were wrapped in a plastic film to avoid evaporation and left to react for 48 hours, then
unwrapped, rinsed with water and left to dry in laboratory conditions (T=20+2 °C, RH=50+5%)
until constant weight. Then, samples were further treated with a limewater poultice (weight ratio
between dry cellulose pulp and limewater 1:6). As discussed more in detail in previous studies
[16,37], the application of the limewater poultice has the double beneficial effect of supplying
additional calcium ions for reaction with unreacted DAP (that is still present 48 hours after the
treatment [16]) and removing soluble phases during poultice drying (so that still unreacted DAP
finally crystallizes in the poultice, instead of over marble surface). After application of the

limewater poultice (using a sheet of Japanese paper between the sample and the poultice to avoid
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sticking), samples were wrapped in a plastic film to avoid limewater evaporation and left to react
for 24 hours, then unwrapped and left to dry in laboratory conditions with the poultice in contact
with the samples. Then, samples were rinsed with water to remove poultice residues and left to dry

in laboratory conditions.

2.2.2 DAPO.IM

The second formulation of the HAP-treatment was that recently proposed in [21], involving a two-
step treatment with a 0.1 M DAP aqueous solution, also containing ethanol during the first step. As
suggested in [21] and discussed more in detail in [38], the addition of ethanol makes it possible to
reduce the concentration of the DAP solution to a value as low as 0.1 M (for which no calcium
phosphate phases are formed in absence of ethanol). A reduction in the DAP concentration is
expected to have the positive effect of reducing the thickness of the HAP layer formed over calcite
grains, thus reducing its tendency to crack during drying. Moreover, the addition of ethanol to the
DAP solution has also the beneficial effect of reducing the porosity of the HAP coating, which is
expected to be improve the treatment performance as well [38]. The samples (labeled "W-
DAPO.1M") were firstly treated with a 0.1 M aqueous solution of DAP, also containing 0.1 mM
CaClz and 0.5 wt% ethanol, applied by immersion for 24 hours (the beaker containing the solution
being sealed with a plastic film). The W-DAPO.1M samples were treated by immersion (and not by
brushing like the W-3M DAP samples) because of ethanol presence. Since ethanol is highly
volatile, the behavior of the ethanol-containing DAP solution when applied by brush needs to be
specifically investigated, in terms of competition between the organic solvent evaporation and the
solution penetration inside marble. This is beyond the scope of the present paper, therefore
application by immersion was performed, so that any ethanol evaporation was prevented. After
immersion for 24 hours, samples were rinsed with water and ethanol and left to dry in laboratory
conditions until constant weight. Afterwards, samples were subjected to a second treatment,

performed exactly as the first one, except for ethanol addition to the DAP solution (ethanol was not
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added during the second treatment to avoid excessive thickening and cracking of the HAP layer
formed over calcite [21]). At the end of the second treatment, samples were rinsed and left to dry in

laboratory conditions.

2.2.3 Ammonium oxalate

The treatment is based on formation of calcium oxalate as the reaction product between calcite and
ammonium oxalate [39]. The samples (labeled as "W-AmOx") were treated with a 5 wt% aqueous
solution of ammonium oxalate (Sigma-Aldrich, reagent grade), applied by brushing on a 30%30
mm? face until apparent refusal (15 brush strokes). At the end of the brushing application, the
samples were wrapped in a plastic film to avoid evaporation and left to react for 48 hours, then

unwrapped, rinsed with water and left to dry in laboratory conditions until constant weight.

2.2.4 Ethyl ssilicate

The treatment is based on formation of amorphous silica from the hydrolysis-condensation reactions
of ethyl silicate that stone is impregnated with. The samples (labeled as "W-ES") were treated with
the commercial product Estel 1000 by CTS s.r.l. (Italy), composed of 75 wt% ethyl silicate (also
containing 1% dibutyltin dilaurate as catalyst) and 25 wt% white spirit, applied on a 30x30 mm?
face by brushing until apparent refusal (8 brush strokes). The samples were cured for 1 month in
laboratory conditions. Afterwards, curing completion was achieved by a novel method recently
proposed by the Authors, allowing hydrophobicity to be fully lost and mechanical improvement to
be fully reached in a much accelerated way [40]. A water poultice (weight ratio between dry
cellulose pulp and water 1:6) was applied to the samples for 4 days (evaporation being impeded by
wrapping in a plastic film), then samples were rinsed with water and left to dry in laboratory

conditions until constant weight.
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2.3 Characterization
2.3.1 Consolidating ability

