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Abstract 

Marble has been used in sculpture and architecture since Antiquity. When exposed outdoors, it is subjected to 

physical, chemical, or biological weathering. Studies have shown that some deterioration (bowing, microcrack 

generation, thermal damage) can result from the exposure to cyclical thermal variations, but the actual 

temperature range triggering these phenomena remains unknown. Specifically, it is not yet understood if these 

phenomena are activated at a certain threshold temperature or by prolongated cyclic temperature exposure . In 

this work, the evolution of the mechanical state of Carrara Gioia marble samples under thermal stress is followed 

by means of Nonlinear Resonant Ultrasound Spectroscopy (NRUS). The results show, on the one hand, a 

progressive decrease of the linear parameter (resonant frequency) with heating temperature. This evolution 

agrees with results from previous works and with the consequent evolution of the microstructure. The 

(nonclassical) nonlinear parameter, on the other hand, exhibits an increase in the mild temperature range 

(40 – 85°C), followed by a decrease for the highest temperatures (85 – 250°C). This evolution of the NRUS 

parameters, as well as microstructural observations, depicts mild temperature induced degradation in Carrara 

marble. Carrara marble decohesion starts at the mesoscopic scale as evidenced by the initial increase in the 

nonlinear parameter, and then progressively expands to the macroscopic scale as highlighted by the resonant 

frequency evolution.  

 

Keywords: Carrara marble; thermal weathering; nonlinear resonant ultrasound; nondestructive testing 
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1 Introduction 
 

Carrara marble is a well-appreciated and well-known marble variety used in sculpture and architecture since 

Antiquity (Primavori 2015). It can undergo diverse deteriorations during its aging such as sugaring, thermal 

damage, bowing, microcrack generation, loss of mechanical resistance. Many studies have shown the significant 

role of temperature variations in marble degradation (Kessler 1919; Lord Rayleigh 1934; Mahmutoglu 1998; 

Ferrero and Marini 2001; Siegesmund et al. 2008; Peng et al. 2019; Sena Da Fonseca et al. 2021). The sensitivity 

of marble to thermal weathering is generally explained by the anisotropy of the thermal dilation coefficient of 

calcite, the main mineralogical component of calcitic marble (Siegesmund et al. 2000a; Grelk et al. 2004; 

Malaga-Starzec et al. 2006). The anisotropic expansion/contraction of calcite crystals during heating/cooling 

cycles generates intergranular decohesion between calcite grains. Such phenomenon has classically been 

recreated in laboratories by applying artificial weathering on fresh marble by means of thermal degradation 

between 100 and 500 °C (Ferrero and Marini 2001; Koch and Siegesmund 2004; Sassoni et al. 2017; Sena Da 

Fonseca et al. 2021). Yet, the study of thermal weathering induced by exposure to mild temperatures is 

particularly relevant as these temperatures are often recorded on the surface of marble exposed outdoors. From 

an onsite monitoring campaign and a comprehensive literature review, Schouenborg et al. (2007) concluded 

that the maximum temperature reached on white Carrara marble surface was about 60 °C. Besides, the 

environmental monitoring made on marble in the central Namib desert for three years by Viles (2005) showed 

that marble surface temperature reaches 55 °C, with a maximum air temperature of 37 °C. Some studies already 

indicate marble deterioration in the mild temperature range (Malaga et al. 2002; Schouenborg et al. 2007; 

Gherardi et al. 2019; Waragai 2023). For instance, Schouenborg et al. (2007) recommended to condition marble 

at 40 °C rather than 70 °C since a considerable loss of mechanical strength was observed for temperatures lower 

than 70 °C. Besides, Malaga et al. (2002) suggested that intergranular decohesion could occur between 40 and 

50 °C for some marble varieties, based on porosity measurements on calcitic and dolomitic marbles heated 

between 40 and 200 °C. 

The evolution of marble thermal degradation can be monitored by various techniques. Mechanical 

properties are usually evaluated by destructive testing: Brazilian test, uniaxial compression test, flexural strength 

test (Mahmutoglu 1998; Ferrero and Marini 2001; Marini and Bellopede 2007, 2009; Siegesmund et al. 2008). 

