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Abstract
In the present study, 5 different consolidants were tested on 5 different marble varieties preliminarily subjected to artificial 
weathering, to evaluate their consolidating effectiveness and thermal behavior after consolidation, in terms of residual strain 
after heating–cooling cycles in dry and wet condition and tendency to bowing. Treatments based on ethyl silicate, with and 
without a coupling agent to improve the performance on calcitic substrates, exhibited modest increases in cohesion after 
consolidation, as well as an increase in the thermal expansion coefficient and some residual strain at the end of the cycles. 
Paraloid B72 caused minor alterations in the pore system and limited increases in ultrasonic velocity, while the so-called 
“acrylic total impregnation” method led to an almost complete pore filling and significant improvements in cohesion. While 
the latter samples apparently resisted well to heating–cooling cycles, samples impregnated with Paraloid B72 exhibited 
progressive collapse of the fabric, likely due to the low glass transition temperature of Paraloid B72. Ammonium phosphate 
proved to be able to significantly improve marble cohesion and led to lower residual strain after heating–cooling cycles, 
compared to untreated marble. The DAP-treatment also exhibited a significant ability to slow down further bowing of already 
bowed slabs and to prevent bowing of initially planar slabs.

Keywords  Marble · Consolidation · Ethyl silicate · Polymethyl methacrylate · Thermal expansion coefficient · Thermal 
weathering · Residual strain · Bowing · Hydroxyapatite

Introduction

Marble sculptures and architectural elements exposed out-
doors are subject to severe decay, owing to several deteriora-
tion processes such as thermal weathering, dissolution due 
to rainwater and pollutant deposition (Figs. 1, 2, 3).

To re-establish the cohesion among calcite grains, the use 
of consolidants is necessary. This is often the last possibility 

to prevent further reduction in strength, which may possibly 
lead to a collapse of the marble element. The aim of stone 
consolidation is to increase the strength of the weathered 
surface parts of a stone, which should reach a condition 
as close as possible to that of the unweathered core, thus 
achieving a uniform strength profile with depth. The con-
solidant should not cause over-strengthening of the stone 
surface but should penetrate to the sound core, where the 
strengthening effect should gently fade away (Snethlage 
2008). Generally, the consolidant should stick to the grain or 
crystal surfaces to exert a bond between them. The filling of 
wider pores and cracks requires a high concentration of the 
active component in the solution and the density difference 
between the solution and the solid reaction product should 
be as low as possible.

Within the scope of the Eureka Project EU 496 Eurocare 
Euromarble from 1990 to 1999 all aspects pertaining to the 
weathering and conservation of marble were treated and the 
result was a very significant increase in knowledge about 
the weathering mechanisms and conservation methods and 
chemicals. A comprehensive overview about the historical 
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development of materials and methods for marble conserva-
tion has been reported by Simon (2001).

For stone consolidation to be successful, various param-
eters have to be considered, to ensure the effectiveness, com-
patibility and durability of the intervention. Several authors 
(e.g. Delgado and Grossi 2007; Snethlage 2008) have pro-
posed catalogues of requirements that consolidants should 
meet. They built reference criteria to assess their suitability, 
by defining a framework for an acceptable deviation of the 

strengthened stone properties, compared to the unweathered 
ones.

In the specific case of marble consolidation, a very impor-
tant aspect that needs to be thoroughly evaluated is the ther-
mal behavior of marble after treatment with a consolidant. 
In fact, some consolidating treatments have been found to 
be effective in rightly re-establishing marble cohesion after 
treatment, but the consolidating effect is rapidly lost when 
the consolidated marble is subject to thermal cycles. For 
instance, this was the case of marble consolidated with 
polymethyl-methacrylate (Ruedrich et al. 2002) or ammo-
nium oxalate (Sassoni et al. 2018a), subjected to thermal 
cycles. However, with respect to the practical application 
of such experiments the results become questionable when 
the maximum temperature of the cycle exceeds the tempera-
tures that occur in nature. Because thermal weathering is one 
of the main causes of deterioration of marble (Siegesmund 
et al. 2000), evaluating the stability of consolidated marble 
to heating–cooling cycles is essential, as the application of 
a consolidant with unsuitable thermal behavior may be even 
counterproductive, as it may accelerate marble deterioration 
by increasing its sensitivity to thermal cycles (Sassoni et al. 
2018a).

The present study is aimed at evaluating the consolidating 
effectiveness and the thermal behavior of 5 different consoli-
dants, tested on 5 different marble varieties. The investigated 
consolidants include 2 treatments based on ethyl silicate, 2 
treatments based on acrylic resin and 1 treatment based on 
ammonium phosphate.