The effectiveness of the different consolidating treatments was evaluated by measuring the increase
in ultrasonic pulse velocity (UPV) after consolidation. The UPV is very sensitive to the formation
and healing of micro-cracks inside marble and can be measured by a non-destructive technique,
hence it is frequently adopted to assess the state of conservation of marble [41,42]. The UPV was
measured on two prismatic samples (30x30x20 mm?) for each condition. A Matest instrument with
55 kHz transducers was used to test the samples by transmission method parallel to the 20 mm side,
using a rubber couplant between the sample and the transducers to improve the contact. After UPV
measurement, one prismatic sample for each condition was used to obtain specimens for scanning
electron microscopy (SEM) and mercury intrusion porosimetry (MIP), while the other sample was
used to obtained specimens for dilatometry, as described in the following.

SEM observation was performed on one fracture sample for each condition, to qualitatively
evaluate the formation of new micro-cracks after artificial weathering and their healing after
consolidation. A scanning electron microscope LEO "EVO 40XVP-M" Zeiss was used, after
making the samples conductive by carbon coating.

MIP analysis was carried out on one sample for each condition, obtained by chisel from the
first 5 mm from the treated surface, to quantitatively assess the effect of artificial weathering and
consolidation on micro-cracks volume and size. A Carlo Erba Porosimeter 2000 with a Fisons

Macropore Unit 120 was used.

2.3.2 Thermal behavior

The thermal behavior of untreated and treated samples was assessed by dilatometry on duplicate
specimens (30x9x7 mm?), both sawn from one of the 30x30x20 mm? samples previously used for

measuring the UPV. The samples were obtained near the treated surface, so that the maximum
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depth from the treated surface was the 9 mm side. Samples were subjected to two heating-cooling
cycles, using a push-rod dilatometer Netzsch 402E (Netzsch-Geratebdu GmbH, Selb, Germany),
calibrated with NIST SRM 731 borosilicate glass. Each cycle consisted in heating from room
temperature to 80 °C at 1 °C /min, holding at 80 °C for 1 hour and then cooling to room
temperature at 1 °C /min. The maximum heating temperature of 80 °C was selected to reproduce
conditions similar to those encountered in the field [8,17]. The maximum strain registered at 80 °C
(€max, In mm/m) and the residual strain after cooling to 35 °C (g, in mm/m) were measured. The
reference temperature of 35 °C was selected instead of room temperature, as the latter slightly
varied between the tests. During the cooling phase of each cycle, the thermal expansion coefficient
(o, in °C') was measured as ox = AL/(Lo-AT), where AL is the length variation, Lo is the initial
length and AT=25 °C is the temperature difference between 35 and 60 °C (corresponding to the
linear part of the cooling curve, cf. § 3.2).

The formation of new micro-cracks after the heating-cooling cycles was also evaluated by
SEM observation, using the same instrument described above. To distinguish between micro-cracks
originated by preliminary artificial weathering and new micro-cracks formed during the thermal
cycles, the following criterion was used. Micro-cracks containing newly formed consolidating
phases were assumed to be cracks originated by preliminary weathering and filled after
consolidation, whereas "clean" micro-cracks (containing no consolidant) were assumed to be new

cracks originated during the heating-cooling cycles.

3. RESULTS AND DISCUSSION

3.1 Consolidating ability

The modifications in UPV after artificial weathering and consolidation are reported in Table 1.
Heating at 400 °C caused a 81% decrease in UPV (from 3.2 to 0.6 km/s), as a result of new micro-

cracks originated by the anisotropic thermal deformation of calcite crystals. The formation of new
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micro-cracks is clearly visible by comparing the SEM images of unweathered and weathered
samples ("UW-UT-Pre" and "W-UT-Pre" in Figure 2, respectively). As reported in Figure 4, these
new micro-cracks resulted in a severe increase in open porosity, from 1.0 (UW-UT) to 5.2% (W-
UT).