Due to their destructive nature, these tests do not allow following the evolution of damage in one sample during 

thermal weathering. However, mechanical properties can also be probed using nondestructive methods. For 

example, ultrasound-based techniques have been developed to characterize marble degradation. Ultrasonic 

pulse velocity allows monitoring the deterioration of the same sample all along the ageing process (Weiss et al. 

2002; Malaga-Starzec et al. 2006; Marini and Bellopede 2007, 2009; Siegesmund et al. 2021; Zhang et al. 2022; 

Wu et al. 2023; Sáez-Pérez et al. 2024). Ultrasound tomography can provide a mapping of the inner degradation 

state of samples without damaging them during the experiment (Siegesmund et al. 2021). Resonance methods 

also enable probing and monitoring the mechanical state of materials. In fact, Resonant Ultrasound 

Spectroscopy (RUS) method (Migliori and Sarrao 1997) was developed in the early 2000s and successfully 

applied for characterization of rocks (Ulrich et al. 2002; Remillieux et al. 2015). The Nonlinear Resonant 

Ultrasound Spectroscopy (NRUS) method was also developed in the same period when it was found that 

noticeable nonlinear phenomena occurred in rocks when increasing vibration amplitude. Rocks and 

geomaterials fall in the nonclassical class of nonlinear media which exhibit features such as hysteresis, slow 

dynamics, end-point memory (Ten Cate and Shankland 1996; Guyer and Johnson 1999; Ostrovsky and Johnson 

2001a; Johnson et al. 2004; Johnson and Sutin 2005). These nonlinear phenomena are found to be highly 

sensitive to any change (microcracks, relative humidity, etc.) at the microstructural scale. Nonclassical 

nonlinearity has been investigated in diverse rock types such as sandstone (Ten Cate and Shankland 1996; Van 

Den Abeele 2002; Johnson et al. 2004; Rivière et al. 2015) and carbonate rocks like marble, limestone and chalk 

(Van Den Abeele 2002; Johnson et al. 2004; Johnson and Sutin 2005; Averbakh et al. 2017).  

However, specific studies on the impact of marble heating on its NRUS response are very limited and 

present very few data. Johnson et al. (2004) studied the nonclassical nonlinearity in a white Asian marble (from 
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Turkey) under varying conditions. In their work the nonlinear parameter was first measured in ambient 

conditions, then after the sample was heated at 200 °C. The 44% drop of the nonlinear parameter value (from 

27,006 to 15,251) was interpreted by the authors as an ability of Asian marble to heal itself during the heating 

process. Yet, no other studies have supported this hypothesis so far and the temperature at which such 

mechanism may be triggered is unknown, especially within the mild temperatures (40 – 85 °C). The impact of 

exposure to mild temperatures can be critical for marble artefact preservation. However, this temperature range 

has not yet been investigated by NRUS even though this technique can bring further information on the 

underlying degradation mechanisms compared to traditional techniques such as destructive mechanical tests 

and ultrasonic pulse velocity. Indeed, NRUS does not only probe the macroscopic scale of materials as 

traditional methods but also the mesoscopic scale, and accounts for other phenomena. 

This work aims at investigating further the impact of thermal damage on the NRUS response of Carrara 

marble, especially at mild temperatures and until its complete granular disintegration, and thus linking the 

evolution of the NRUS parameters to the changes occurring in marble microstructure. To this end, Carrara 

marble samples are heated at different temperatures between 40 and 500 °C. Their degradation is then evaluated 

with NRUS by following the evolution of linear (resonant frequency) and nonlinear (nonclassical parameter) 

parameters. The nonclassical nonlinear parameter exhibits an unexpected evolution with thermal damage 

compared to other granular materials. Microstructural and mechanical characterizations are also carried out to 

investigate the evolution of marble microstructure due to thermal damage. 
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2 Materials and methods 
 

2.1 Carrara marble samples 

 

A block (45 cm x 45 cm x 20 cm) of fresh Carrara Gioia marble (provided by Logica SRL, Carrara, Italy), a 

calcitic white veined marble, was used in this study. This variety of Carrara marble was chosen since it has a 

granoblastic equigranular-polygonal microstructure (Malaga-Starzec et al. 2003; Siegesmund et al. 2008, 2021; 

Menningen 2020; Menningen et al. 2021). Marbles with this microstructure are expected to be more sensitive 

to thermal weathering (Royer-Carfagni 1999; Grelk et al. 2004; Åkesson et al. 2006). The microstructure of the 

studied block is illustrated in Fig. 1. This marble is mainly composed of equigranular monocrystals of calcite 

(calcium carbonate, CaCO3). The average size of the calcite grains is ca. 300 µm and the grain boundaries are 

mostly straight. 