Ethyl silicate, which has high consolidating effectiveness 
when applied on silicate stones, is often used to consolidate 
also carbonate stones, even though its effectiveness is known 

Fig. 1   Storage of fragile sculptures to protect them from ongoing 
decay, as here in the Sculpture Hall of the Prussian Palaces and Gar-
dens Foundation

Fig. 2   Monuments of General 
von Bülow and General von 
Scharnhorst, sheltering of both 
monuments at their current 
location during the winter 
time to avoid extreme climate 
condition and its effect on the 
progressing decay (after Men-
ningen et al. 2020)
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to be limited on this kind of substrate, because of the lack of 
chemical bonding to calcite (Wheeler 2005). Nonetheless, 
ethyl silicate is often used because its low viscosity allows 
for deep penetration into weathered marble and because the 
formation of silica gel in the fissures among calcite grains 
is able to limit grain loss, although mechanical properties 
are not significantly improved (Wheeler 2005; Scherer and 
Wheeler 2009). To overcome this limitation, innovative for-
mulations containing so-called coupling agents, aimed at 
allowing for chemical bonding between the silica gel and 
the calcitic substrate, have been developed. In the present 
study, two commercial products, with and without coupling 
agent, were tested.

Acrylic polymers used in stone conservation are prepo-
lymerized polymethyl methacrylates (PMMA), which are 
dissolved in a solvent and dry physically by evaporation of 
the solvent. The properties of these polymethacrylates (e.g. 
the glass transition temperature) can be adjusted by adding 
co-polymers. Treatments based on acrylic resins have been 
used for stone consolidation for decades, because of their 
effectiveness in bonding calcite grains and their capabil-
ity to provide also water-repellent properties, even though 
their sensitivity to photo-oxidative weathering is a known 
major issue (Favaro et al. 2006). In the present study, two 
treatments based on acrylic resin were considered, namely 
Paraloid B72 (a mixture of methyl methacrylate and ethyl 

methacrylate) and the so-called “Acrylic Total Impregna-
tion” (ATI, a method developed by Jbach GmbH, www.​
ibach.​eu). The ATI method is based on the saturation of 
the pore space by methyl methacrylate that polymerizes 
under the application of heat and pressure. This method 
has been used to preserve important sculptures and monu-
ments showing strong granular disintegration, such as the 
marble sculptures in the Park Sanssouci, Potsdam. Recently, 
the ATI method has been further modified and improved 
(Sobott et al. 2019), resulting in a higher glass transition 
temperature of 80–85 °C and a lower thermal load for the 
stone during the ATI.

The use of inorganic solutions of disodium hydrogen 
phosphate to reduce calcite dissolution, with potential pro-
tective action on marble surfaces, was reported by Kout-
soukos (1995). The effectiveness of aqueous solutions of 
diammonium hydrogen phosphate for the consolidation of 
limestone (Sassoni et al. 2011) and protection of marble 
(Naidu et al. 2011) was first reported in 2011. Afterwards, 
several studies have explored the potential of ammonium 
phosphate for consolidation of sandstones (Sassoni et al. 
2013), marble (Sassoni et al. 2015, 2018b), gypsum (Sassoni 
et al. 2018c) and mortars (Sassoni and Franzoni 2020). A 
recent study has shown that ammonium phosphate solutions 
are able to mitigate marble thermal weathering, by reduc-
ing the residual strain after heating–cooling cycles and by 

Fig. 3   Examples of marble 
artifacts subject to black crust 
formation (a), bowing (b), back 
weathering and cracking (c) and 
microscope images of marble 
affected by crack formation at 
grain boundaries (d) and surface 
etching (e)

http://www.ibach.eu
http://www.ibach.eu
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reducing the tendency of thin marble slabs to bow (Sassoni 
et al. 2018a). This is notable because no commercial treat-
ment is currently available specifically for the mitigation of 
marble bowing. The so-called bowing of marble slabs is a 
weathering phenomenon that can be observed with marble 
panels used as gravestones, commemorative stones and pan-
els used to clad building façades. It is originated by tempera-
ture gradients across the slab thickness and is enhanced by 
environmental parameters (e.g. presence of moisture in pores 
and cracks) and intrinsic marble properties (e.g. chemical 
composition and lattice preferred orientation) (Siegesmund 
et al. 2008; Koch and Siegesmund 2004). Bowing can be 
so extreme to lead to panel fracturing and collapse, so the 
result of this phenomenon is frequently the precautionary 
removal and replacement of bowed panels, with significant 
economic implications.