After consolidation, the W-DAP3M samples exhibited the highest increase in UPV (up to
2.9 km/s), so that the mechanical properties were almost completely restored to the original
unweathered condition. This UPV increase was due to the penetration of the DAP solution all
through the sample thickness (as visually assessed at the end of the brushing application) and to the
formation of new calcium phosphate phases inside the pre-existing micro-cracks. As can be
observed in Figure 3 ("W-DAP3M-Pre"), clusters of new calcium phosphate phases, having the
typical flowery morphology, formed over the surface of calcite grains and inside micro-cracks.
Even if the treatment did not cause a complete occlusion of the existing micro-cracks (Figure 4, the
highest modification being in the volume of pores with size bigger than 10 um), still the micro-
crack tips were efficiently healed by HAP, which resulted in increased cohesion and UPV.

The W-DAPO.1M samples exhibited an increase in UPV up to 2.2 km/s, hence slightly lower
than the W-DAP3M samples (Table 1). The lower UPV increase is thought to be due to the lower
penetration depth of the consolidating solution into the W-DAPO.1M samples, which probably led
to the presence of unhealed micro-cracks deep inside the samples. This is suggested by SEM
observation, revealing the formation of significant amounts of HAP inside the micro-cracks in the
first millimeters from the surface (Figure 3, "W-3M DAP-Pre" sample), while in the centre of the
sample only few traces of the new phases could be found. A possible explanation for this finding is
the adopted treating method (immersion in the DAP solution), which might have caused some
trapping of air bubbles inside the samples. This suggests that in the future, once the volatility of the
ethanol-containing DAP solution has been investigated, the thermal behavior of samples treated by
brushing should be evaluated. Notably, the UPV increase obtained for the W-DAPO.1M samples

was achieved even if these samples were treated with a DAP concentration 30 times lower than the
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W-DAP3M samples. This was possible thanks to the addition of ethanol during the first step of the
double treatment, because ethanol promotes HAP formation by weakening the hydration shells of
ions in solution [21,42,43]. Accordingly, the new phases exhibit a different morphology (Figure 3):
more diffused, prismatic agglomerates can be noticed in the W-DAP0.1M samples, compared to the
smaller, globular clusters in the W-DAP3M samples.

As reported in Table 1, the W-AmOx samples exhibited an increase in UPV up to 2.3 km/s,
similar to the W-DAPO.IM samples. The alteration in marble pore size distribution caused by
ammonium oxalate was quite limited (Figure 4, mostly in the pores with size bigger than 10 pum),
mainly because the penetration depth of this treatment is quite low. As observed by SEM ("W-
AmOx-Pre" in Figure 3), formation of calcium oxalate was detected almost exclusively in the most
superficial area (about 1-2 mm from the treated surface), while in depth the consolidant was present
only in traces and was unable to bind cracks. Scarce penetration depth of the AmOx treatment was
also found in previous studies [16].

The W-ES samples experienced the lowest mechanical improvement (UPV up to 2.1 km/s),
in spite of the good penetration depth (samples were fully saturated at the end of the brushing
application and accordingly the consolidant was detected by SEM also in the inner parts of the
sample) and in spite of the pronounced pore occlusion (as illustrated in Figure 4, pores with size
bigger than 10 um are completely occluded and those in the range 1-10 pum are diminished). As
reported in the literature, the strengthening ability of ethyl silicate is generally limited, as it deposits
amorphous silica inside micro-cracks without chemically bonding to calcite grains [44]; in fact, a
scarce adhesion between silica gel and calcite grain surfaces could be clearly observed by SEM

("W-ES-Pre" in Figure 3).