 

Fig. 1 (Color online) Optical microscope image of a sample of fresh Carrara Gioia marble, magnification x25, 

plane light. Some calcite grains are circled in red, and some calcite grain edges are indicated by red arrows 

The condition and isotropy of the marble block were first checked by measuring ultrasonic pulse 

velocity. Core samples of 20 cm in height and 4 cm in diameter were then drilled from the block. At this point, 

reference NRUS measurements (see section 2.2 for details on this technique) were made on each core sample 

before they undergo any thermal treatment. 

To evaluate the influence of temperature on marble weathering, samples were heated in an oven up to 

various setpoint temperatures. The heating rate was set to 1 °C.min-1 to allow the homogeneous heating of the 
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material (Weiss et al. 2002; Sassoni et al. 2017; Siegesmund et al. 2021). The setpoint temperature was 

maintained for 6 h as in Siegesmund et al. (2021). The cooling down to room temperature was left free. After 

heating, the samples were stored in a temperature-controlled oven maintained at 23 °C, and they also remained 

in this oven during the NRUS testing. The setpoint temperatures were the following: 40, 65, 85, 105, 150, 200, 

250 and 500 °C. Four core samples were heated per setpoint temperature, and four unheated samples (stocked 

at 23 °C) were used as references. This temperature set was chosen to explore the impact of natural (40 – 85 °C) 

(Viles 2005; Schouenborg et al. 2007) as well as artificial (105 – 500 °C) (Ferrero and Marini 2001; Koch and 

Siegesmund 2004; Sassoni et al. 2017; Sena Da Fonseca et al. 2021) weathering conditions. The interval 

between each temperature point was first set low to study the influence of several natural heating conditions to 

evaluate the impact of exposure to climatic conditions on marble alteration. The temperature point at 105 °C 

was preferred to 100 °C to go beyond the water evaporation point. The highest temperatures (105 – 500 °C) 

enabled to continue a progressive artificial alteration of marble until its complete granular disintegration 

(500 °C). 

 

2.2 Nonlinear Resonant Ultrasound Spectroscopy (NRUS) 

 

NRUS consists in exciting a sample at several increasing drive amplitudes to study the evolution of the resonant 

modes. For linear materials the resonant frequency of a given mode remains constant as the drive amplitude 

increases, whereas for nonlinear media a shift towards the low frequencies is observed. Geomaterials, such as 

marble, exhibit a nonclassical nonlinear behavior. Their modulus K is expressed as (Guyer and Johnson 1999; 

Van Den Abeele 2002; Johnson et al. 2004; Johnson and Sutin 2005): 

𝐾 = 𝐾0[1 + 𝛽𝜀 + 𝛿𝜀2 + ⋯ + 𝛼(∆𝜀, 𝜀̇)] 

( 1 ) 

where K0 is the elastic modulus, β and δ are the classical nonlinear coefficients and α is the nonclassical 

nonlinear parameter. In nonclassical nonlinear materials, the relative shift in frequency is proportional to the 

strain amplitude Δε of the sample: 

∆𝑓 𝑓0⁄ = 𝛼 ∆𝜀 

( 2 ) 

where ∆𝑓 = 𝑓0 − 𝑓 with f0 the linear resonant frequency obtained for the lowest drive amplitude and f the 

resonant frequency for higher drive amplitudes. In this work, only the first longitudinal resonant mode of the 

core samples is studied. The detection of this mode is facilitated by the sample geometry (cylinders with a large 

height over diameter ratio). Fig. 2 shows an example of an NRUS scan, obtained for an unheated core sample 

of Carrara Gioia marble with a resonant frequency f0 of 6.42 ± 0.03 kHz and a nonlinear parameter α of 