Considering that the thermal behavior of marble treated 
with organic or inorganic consolidants has been specifically 
assessed only in a limited number of studies (Ruedrich et al. 
2002; Sassoni et al. 2017, 2018a) and also considering that 
the promising ability of ammonium phosphate to reduce 
bowing has been assessed in a single study only (Sassoni 
et al. 2018a), the present work had the twofold aim of (i) 
evaluating the effectiveness of 5 alternative consolidants on 
several marble varieties and specifically assessing the ther-
mal behavior of the consolidated marbles when subjected to 
heating–cooling cycles; (ii) verifying the ability of ammo-
nium phosphate to mitigate bowing, by testing the treatment 
on different marble varieties with different fabric properties.

Marble varieties

Five different types of calcitic marble were considered: 
Blanco Macael (BM), Großkunzendorf (GK), Lasa (LA) 
and Carrara Gioia (GI). Moreover, a slab removed from the 
University of Göttingen Library (SUB), identified as Bianco 
Carrara Gioia Venato (Siegesmund et al. 2008), was used as 
a naturally bowed substrate for testing the ability of ammo-
nium phosphate to reduce bowing.

The various marble types, the respective acronym, 
description of their grain fabric, average grain size and 
texture are reported in Table 1. Except for GK, all mar-
ble varieties have a granoblastic grain fabric with straight 
grain boundaries and medium grain sizes between 284 and 
485 µm. The GK has a seriate-interlobate grain fabric with 
interlocking grain boundaries and an average grain size of 
545 µm, the largest among all the five varieties. Except for 
LA, all marbles show typical c-axis maxima, described as 
c-axis fibre type (Leiss and Ullemeyer 1999) with low (SUB) 
to high (BM) intensities. The c-axes of LA are almost girdle 
like arranged as an a-axes fibre type.

All samples used for the experimental tests were cut 
from one single block per variety. Different types of speci-
mens were prepared: (i) for all the consolidants, cylinders 
(diameter = 15 mm, height = 50 mm) were used to assess 
the treatment effectiveness and to test the thermal expan-
sion after consolidation (Koch and Siegesmund, 2004); (ii) 
for the treatments based on ethyl silicate and acrylic resin, 
cubes (65 mm side) were also used to evaluate the treatment 
effectiveness and the alterations in effective porosity; (iii) 
in the case of ammonium phosphate, prismatic specimens 
(length = 400 mm, width = 100 mm, thickness = 30 mm) 
were used to test the bowing behavior according to the Euro-
pean Standard EN 16,306. In the case of the SUB specimens, 
since the removed panel had a thickness of 40 mm, the sam-
ples obtained from this panel had the same thickness.

Preliminary artificial deterioration

Before consolidant application (Fig. 4a), cylinders and cubes 
were artificially aged by repetitive heating. The cylinders 
were heated to 200 °C, the temperature was maintained 
for 4 h and subsequently the samples were cooled down to 
about 4 °C. This cycle was repeated 4 times. The cubes were 
heated up to 40 °C and then cooled down to about 4 °C, 
afterwards the temperature was increased step wise to 60 °C, 
90 °C, 120 °C, 150 °C and finally up to 200 °C, each step 
followed by cooling down. So these samples were treated at 
least 6 times with different temperatures.

To reproduce the condition of bowed slabs in the field 
that are consolidated to prevent further bowing, the panels 
were preliminarily bowed by inducing a temperature gradi-
ent across the panel thickness, by subjecting them to 65 heat-
ing–cooling cycles (Sassoni et al. 2018a). During the first 40 
cycles, a maximum temperature of 90 °C was reached, while 
during the last 25 cycles the maximum temperature was 
increased up to 120 °C to increase the level of deterioration.

Consolidation

The following treatments were used to consolidate the dif-
ferent marble varieties:

(1)	 KSE 300: the commercial product KSE F300 by Rem-
mers, composed of silicic acid ester, was used in undi-
luted form;

(2)	 KSE 300 HV: the commercial product KSE 300 HV by 
Remmers, also containing a coupling agent for better 
binding onto carbonate substrates, was used in undi-
luted form;

(3)	 Paraloid B72: a 5 wt% solution of the polymethylmeth-
acrylate Paraloid B72 in Xylol was used;
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(4)	 ATI: The new formulation of the Acrylic Total Impreg-
nation (Sobott et al. 2019) method was used, namely 
“ATI50”, which is characterized by high glass transi-
tion temperature (80–85 °C);