3.2 Thermal behavior

The thermal behavior of unweathered, untreated marble (UW-UT condition) is illustrated in detail

in Figure 5 for a representative sample. The heating curve is non-linear, the curve concavity
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increasing for increasing temperature. The initial part of the curve, having a lower slope, is
representative of the intrinsic properties of marble; the second part, having a higher slope, is
affected by progressive micro-cracks formation as temperature increases [45]. The average
maximum strain (0.69 mm/m at 80 °C, Table 2) fairly agrees with results previously reported in the
literature for Carrara marble heated at the same temperature (maximum strain ~0.8 mm/m [1,45]).
During the cooling phase, some calcite grains rearrangement takes place, however a remarkable
residual strain is present (&rs = 0.26 mm/m, Table 2). This value is again in line with residual strain
values previously reported in the literature (~0.2 mm/m) [1,45]. As the sample is re-heated, the
curve initially exhibits a slope that is much lower than that during the first heating cycle. This is
thought to be a consequence of the new micro-cracks formed during the first cycles and responsible
for the residual strain at the end of the first cycle. These micro-cracks allow some deformation of
the calcite crystals without causing additional thermal degradation (the so-called "buffering" effect)
[17,34]. The re-heating curve then becomes steeper and the slope reaches a value similar to the first
heating cycle. The cooling curve during the second cycle is basically parallel to that during the first
one, suggesting that the cooling phase is more representative of the intrinsic properties of the
material, because (compared to the heating phase) this phase is less affected by thermally induced
micro-cracks. For this reason, the thermal expansion coefficient was measured during the cooling
phase of each cycle, in the linear part between 35 and 60 °C. Between the first and the second cycle,
or exhibits a small decrease (from 10.8 to 9.5 x 10 °C"!, Table 2), due to the presence of some
micro-cracks formed during the first cycle and influencing the behavior during the second cycle. At
the end of the second cycle, the additional residual strain (with respect to the condition at the end of
the first cycle) is sensibly smaller (on average, 0.06 mm/m, while the residual strain at the end of
the first cycle was 0.26 mm/m, Table 2). This is again as a consequence of the "buffering" effect
allowed by the initial micro-cracks. After the second cycle, the newly developed micro-cracks are

clearly visible by SEM (Figure 2, UW-UT-Post).
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Weathered, untreated marble (W-UT samples) exhibits a sensibly different behavior
compared to unweathered marble. Having been preliminarily damaged by heating at 400 °C, the W-
UT samples initially have an open porosity much higher than the UW-UT samples (5.2% instead of
1.0%, Figure 4). This porosity is responsible for a remarkable "buffering" effect, even during the
first heating/cooling cycle. This results in a much reduced a; (3.0 instead of 10.8 °C!, Table 2) and
a much smaller &es (0.10 instead of 0.26 mm/m, Table 2). During the second cycle, basically no
formation of new micro-cracks is registered (&es = -0.01 mm/m, Table 2). Accordingly, SEM
observation of W-UT samples revealed no significant formation of new micro-cracks after the two
thermal cycles (Figure 2, W-UT-Post).

To evaluate the behavior of the weathered samples consolidated by HAP and the alternative
consolidants, the thermal strain as a function of temperature during the first cycle was considered
(Figure 6). In Figure 6, the untreated samples (UW-UT and W-UT) are first compared, to evaluate
how the initial sample condition influenced its thermal response. Then, the behavior of the
consolidated samples is shown in the Figure, reporting also the curves of the UW-UT-2 and W-UT-
2 samples, that represent (for the respective conditions) the most extreme cases.

During the first cycle, the W-DAP3M samples exhibited a lower thermal expansion
coefficient than the UT-UW samples (a; = 7.7x10°% instead of 10.8x10° °C™), a lower maximum
strain (emax = 0.38 instead of 0.69 mm/m) and a lower residual strain at the end of the cycle (&res =
0.03 instead of 0.26 mm/m) (Table 2). Actually, the W-DAP3M samples exhibited the lowest
residual strain among all the investigated conditions and, for one specimen, a negative residual
strain (i.e. a contraction) was measured at the end of the thermal cycle. Although uncommon,
contraction of Carrara marble after heating/cooling cycles has been reported in the literature [17].
For the W-DAP3M samples, the lack of significant thermal damage, that would be denoted by a
high positive residual strain, can be ascribed to the good adhesion between calcite grains and to the
limited pore occlusion achieved after treatment. Both factors are thought to have contributed to

achieve a good ability of undergoing thermal expansion and deformation without significant
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formation of new micro-cracks. This is also suggested by the fact that the W-DAP3M samples,
unlike all the other samples, did not experience any dramatic change in o4, €max and &rs between the
two cycles (Table 2), which is a signal that no dramatic formation of new micro-cracks took place
during the cycles. This finds a confirmation also in the results of SEM observation (Figure 3). The
largest part of micro-cracks, that had formed after preliminary weathering and that had been healed
by HAP, still appears as healed by the consolidant after the thermal cycles ("W-DAP3M-Post", left
image). Only a few micro-cracks not filled by HAP (hence presumably formed during the thermal
cycles and not during preliminary weathering) can be detected (Figure 3, "W-DAP3M-Post", right
image).