(5.0 ± 0.4) × 103. 
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Fig. 2 NRUS curves obtained for an unheated sample of Carrara Gioia marble with a resonant frequency f0 of 

6.42 ± 0.03 kHz and a nonlinear parameter α of (5.0 ± 0.4) × 103 

 Linear and nonlinear parameters extracted from NRUS scans provide information on the mechanical 

state of a sample. The resonant frequency (linear resonant frequency extracted for the lowest drive amplitude) 

is related to the stiffness and density of the macroscopic sample. The  nonlinear parameter α finds its origin in 

nonlinear phenomena occurring at the mesoscopic scale of the material, such as opening/closing of microcracks, 

capillary effects, friction, contacts, dislocations, etc. (Rasolofosaon et al. 1997; Ostrovsky and Johnson 2001a, 

b; Payan et al. 2014). Therefore, the mesoscopic scale is ranging between the grain contacts and the grain 

assemblage. Thus, the two parameters account for different phenomena occurring at different scales in the 

material. 

 

Fig. 3 (Color online) Scheme of the experimental set-up used for the NRUS tests 

Fig. 3 illustrates the experimental set-up for the NRUS experiments. The signal generation is managed 

by RITA© software coupled with a generator (NI PXIe-5406) and an amplifier (NF Electronic Instruments 4005 

High Speed). The vibrations are generated in the core sample thanks to an ultrasonic piezoelectric transducer 

(Beijing Ultrasonic, resonant frequency of 40 kHz) placed at one sample extremity. The piezoelectric transducer 

was non-permanently glued with phenyl salicylate (also called salol) and unglued between each NRUS scan. 

The out-of-plane velocity is measured at the other sample extremity with a Polytec laser vibrometer (OFV-505 

Single Point Sensor Head and OFV-5000 Controller, λ = 633 nm (He-Ne), power < 1 mW). The signal 

acquisition is also managed by RITA© software coupled with a digitizer (NI PXIe-5122). During the signal 

recording, the tested sample was placed on foam to minimize the attenuation or modification of the vibration 

modes due to the rigid support. As shown by Fig. 2, the resonant frequency f0 is directly accessible from the 
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output signal data provided by the laser vibrometer. However, to calculate the nonlinear parameter α by means 

of Eq. ( 2 ), amplitude strain Δε reached at resonance must be evaluated from the out-of-plane particle velocity 

amplitude A recorded by the vibrometer at resonance. It is calculated as follows (Remillieux et al. 2016; Mechri 

et al. 2019):  

∆𝜀 =
𝐴

2 ∗ 𝐿 ∗ 𝑓0
 

( 3 ) 

where L is the sample length and f0 is the (low amplitude) resonant frequency. 

 

2.3 Microstructural and mechanical characterizations 

 

For each setpoint temperature, two 8 cm long cylinders and centimetric fragments were extracted from one core 

sample. One fragment was used to characterize marble microstructure with Mercury Intrusion Porosimetry 

(MIP) using a AutoPore IV 9500 (Micromeritics) working with a maximal pressure of 210 MPa, thus probing 

pores between 0.01 and 360 µm. Mercury intrusion was measured at 111 increasing pressure points. Another 

fragment was used to prepare thin sections to perform a petrographic description using a polarized light 

microscope (Olympus BX‐51). The thin sections as well as the remaining freshly cut fragments were also 

characterized under a Scanning Electron Microscope (SEM, ZEISS EVO 15). The two 8 cm long cylinders were 

used to measure Uniaxial Compressive Strength (UCS). Uniaxial compression tests were performed on a MTS 

809 Axial / Torsional Test System, at a constant displacement rate of 0.24 mm.min-1. Two discs of TeflonTM of 

1 mm thick and 5.4 cm in diameter were placed on the top and bottom of the sample to correct the lack of strict 

parallelism of the sample faces and limit edge effect. 