(5)	 DAP: An aqueous solution containing 1  M 
DAP + 1  mM CaCl2 (DAP = ammonium hydrogen 
phosphate, (NH4)2HPO4) was used. This formula-
tion, first proposed by Naidu and Scherer (2014), was 

Table 1   The various marble types and description of their grain fabric, average grain size and texture

SUB data were adapted from (Siegesmund et al. 2008)

Name Macrofabric microfabric Grain fabric Grain size 
( µm)

Texture (mrd)

Blanco Macael (BM) Equigranular-polygonal 495 2.9

Großkunzendorf (GK) Seriate-interlobate 545 1.58

Lasa (LA) Equigranular-polygonal 419 2.06

Carrara Gioia (GI) Equigranular-polygonal 284 2.35

Göttingen library (Gioia 
Venato) (SUB)

Equigranular-polygonal 300 1.3
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selected based on previous studies that showed its 
effectiveness for marble surface protection and consoli-
dation (Graziani et al. 2016; Sassoni et al. 2018b) and 
prevention of bowing (Sassoni et al. 2018a). Indeed, 
calcium phosphates, formed from the reaction between 
the DAP solution and the stone, are able to effectively 
bind calcite grains and increase mechanical proper-
ties, without significantly occluding the intergranular 
fissures. The lack of complete occlusion of the existing 
fissures allows for calcite grain deformation upon heat-
ing without stress at grain boundaries (Sassoni et al. 
2018a, b).

Samples consolidated by treatments 1–3 were fully 
saturated under atmospheric conditions with the specific 
material and left to cure for 24 h. Afterwards, samples 1–2 
were stored in a climate chamber with 70% air humidity 
and 23 °C, while the samples of treatment 3 were stored 
in a Xylol solvent-based climate for 1 week. The ATI pro-
cess was carried out by the Jbach GmbH in Schesslitz. 
To achieve total impregnation, MMA was forced into the 
pore system of the autoclaved samples by several vacuum/
pressure cycles (Fig. 4b). After the pore-filling process, 
the polymerization process was triggered thermally (Wihr 
1995).

DAP was applied onto the external surface of the sam-
ples with a brush until the uptake stopped. Then the sam-
ples were wrapped in a plastic film for 24 h to prevent 
evaporation. The samples were then unwrapped, rinsed 
with water and finally dried at room temperature until con-
stant weight. All the samples were left to cure for a total 
of 6 weeks before testing.

A summary of the treatment conditions for each con-
solidant and each marble variety, with an indication of the 
types of specimens tested, is reported in Table 2.

Measurement techniques

Consolidating effectiveness

To evaluate the effects of artificial pre-deterioration, 
consolidation and accelerated ageing by heating–cooling 
cycles, the marble cohesion was assessed on cubic and 
cylindrical specimens by ultrasonic measurements. The 
ultrasonic velocity of the P-wave (Vp) in transmission was 
measured using a Geotron Elektronik instrument with 
350 kHz probes. Vp was assumed as a reliable parameter to 
estimate the marble conservation state, as previous studies 
have shown the strong relation existing in marble between 
Vp, porosity, compressive and tensile strength (Weiss et al. 
2002; Ruedrich et al. 2013; Menningen et al. 2018).

In total, 4 conditions were considered: (0) the pre-
weathered condition, (I) the artificially weathered condi-
tion, (II) the consolidated condition and (III) the thermally 
aged condition. Since marble is known to have anisotropic 
properties, all analyses were performed with regard to the 
stone orientation, to take into account any directional 
dependence.

Fig. 4   a Laboratory control of the consolidants prior to the consolidant application b closed autoclave of the AVT full impregnation technology 
of the JBACH Steinkonservierung GmbH

Table 2   Summary of the treatment conditions (● = cylindrical speci-
mens; ■ = cubic specimens; ▬ = prismatic specimens)

BM GK LA GI SUB

KSE 300 ● ■  ● ■  ● ■  ● ■  –
KSE 300 HV ● ■  ● ■  ● ■  ● ■  –
ParaloidB72 ● ■  ● ■  ● ■  ● ■  –
ATI ● ■  ● ■  ● ■  ● ■  –
DAP ● ▬ ● ▬ ● ▬ ● ▬ ▬
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Alteration in the pore system

The alteration in open porosity after artificial weather-
ing and consolidation was established for the cubic speci-
mens according to the Standard DIN 52102 (water uptake 
measurements).

Resistance to heating–cooling cycles

The thermal dilation of artificially weathered, untreated and 
treated marbles was examined, always taking into account 
the directional dependency. Cylindrical specimens were 
subjected to heating/cooling cycles (20-90-20 °C) under 
dry and wet conditions (3 and 5 cycles, respectively) (Koch 
and Siegesmund 2004). The thermal expansion coefficient α 
(10–6 K−1) after the first cycle and the residual strain (mm/m) 
after each cycle were registered.