The W-DAPO.1M samples exhibited a behavior that was intermediate between the W-UT
and the UW-UT references (Figure 6), as indicated also by o and &5 values (Table 2). Most of the
micro-cracks remained sealed after the thermal cycles (Figure 3, "W-DAPO.1M-Post", left image),
even if some new cracks and, in some cases, the rupture of the HAP layer inside the cracks can be
noticed (Figure 3, "W-DAPO.1M-Post", right image). In agreement with the previous observation
that the treatment did not uniformly improve marble cohesion but caused calcium phosphate
formation mainly near the surface, after the thermal cycles several "clean" micro-cracks are visible
in the inner part of the samples, which may have formed during preliminary weathering (without
being filled with the consolidant) or during the thermal cycles.

The W-AmOx and W-ES samples exhibited a behavior intermediate between the W-UT and
the UW-UT samples (Figure 6). Both treatments made the thermal expansion coefficient return to a
value similar to that of the UW-UT condition, without making the residual strain exceed the value
of the UW-UT reference (Table 2). As for the W-AmOx sample, even if some micro-cracks near the
surface still appear as sealed after the thermal cycles (Figure 3, "W-AmOx-Post", left image), most
of the micro-cracks, that were originally filled by the consolidant, appear as broadened, so that the
consolidant is detached (Figure 3, "W-AmOx-Post", right image). As for the W-ES sample,

notwithstanding a few cracks still sealed after the thermal cycles (Figure 3, "W-ES-Post", left
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image), in most of the cracks the consolidant appears as sharply torn by further formation of cracks

during the thermal cycles, (Figure 3, "W-ES-Post", right image).

Considering that the aim of stone consolidation is to bring stone properties from a condition
of weathering (W-UT) back to a condition as similar as possible to that before weathering (UW-
UT) [28], all the treatments appear as fairly compatible in terms of thermal behavior after
consolidation (Figure 6 7). In particular, none of treatments worsened (i.e. increased) the residual
strain after the thermal cycles, compared to the unweathered condition (Table 2), which means that
no thermal damage was produced as a consequence of consolidation.

Notably, the W-DAP3M samples exhibited the highest increase in marble cohesion and
basically no residual thermal strain after the heating-cooling cycles, hence this treatment appears as

the most preferable among those investigated in this study.

4. CONCLUSIONS

In the present study, the thermal behavior of Carrara marble, preliminary artificially weathered by

heating at 400 °C and then consolidated by an innovative treatment based on hydroxyapatite, was

investigated and compared to two alternative commercial consolidants (ammonium oxalate and
ethyl silicate). Based on the obtained results, the following conclusions can be derived:

1) Preliminarily weathered samples exhibited a lower thermal expansion coefficient and a lower
residual strain than the unweathered samples, because in pre-weathered marble more micro-
cracks are present to accommodate calcite crystals deformation without formation of new
micro-cracks.

2) All the investigated treatments caused an increase in thermal expansion coefficient, compared to
the weathered untreated reference. This was a consequence of the re-established cohesion

between calcite crystals and the partial occlusion of micro-cracks, reducing the so-called
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"buffering" effect (i.e. the partial accommodation of calcite crystals deformation made possible
by the existing porosity).

3) Considering that consolidation is aimed at bringing the material back to a condition as similar as
possible to that before weathering and also considering that none of the treatments caused an
increase in residual strain compared to the unweathered condition, all the treatments can be
considered as fairly compatible in terms of thermal behavior after consolidation.