 

 

3 Results 
 

3.1 Degradation state and variability in the fresh Carrara marble block 

 

Ultrasonic pulse velocity was measured on the whole Carrara marble block, at different points, in the three 

orthogonal directions. The mean velocities were 3.9 ± 0.1 km.s-1, 4.4 ± 0.2 km.s-1 and 3.8 ± 0.4 km.s-1, 

respectively along the X, Y and Z directions. Based on these values, the block may be considered as a class I 

marble (Köhler 1991). All core samples were drilled along the same direction (Z). 

 A first set of NRUS measurements was performed on the drilled core samples before any heating 

(temperature of 23 ± 0.1°C). The results show some variability among the samples in both resonant frequency 

f0 and nonlinear parameter α values. The minimum and maximum values for the resonant frequency f0 are 

4.5 ± 0.2 kHz and 6.9 ± 0.2 kHz, respectively. For the nonlinear parameter α, the minimum and maximum 

values are (4.4 ± 0.7) × 103 and (10 ± 4) × 103, respectively. The NRUS parameters values acquired at 23 °C 

are displayed in Fig. 4. The grid is a scheme of the top view of the marble block with each square corresponding 

to the original sample position. One can note that the resonant frequency value tends to decrease along the X-

axis, and that the nonlinear parameter α also exhibits some variability. This variability in the NRUS parameters 

values does not, however, seem to follow any pattern across the marble block. Nonetheless, the drilled core 

samples were randomly assigned to the setpoint temperatures to account for this variability and avoid any 

influence of their original location in the marble block. 
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Fig. 4 (a) Resonant frequency and (b) nonlinear parameter values of the tested Carrara samples prior to their 

heating. The grid schematizes the top view of the marble block. Each square corresponds to the initial position 

of a core sample in the block 

 

3.2 Influence of heating temperature 

 

32 core samples were used to study the influence of thermal damage on the NRUS response of Carrara marble. 

4 samples remained unheated to be used as reference. The other 28 samples were heated up to7 different setpoint 

temperatures (4 samples heated at each temperature of 40, 65, 85, 105, 150, 200 and 250 °C). All samples were 

then stored and tested with NRUS in a temperature-controlled oven maintained at 23 ± 0.1 °C. At least three 

NRUS scans were acquired per sample removing and reattaching the transducer on the sample (using phenyl 

salicylate) each time. 4 samples were also heated at 500 °C but suffered complete disintegration after the 

heating, therefore they could not be scanned with NRUS. 

The resulting evolutions of the resonant frequency f0 and of the nonlinear parameter α with heating 

temperature are displayed in Fig. 5 (a) and (b), respectively. Each point shown on Fig. 5 corresponds to the 

average value for all NRUS measurements made on all four samples heated at a given temperature. The 

uncertainties displayed in these figures (shaded areas) correspond to one standard deviation. 
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Fig. 5 (Color online) Evolutions of (a) resonant frequency f0 and of (b) nonlinear parameter α with heating 

temperature for Carrara Gioia marble. Filled circles correspond to average values of the NRUS parameters. 

Shaded areas denote one standard deviation 

Fig. 5 (a) clearly shows that the resonant frequency f0 decreases with increasing heating temperature. 

This parameter ranges from an average of 6.2 ± 0.5 kHz for the unheated samples to an average of 1.9 ± 0.3 kHz 

for the samples heated at 250 °C, thus exhibiting a global decrease of 69%. 

 The evolution of the nonlinear parameter α with heating temperature (Fig. 5 (b)) differs from the 

resonant frequency evolution. For heating temperature between 23 and 85 °C, the nonlinear parameter α 

increases from an average of (6 ± 2) × 103 to an average of (13 ± 4) × 103. Then, it decreases down to an average 

of (7 ± 2) × 103 for the samples heated at 250 °C. 

 Aside from these general trends, the collected data display significant uncertainties, especially for the 

nonlinear parameter α (Fig. 5 (b)). This could be explained by diverse factors such as the significant variation 

in the nonlinear parameter values between samples (even prior to thermal treatment as shown on Fig. 4), the 

reattachment of the piezoelectric transducers on the samples between each NRUS scan with the use of a 

reversible glue (phenyl salicylate), or by the fact that air relative humidity was not controlled during the NRUS 

scans. Nonetheless, the measured variations are still greater than the uncertainties, and the global tendencies are 

thus robust. 