Resistance to bowing

After preliminary induced bowing as described above, pre-
bowed slabs were treated with the DAP solution and then 
subjected to additional 30 bowing cycles (20-90-20 °C under 
wet conditions). The treatment’s ability to reduce bowing 
was evaluated as the change in the bowing rate, before and 
after consolidation. Moreover, one unweathered slab was 
DAP-treated and subjected to the same cycles, to evaluate 
the treatment’s ability to prevent bowing. Bowing (in mm/m) 

was measured every 10 cycles by using a gauge with 0.5 μm 
accuracy and a metal frame to ensure the measurement’s 
repeatability.

Results and discussion

Consolidating effectiveness

The changes of the ultrasonic velocity (Vp) in the marble 
samples after artificial weathering by heating and after con-
solidation are illustrated in Fig. 5 for cubic specimens and 
Fig. 6 for cylindrical specimens.

Artificial weathering caused a general decrease in Vp for 
all the marble varieties, as a consequence of the formation of 
new microcracks at the grain boundaries caused by heating.

After consolidation, all the treatments led to an increase 
in Vp in both the cubes and the cylinders, the benefit result-
ing generally higher in the latter specimens. In fact, for a 
given penetration depth of a consolidant, the smaller the 
specimen size, the higher the consolidating effectiveness 
registered by ultrasounds.

KSE 300 caused modest increases in Vp, especially in 
the case of the cubes, which can be explained considering 
the lack of chemical bonds to the substrate. The KSE 300 
HV formulation, containing a coupling agent to improve 
the binding to calcitic substrates, caused slightly higher 
increases in Vp. However, with a few exceptions, the 

Fig. 5   Ultrasonic velocities [km/s] determined for the marble varieties Blanco Macael (BM), Großkunzendorfer (GK), Lasa (LA) and Gioia (GI) 
in the unweathered state (blue bars (0)), the weathered state (orange bars (I)) and after consolidation by the various treatments (grey bars, II)
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treatment was not able to restore the Vp to the level before 
artificial weathering.

The application of Paraloid B72 caused only little 
increases in Vp, which made this treatment the least effective 
consolidating agent. The acrylic total impregnation (ATI) 
was able to restore the Vp to the level of quarry fresh marble 
and even to higher values, due to the deep penetration of 
the consolidant into weathered marble and the deposition 
of PMMA in intergranular fissures.

The application of the DAP solution led to significant 
increases in the cohesion of all specimens, in some cases 
(but not all) reaching the condition of unweathered marble. 
This was possible as the DAP treatment caused the forma-
tion of new calcium phosphates at the grain boundaries, 
which are able to bind the grains more effectively and to 
increase mechanical properties (Sassoni 2018).

Alteration in the pore system

The changes in effective porosity after artificial weathering 
and consolidation are illustrated in Fig. 7.

Artificial weathering by heating was responsible for dra-
matic increases in porosity in all marble varieties, in agree-
ment with the observed decreases in Vp for all the specimens 
after artificial weathering (Figs. 5 and 6).

Both consolidants, KSE 300 and KSE 300 HV, caused 
slight reductions in porosity. These reductions are owing to 
the deposition of silica gel in the pores and fissures between/
in grains. Paraloid B72 caused very modest changes in 
porosity, likely because of the reduced depth of penetra-
tion of the consolidant into the marbles. This is consistent 
with the limited increases in Vp detected after treatment with 
Paraloid B72 (Figs. 5 and 6). Differently, the ATI treatment 
had the biggest impact on the porosity system. The effective 
porosity was reduced to the level of unweathered marble and 
to even lower values, because of the complete pore filling 
with PMMA. This is consistent with the ultrasonic results, 
as ATI induced the highest increases in Vp.

In the case of the DAP treatment, porosity measurements 
were not performed, as previous studies showed that only 
minor alterations in open porosity and pore size distribu-
tion are experienced after treatment (Sassoni et al. 2018a; 
Sassoni 2018).