4) The HAP-treatment based on application of a 3 M DAP solution was found to cause the highest
increase in marble cohesion and no irreversible damage after the thermal cycles. Therefore, this
treatment appears as the most preferable among those investigated in this study. The treatments
based on ammonium oxalate and ethyl silicate were found to be sufficiently compatible in terms
of thermal behavior; however, previous studies highlighted some important issues for these
treatments (mainly, the limited efficacy and durability of ammonium oxalate and the limited
efficacy and chromatic compatibility of ethyl silicate [16,21,44]), hence the HAP-based

treatments seem preferable over these alternative consolidants.
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Table 1. Ultrasonic pulse velocity (UPV) of untreated and treated samples (UW-UT = unweathered,
untreated; W-UT = weathered, untreated; W-DAP3M = weathered, treated with 3M DAP solution;
W-DAPO.1M = weathered, treated with 0.1 M DAP solution; W-AmOx = weathered, treated with
ammonium oxalate; W-ES = weathered, treated with ethyl silicate). Values are averages for 2

samples (difference from maximum/minimum values in brackets.

Uw-UT W-UT W-DAP3M W-DAPO.IM  W-AmOx W-ES

UPV (km/s) 3.2 (£0.1) 0.6 (+0.0) 2.9 (£0.1) 2.2 (£0.1) 2.3 (£0.1) 2.1 (20.1)
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Table 2. Thermal expansion coefficient (ot) between 35 and 60 °C, maximum strain at 80 °C (€max)
and residual strain at 35 °C (eres) of untreated and treated samples subjected to thermal cycles (UW-
UT = unweathered, untreated; W-UT = weathered, untreated; W-DAP3M = weathered, treated with
3M DAP solution; W-DAPO.1M = weathered, treated with 0.1 M DAP solution; W-AmOx =
weathered, treated with ammonium oxalate; W-ES = weathered, treated with ethyl silicate). Values

are averages for 2 samples (difference from maximum/minimum values in brackets.

o % 10 (°Ch Emax (MmM/m) Eres (MmM/m)

1% cycle 2" cycle 1%t cycle 2" cycle 1%t cycle 2" cycle
UW-UT 10.8 (£0.4) 9.5 (+2.0) 0.69 (£0.05)  0.46 (£0.09) 026 (+0.05)  0.06 (£0.01)
W-UT 3.0 (20.9) 2.0 (£1.6) 026 (£0.01)  0.12(+0.02)  0.10 (x0.03)  -0.01 (0.02)
W-DAP3M 7.7 (+1.7) 7.7 (+1.8) 038 (£0.06)  0.36(0.08)  0.03 (£0.01)  0.00 (20.01)
W-DAPO.IM 105 (*2.6) 8.9 (x1.2) 0.52(£0.06)  0.32(+0.03)  0.16(£0.01)  0.01 (£0.01)
W-AmOx 11.0(02)  102(02)  0.60 (£0.00)  0.43 (x0.04)  0.16 (£0.01)  0.02 (£0.02)
W-ES 6.4 (:0.4) 6.7 (:1.2) 0.46 (£0.02) 027 (£0.04) 023 (£0.01)  0.02 (£0.00)
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Figure 1. Examples of thermally induced degradation of marble. Left: Marble columns in the
Courtyard of the Lions in the Alhambra of Granada (Spain, XIV century) exhibit severe granular
disaggregation in the side directly exposed to solar radiation, while in the opposite sheltered side the
same columns are substantially well preserved. Right: Thin slabs used as gravestones in the Pere

Lachaise Cemetery in Paris (France, XIX century) exhibit dramatic bowing and deformation.
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UW-UT-Post

- W-UT-Post

Figure 2. SEM images of untreated samples before ("-Pre") and after ("-Post") the thermal cycles.
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W-DAPO.1M-Pre W-DAPO0.1M-Post

W-ES-Post

Figure 3. SEM images of treated samples before ("-Pre") and after ("-Post") the thermal cycles. In

samples already subjected to thermal cycles, different conditions are illustrated ("-Post" condition,

left and right images).
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Figure 4. Pore size distribution and open porosity (OP) of untreated and treated samples.
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Figure 5. First and second thermal cycle for the unweathered, untreated sample UW-UT-2.
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Figure 6. Thermal strain as a function of temperature for untreated and treated samples during the

first thermal cycle.
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