 

3.3 Microstructural and mechanical evolutions 

 

Microstructural and mechanical characterizations were then performed on the samples to understand the 

evolution of the NRUS parameters with heating temperature. First, the evolution of porosity and pore size 

distribution with temperature was probed through Mercury Intrusion Porosimetry (MIP). Fig. 6 presents the 

total porosity accessible to mercury as a function of the heating temperature of the sample. Fig. 7 indicates the 

contribution of different porosity classes to the total porosity of each sample. 
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Fig. 6 (Color online) Total porosity (accessible to mercury) of Carrara marble samples heated at different 

temperatures 

 

Fig. 7 (Color online) Porosity classes for Carrara marble samples heated at different temperatures 

The total porosity accessible to mercury increases with heating temperature, from 0.81% for the unheated 

sample to 3.39% for the sample heated at 250 °C (Fig. 6). The contribution of five porosity classes to the total 

porosity was analyzed: radius of pore access between 0.01 and 0.1 µm, between 0.1 and 1 µm, between 

1 and 10 µm, between 10 and 100 µm, and above 100 µm. The porosity class with radius of pore access between 

0.01 and 1 µm exhibits a tendency to decrease as heating temperature increases whereas the porosity class 

between 1 and 10 µm tends to increase with heating temperature. The contribution of pore access with a radius 

between 10 and 100 µm is relatively steady from heating temperature of 65 °C and is lower for the unheated 

and 40 °C heated samples. The contribution of pores with access radius above 100 µm is quite variable with 

heating temperature but does not show a clear evolution pattern. 
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 SEM observations were then performed on thin sections and fracture plans to follow the evolution of 

intergranular spaces. Fig. 8 presents images of fracture plans for the unheated sample and the sample heated at 

85 °C, at magnification x100. One can note the widening of the intergranular spaces between the unheated 

sample and the sample heated at 85 °C.  Fig. 9 presents a SEM image of a thin section of marble heated at 

150 °C, at magnification x400. It shows that localized microcracking can be found along some grain edges. 

 

Fig. 8 (Color online) SEM images (magnification x100) on fracture plans of Carrara Gioia for (a) the unheated 

sample and for (b) the sample heated at 85 °C. Some cracks are indicated between red arrows, along with their 

width 

 

Fig. 9 SEM image (magnification x400) on a thin section of Carrara Gioia marble heated at 150 °C: localized 

microcracking along grain edges is visible at the center and at the top right of the image 

 Eventually, mechanical properties of marble samples were destructively probed through uniaxial 

compression tests. Fig. 10 shows the evolution of Uniaxial Compressive Strength (UCS) with heating 

temperature. Empty circle data points correspond to the UCS values extracted from two measurements at each 

heating temperature. The data points were linearly fitted: the linear trend is shown as the dashed line and the 

fitting parameters are given in the figure. UCS exhibits an overall tendency to decrease with heating 

temperature, from 57 MPa at 23 °C to 45 MPa at 250 °C in average. Only one of the two measurements made 

on the sample heated at 85 °C does not follow the linear trend. No specific reason for this behavior was found: 

NRUS measurements on this sample did not give scattered values of linear or nonlinear parameters compared 

to the three other samples heated at 85 °C.  
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Fig. 10 (Color online) Values of the two UCS measurements (empty circles) made on Carrara marble samples 

heated at different temperatures, and their linear trend (dashed line) 

 

 

4 Discussion 
 

Calcite crystals have a strongly anisotropic thermal dilation coefficient: 26 × 10-6 K-1 parallel to the 

crystallographic c-axis and -6 × 10-6 K-1 perpendicular to c-axis (Siegesmund et al. 2000b; Grelk et al. 2004). 