Modest changes in the pore system may be considered 
as a positive feature of a consolidating treatment, because 
a strong reduction in open porosity, although linked to 
a high consolidating effectiveness, may actually increase 
marble susceptibility to thermal stress (Sassoni et  al. 
2018a). In fact, in case pores are completely occluded 
by a rigid compound after consolidation, calcite crystal 
deformation upon heating is expected to lead to stress at 
grain boundaries and consequent microcrack formation. In 

Fig. 6   Ultrasonic velocities [km/s] determined for the marble varie-
ties Blanco Macael (BM), Großkunzendorfer (GK), Lasa (LA) and 
Gioia (GI) in the unweathered state (blue bars), the weathered state 

(orange bars) after the consolidation (grey bars) and after additional 
thermal load (yellow bars)
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contrast, when voids are present among grains, the defor-
mation of calcite crystals may be accommodated in the 
intergranular spaces, so that deformation caused by tem-
perature variations can take place without stress at grain 
boundaries and microcrack formation, at least to a certain 
extent. Limited stress is also expected if the intergranular 
spaces are filled with a deformable consolidant, like in the 
case of acrylic resin, so that calcite crystal deformation 
can occur because the resin can easily follow and accom-
modate the crystal deformation.

Effects of heating–cooling cycles

For all the treatments, the thermal expansion coefficient α of 
untreated and consolidated marbles is reported in Table 3, 
in the directions of highest (Z) and lowest (X) expansion. 
Exemplary hysteresis curves for Blanco Macael and Gioia 
are shown in Figs. 8 and 9, respectively.

For all marble varieties, the KSE 300 and KSE 300 HV 
treatments caused an increase in the thermal expansion coef-
ficient with respect to the untreated marble, especially in 
the direction of the highest expansion. This is potentially 

Fig. 7   Effective porosity (vol %) of unweathered (blue bars, 0), weathered (orange bars, I) and consolidated (grey bars, II) samples of the differ-
ent marble varieties

Table 3   Thermal expansion coefficient α (10–6 K−1) of untreated and consolidated marble varieties in the X- and Z-direction

Untreated KSE 300 KSE 300 HV PARALOID B72 ATI DAP

X Z X Z X Z X Z X Z X Z

BM 3.15 14.20 4.93 19.50 6.98 19.90 1.48 11.50 3.77 14.40 5.93 16.71
 ± 0.09  ± 0.09  ± 1.26  ± 1.91  ± 1.5  ± 1.28  ± 0.24  ± 0.31  ± 0.68  ± 1.01  ± 0.85  ± 0.75

GI 8.42 14.20 8.94 20.50 9.87 14.60 4.53 12.40 5.71 11.80 7.45 16.43
 ± 0.07  ± 0.16  ± 1.39  ± 2.16  ± 0.95  ± 1.02  ± 0.27  ± 0.14  ± 0.46  ± 0.40  ± 0.78  ± 1.39

LA 4.77 11.42 4.21 12.90 6.53 14.40 2.95 7.59 4.69 11.20 4.88 11.60
 ± 0.11  ± 0.22  ± 1.22  ± 1.61  ± 1.26  ± 0.61  ± 0.49  ± 0.36  ± 0.47  ± 0.04  ± 0.98  ± 0.60

GK 5.61 10.45 4.58 13.70 8.38 14.80 4.68 9.01 5.04 10.60 7.86 15.29
 ± 0.27  ± 0.10  ± 0.77  ± 0.17  ± 0.2  ± 0.34  ± 0.42  ± 0.33  ± 0.3  ± 0.24  ± 1.31  ± 0.86
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problematic, as the higher the expansion upon heating, the 
higher the risk that calcite grain deformation induces stress 
at grain boundaries. After the first heating–cooling cycle, a 
residual strain was registered (Figs. 8 and 9), while the fol-
lowing cycles led to straighter hysteresis curves and lower 
residual strain at the end of the cycle.

Paraloid B72 caused a decrease in thermal expansion 
coefficient in all the marble varieties, compared to the 
untreated condition, as well as very limited residual strain 

after the cycles. The ATI treatment caused almost no change 
in the thermal expansion coefficient and limited residual 
strain. The slope of expansion registered for the ATI and 
Paraloid B72 treatments applied to the Blanco Macael and 
the Carrara Gioia exhibits an interesting behavior, which 
at first sight could be correlated to the glass transition tem-
perature (Tg) of the two consolidants. Both treatments show 
a low increase of the slope until the samples treated with 
Paraloid B72 reach about 50 °C and the samples treated with 

Fig. 8   Thermal dilatation ε (mm/m) shown as a loop of hysteresis for the Z-and X-direction of the Blanco Macael, treated with the different con-
solidants
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ATI reach about 70 °C. After this temperature, the slope 
increases faster than before, with a smooth transition, which 
can be correlated to a softening of the acrylic resins. Unex-
pectedly, these changes in the curve slopes were registered 
at temperature values lower than the nominal Tg of the two 
resins (40 °C for Paraloid B72 (Vinçotte et al. 2019) and 
80–85 °C for ATI50 PMMA).

The residual strain of marbles treated with Paraloid 
B72 was found to be sensibly increased when water was 

present inside the specimens, as illustrated in Fig. 10 for 
some exemplary conditions. While the dry cycles caused 
limited residual strain, the presence of water in the pores 
caused the Blanco Macael and Carrara Gioia to shrink and 
reach values of almost -0.9 mm/m after 5 wet cycles. This 
phenomenon can be attributed to a collapse of the marble-
resin system (Ruedrich et al. 2002), favored by the Tg of 
Paraloid B72 and by the presence of water.

Fig. 9   Thermal dilatation ε (mm/m) shown as a loop of hysteresis for the Z-and X-direction of the Carrara Gioia, treated with the different con-
solidants
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DAP-treated samples generally experienced a modest 
but systematic increase in the thermal expansion coeffi-
cient α (Table 3), in both directions. Nonetheless, after the 

heating–cooling cycles all the DAP-treated samples showed 
lower residual strain than the untreated reference, both in dry 
and wet conditions, as illustrated in Fig. 11 for all the marble 

Fig. 10   Residual strain (mm/m) 
of Blanco Macael and Carrara 
Gioia in the X- and Z- direc-
tions, after treatment with 
Paraloid B 72, as a function of 
the number of heating–cooling 
cycles in dry (3 cycles) and wet 
(5 cycles) conditions

Fig. 11   Residual strain (mm/m) of the four marble varieties, untreated and DAP-treated, in the directions with the highest (red curve) and the 
lowest (green curve) residual strain, as a function of the number of heating–cooling cycles in dry (3 cycles) and wet (5 cycles) conditions
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varieties. Contrary to the samples treated with Paraloid B72, 
in no case was a progressive decrease in residual strain reg-
istered, which would be a sign of the fabric collapse. These 
results suggest that the DAP-treated samples have higher 
resistance to thermal stress. However, it should be pointed 
out that the DAP-treated samples had been artificially pre-
weathered by heating at 200 °C, which is expected to have 
partially contributed to the measured decrease in residual 
strain. In any case, the DAP treatment does not increase 
or reactivate the irreversible expansion, due to the limited 
occlusion of pores and microcracks by the newly formed 
consolidating phases (Sassoni et al. 2018a).

After consolidation and subsequent heating–cooling 
cycles, the cohesion of the marble specimens was tested by 
ultrasonic measurement for all the consolidants, as illus-
trated in Figs. 5 and 6.

Samples treated with both KSE 300 and KSE 300 HV 
experienced a significant decrease in Vp after the heat-
ing–cooling cycles, to such an extent that Vp was basically 
reduced to the level of weathered marble and all the benefit 
derived from consolidation was lost.

In the case of treatments based on acrylic resin, consoli-
dated samples showed minor decreases in Vp after the heat-
ing–cooling cycles. This holds for both Paraloid B72 (which 
however caused only modest increases in Vp after consoli-
dation) and ATI (which improved marble cohesion back to 
the unweathered condition). In the case of Paraloid B72, 
the fact that vp values are maintained after the temperature 
cycles, even though progressive shrinking had been regis-
tered (Fig. 10), may be due to the fact that, when the glass 
transition temperature of Paraloid B72 is reached, the resin 
becomes soft and, to a certain extent, it is able to re-arrange 
in the intergranular fissures, thus continuing to bind the cal-
cite grains. Further analyses would be needed to verify this 
hypothesis.

Samples consolidated by DAP exhibited some decrease 
in Vp after the heating–cooling cycles, the magnitude of the 
decrease varying depending on the marble variety (Fig. 6). 
However, in all cases the samples subjected to the heat-
ing–cooling cycles exhibited a residual Vp that was higher 
than the value before consolidation, which indicates that a 
mechanical benefit is still present even after accelerated ther-
mal ageing by temperature cycles.

Effects of bowing cycles

The results of the bowing measurements are illustrated in 
Fig. 12. Each graph shows the bowing (in mm/m) as a func-
tion of the number of cycles. For each untreated sample (0), 
the results for the same slab after the application of DAP (I) 
are given. To ensure that the reduction in bowing after the 
DAP-treatment is not only caused by the preliminary bow-
ing cycles (before consolidant application), one additional 

unweathered slab was treated with DAP and subjected to the 
same heating cycles II).