This anisotropy of the thermal dilation coefficient has long been shown to result in the development of 

intergranular decohesion when calcitic marble is subjected to temperature variations (Siegesmund et al. 2000a; 

Grelk et al. 2004; Malaga-Starzec et al. 2006). This mechanism could well explain the progressive decrease of 

resonant frequency f0 found along this study (Fig. 5), as this parameter is linked to the material stiffness. Indeed, 

Fig. 11 (a) shows that the resonant frequency f0 decreases with increasing porosity which reflects the widening 

of intergranular spaces. This widening is also noticeable in Fig. 7 as the proportion of pores with access radius 

between 0.01 and 1 µm decreases with heating temperature for the benefit of pores with access radius between 

1 and 10 µm. Waragai (2023) found a similar shift in pore access radius of Carrara marble between untreated 

samples and samples subjected to five thermal cycles between 4 and 84 °C. The progressive loss of cohesion in 

marble samples as heating temperature increases is also supported by UCS measurements: Fig. 11 (b) shows 

that the resonant frequency f0 decreases as the mechanical strength of marble samples diminishes. SEM 

observations also show that the intergranular spaces widen as heating temperature increases, and that they affect 

the sample more and more homogenously. Fig. 8 illustrates this phenomenon on a fracture plan for the unheated 

sample and the sample heated at 85 °C. In addition to microcracks, areas with localized microcracking is visible 

along some grain edges, as it is shown on Fig. 9. This may be explained by the fact that, during the heating of 

marble, calcite grains expand parallel to c-axis and thus neighbor grains could enter in contact and undergo 

friction from shear stress as they do not have the same orientations. Such friction could be responsible for the 

localized microcracking on the grain edges. Conversely, during the cooling, calcite grains contract parallel to c-
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axis and intergranular spaces are created. They result in a loss of cohesion between grains, leading to a loss of 

stiffness at the macroscopic scale. 

 

Fig. 11 (Color online) Evolution of resonant frequency f0 with (a) total porosity accessible to mercury and with 

(b) UCS in marble samples heated at different temperatures 

Even before its heating, the fresh quarried block of Carrara Gioia marble was already exhibiting 

relatively high levels of nonlinearity. Indeed, the nonlinear parameter α of core samples ranged between 

(4.4 ± 0.7) × 103 and (10 ± 4) × 103 before heating (see section 3.1 and Fig. 4). Values of the same order are 

found for Asian white marble in Johnson et al. (2004) (α = 27,006 for ambient conditions). However in other 

studies, values can be significantly lower, e.g. 149 ± 45 for Carrara marble in Johnson and Sutin (2005). Values 

measured on this fresh marble block correspond to relatively high levels of nonlinearity and lead to think that 

numerous features of nonclassical nonlinearity (linked to the quality of grain contacts) are present in the fresh 

marble block even before thermal weathering. 

The nonlinear parameter α is sensitive to deterioration at the mesoscopic scale, i.e., between the size of 

the grain contacts and the grain assemblage. It is sensitive to very local phenomena occurring at grain contacts 

such as opening/closing of microcracks or friction (Van Den Abeele et al. 2000; Ostrovsky and Johnson 2001a; 

Johnson 2005; Johnson and Sutin 2005; Payan et al. 2014). For some granular materials, the nonlinear parameter 

α exhibits an increase with thermal damage. That is the case for concrete (Payan et al. 2012, 2014), mortar 

(Genovés et al. 2019) and sandstone (Johnson et al. 2004) for instance. Unlike other granular materials, marble 

is composed of only one mineral (calcite) and has no cemented material in between grains, which can result in 

a different nonlinear behavior. 

In this study, the nonlinear parameter α increases for heating temperatures between 23 and 85 °C (mild 

temperature range), and then keeps diminishing for heating temperatures between 85 and 250 °C (Fig. 5 (b)). 

The initial increase could be explained by the phenomena occurring at intergranular contacts between calcite 

grains such as the closing/opening of the intergranular spaces created by heating (Fig. 8) and the friction between 

adjacent grains (Fig. 9). A hypothesis for the subsequent diminution of the nonlinear parameter α is the loss of 

these intergranular contacts. Indeed, intergranular spaces between calcite grains widen as heating temperature 

increases, and contacts between adjacent grains are thus gradually lost and with them the local nonlinear 

phenomena occurring at grain contacts. The porosimetry data support this hypothesis as the total porosity jumps 

from 1.6% to 2.6% between 85 and 105 °C, and as the radius of pore access is shifted from between 

0.01 and 1 µm to between 1 and 10 µm with increasing heating temperature (Fig. 6 and Fig. 7). This hypothesis 
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thus allows decoupling the thermal degradation affecting Carrara Gioia marble at the mesoscopic scale for the 

mild heating temperatures (40 – 85 °C), and at progressively higher scale (macroscopic) above 85 °C. Above 

85 °C, granular decohesion caused by thermal weathering is so large that nonlinear phenomena at grain contacts 

are lost. The nonclassical nonlinearity thus provides a helpful alert tool for the detection of the damage initiation. 

The transition point between 85 and 105 °C for the change in the nonlinear parameter behavior could 

also suggest that water content plays a role in the nonlinear parameter variations since it corresponds to water 

phase change. Indeed, water saturation level influences the nonlinear parameter measurements (Van Den Abeele 

2002; Gao et al. 2022, 2023). Nevertheless, we do not think that change in water content linked to evaporation 

above 100 °C is responsible for the transition point between 85 and 105 °C since months after heating the 

nonlinear parameter α is still greater for the sample heated at 85 °C than for other samples. 

Overall, the results presented here are not consistent with an ability of marble to heal itself during the 

heating process. This hypothesis, presented by Johnson et al. (2004) to explain a diminution of the nonlinear 

parameter α between measurements at ambient temperature and after heating at 200 °C for Asian white marble, 

fall short to explain the decrease of the resonant frequency f0 (Fig. 5), the microstructural evolution (Fig. 6), 

mechanical tests (Fig. 10) and observations made previously. Specifically, more porosity is created (Fig. 6) in 

the form of microcracks visible in SEM (Fig. 8 and Fig. 9) when heating temperature increases, which 

invalidates the idea of a healing of the grain contacts during the heating process. On the contrary, this study 

evidences a progressive decohesion of marble until complete disintegration occurring at 500 °C with sample 

breakage. 

Along this trend, the nonlinear parameter α exhibits a significant increase for temperatures ranging 

between 40 and 85 °C. This illustrates that weathering already appears in Carrara marble in the mild temperature 

range. This is consistent with the studies of Malaga et al. (2002) and Schouenborg et al. (2007). The evolution 

of the nonlinear parameter α with heating temperature confirms from laboratory testing that exposure to 

temperatures as low as 40 °C can initiate damage at marble microscopic scale. In situ monitoring on buildings 

and stones shows that this temperature range can be reached on marble exposed outdoors (Viles 2005; 

Schouenborg et al. 2007). This extreme sensitivity of marble to thermal alteration could therefore easily affect 

marble heritage subjected to climatic variations.  

 

 

5 Conclusions 
 

The application of NRUS on Carrara Gioia marble samples heated at various temperatures allows monitoring 

thermal degradation at macroscopic (resonant frequency) and mesoscopic (nonlinear parameter) scales. In brief, 

the results clearly show that the resonant frequency gradually decreases with thermal damage. The evolution of 

porosity and pore access as the heating temperature rises could well explain this progressive loss of stiffness. 

The nonlinear parameter which increases up to 85 °C as it could be expected, decreases onward. This could 

result from the progressive loss of intergranular contacts as decohesion between marble grains increases. 

The evolution of both parameters (resonant frequency and nonlinear parameter) indicates that thermal 

damage of Carrara Gioia marble already starts at temperatures as low as 40 °C. Such temperatures are often 

reached on facades or objects exposed outdoors even in the temperate climatic area. The induced increasing 

porosity and loss of stiffness make this originally non-porous, compact and hard material much more sensitive 

to any degradation processes which are responsible for stone degradation: chemical dissolution, sulphation, 

soluble salt crystallizations, freezing-thaw cycles, etc. Only an efficient protection against insolation or even an 

indoor exposure could be able to preserve Carrara Gioia marble artworks of the first stages of intergranular 

decohesion. 
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After this introductive work dealing with thermal damage, future works will be focused on simulating 

outdoor exposure conditions to study their effects on Carrara marble: samples will undergo thermo-hygric cycles 

at mild temperatures. Such cycling will allow investigating the fatigue effects on marble. NRUS that has proved 

to be an appropriate and accurate non-destructive technique, will be used for the long-term monitoring of marble 

samples ageing. Supplemental studies would also be necessary to see whether results presented here can be 

extended to other marble varieties and other rock types. 
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