Almost all marble varieties showed a reduction in the 
bowing intensity independent of the measurement direc-
tion. Nonetheless, there are differences regarding the devel-
opment of the bowing mitigation. Except for LA in the z 
direction, all the samples showed the highest benefit for the 
first 10 cycles, afterwards the bowing of the treated samples 
increased as well. BMz and GKz showed almost no expan-
sion for the pre-bowed DAP-treated samples, even after 30 
cycles, while their second direction showed an increase of 
expansion for the treated samples. For the BMy slabs, the 
expansion was higher than in their untreated state.

The GI and SUB slabs showed a comparable behavior: 
both varieties experienced a decrease in the bowing intensity 
after the DAP treatment, which lasts until the 30th cycle, 
when some increase in the bowing tendency is registered. 
The GKz, BMz and LAz samples showed a slightly different 
development. The bowing intensity did not change signifi-
cantly during the 30 cycles and remained almost constant.

Comparing the unweathered samples (0) with the samples 
treated with DAP without preliminary bowing (“II” light 
green and light blue bars), it is possible to note that for all 
the varieties a reduction in bowing intensity is present due 
to DAP application. Only in the SUB sample, the bowing of 
the DAP-treated slab is higher than that of the untreated ref-
erence in one of the directions (y), but it is, however, lower 
in the other direction (z).

Conclusions

Based on the results of the present study, aimed at evaluating 
the effectiveness and the thermal stability of 5 different con-
solidants tested on 5 different marble varieties preliminarily 
subjected to artificial weathering, the following conclusions 
can be derived:

•	 Treatments based on ethyl silicate (KSE 300 and KSE 
300 HV) caused modest increases in ultrasonic veloc-
ity and modest reductions in effective porosity. While 
expected in the case of the traditional formulation 
(KSE 300), the modest consolidating effectiveness was 
unexpected in the case of the formulation containing a 
coupling agent to improve the performance on calcitic 
substrates. When subjected to heating–cooling cycles, 
samples treated by either treatment exhibited an increase 
in the thermal expansion coefficient and some residual 
strain at the end of the cycles, which may lead to minor 
resistance to thermal weathering after consolidation.

•	 Treatments based on acrylic resin exhibited different 
consolidating and pore-filling effects, depending on the 
specific product (see Figs. 13, 14, 15 and 16). Paraloid 
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B72 caused minor alterations in the pore system and, 
consistently, very limited increases in ultrasonic veloc-
ity. On the contrary, samples treated by acrylic total 
impregnation (ATI) underwent complete pore filling by 
acrylic resin and significant improvements in cohesion, 

so that the ultrasonic velocity was restored to the level 
before weathering. While ATI-treated samples appar-
ently resisted well to heating–cooling cycles, samples 
impregnated with Paraloid B72 exhibited progressive 

Fig. 12   Bowing (mm/m) of untreated and treated marble slabs in the 
z and y/x-direction for all five marble varieties (also including the 
SUB specimens) after 5, 10, 20 and 30 temperature cycles. The “0” 
data represent the evolution of the bowing behavior for the unweath-

ered sample. The “I” samples are the formerly described pre-bowed 
slabs after the DAP treatment, while the “II” samples are unweath-
ered samples where the DAP solution was applied to prevent bowing
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collapse of the fabric, likely due to the low transition 
temperature of Paraloid B72.

•	 The DAP-treatment exhibited a significant ability to 
reduce bowing of both already bowed slabs and initially 
planar slabs, thus being confirmed as a promising tool 
to arrest and prevent bowing of thin marble slabs (see 
also Menningen 2020). The formation of hydroxyapa-
tite on calcite surfaces induced by the treatment with 
ammonium phosphate seems to improve the cohesion 
of calcite crystals in marble, thereby in some cases 
bringing the ultrasonic velocity back to the condition 
before weathering (Fig. 17). When subjected to heat-
ing–cooling cycles, all the DAP-treated specimens 
exhibited lower residual strain than the untreated ref-
erence.

Fig. 13   PMMA filling in the pores of marble. SEM photo shows very 
clearly that the accessible pore space and grain boundaries are deco-
rated with the resin

Fig. 14   Close-up of a calcite grain, which is very well coated by the 
impregnating agent, indicating good adherence
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Fig. 15   Reopening of the 
restored Neptune grotto to the 
public in 2018 (for details see 
Sobott et al. 2019)

Fig. 16   The sculpture of Neptune after conservation by ATI on the 
premises of IbachGmbH. The ATI conservation process allows a 
badly damaged sculpture to return to its original site instead of final 
in-door storage somewhere in the cellar

Fig. 17   SEM image clearly shows new calcium phosphates filling a 
microcrack among the calcite grains as a result of the DAP treatment
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