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Abstract

This study aims to determine mechanical and thermal properties of Saint-Maximin limestone, similar to the
Lutetian stone found in the vaults of the Notre-Dame de Paris cathedral, and their variations after heating-
cooling cycles at temperatures up to 800°C. An extensive experimental campaign, including both destructive
and non-destructive testing, was carried out. The results indicate that the samples can be considered to be
isotropic, and the effect of temperature on Poisson's ratio, static modulus of elasticity, compressive and tensile
strengths were measured. Non-destructive testing revealed that the usual correlation equations between
ultrasonic measurements and mechanical properties are not valid for heated stone samples, particularly when
estimating Poisson's ratio. An alternative measurement method using impulse modal analysis was proposed
to overcome this issue. Uniaxial compressive tests on specimens of different geometries were used for the
estimation of shape factors specific to Saint-Maximin stone. Some of these shape factors contradict the
current European standard for stone, which seems to overestimate the effect of slenderness. The study also
suggests shape factors after heating at 300°C and 600°C to account for the effect of heating on the compressive
strength. The results demonstrate that, while the correlations established for stones at room temperature
remain valid, they are not necessarily accurate after a heating-cooling cycle. This study provides important
information for the numerical modelling of this material from mechanical and thermal perspectives.
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1 Introduction

In France, as elsewhere in Europe, the pre-industrial built heritage is most often made up of stones bound
together with mortar. The importance of these structures for society, as cultural sites, as places of worship, or
to bear witness to historical events, leads us to question our capacity to restore masonry structures after a fire
while preserving their authenticity. The burning of Notre-Dame de Paris (NDP) cathedral in 2019 makes this
question particularly topical. This long fire (15 hours between its outbreak and its extinction), in which flame
temperatures probably reached 1200°C [1], had a deep impact on the masonry, including the side walls and
the north, south and west gables. The 13th century cathedral's roof was damaged and the timber structure
was completely destroyed. The vaults were especially affected, as they accumulated burning materials and
molten lead spill on their extrados. On the other hand, their intrados remained exposed to a quasi-normal
temperature, creating a strong thermal gradient through a thickness of only 15cm to 25cm, depending on the
vault considered. The reduction in material properties such as strength and rigidity is the first concern when
considering the rehabilitation of such structures. However, it should be noted that traditional masonry
structures are often in a state of compressive stress far below their strength. Nevertheless, the change in
material rigidity inevitably alters the balance of the structure to some extent and should not be overlooked.
Other issues are also of great interest in the assessment of structural equilibrium, such as thermal shock when
water is used to extinguish the fire. The change in water sorption characteristics due to high temperature, in
addition to the water absorbed during fire extinguishing, can also lead to long-term pathologies of the
limestone [2].

The aim of the present study is to determine the mechanical and thermal characteristics of a Lutetian
limestone representative of that used in the vaults of NDP cathedral. These samples were subjected to
temperatures ranging from 20°C to 800°C and then cooled. The evolution of the residual mechanical and
thermal properties was studied according to the maximal temperature reached. These experimental results
were obtained in order to feed dedicated 3D numerical models, in the framework of the DEMMEFI research
project concerning the post-fire structural analysis of NDP cathedral.

Previous works have already studied the effect of high temperatures on various types of stones and, above all,
shown the great variability of the results depending on the stone considered, even within a lithology as specific
as that of limestone (2). There are widely acknowledged correlation equations from the theory of the
propagation of elastic waves that enable mechanical parameters to be estimated from ultrasound (US)
measurements, and numerous correlation equations between certain mechanical and physical parameters of
limestones have been proposed [4]. However, these studies also reveal a great variability depending on the
type of stone, even among limestones alone. The relationship between dynamic and static measurements of
modulus of elasticity is complex and require additional parameters such as density, porosity and compressive
strength [5]. Furthermore, there is no information regarding correlation equations on heated stone. Some
mechanical and thermal characteristics of ‘franche fine’ Saint-Maximin stone, typical of the stone encountered
in NDP cathedral, exist in the literature for room temperature and high temperature [6, 7], but are not
sufficient to feed the calculation code developed in the framework of the project and do not give any
information regarding a possible anisotropy of the material.

The properties needed concern the stone’s linear and non-linear mechanical characteristics (modulus of
elasticity, Poisson's ratio, compressive and tensile strengths, peak compression strain value, and dilatancy)
and thermal characteristics (thermal conductivity, heat capacity, and density). Values of these parameters
before heating and after one heating/cooling cycle are needed to consider both unaltered material and post-
fire residual material. In addition, the effect of size and shape should not be overlooked when undertaking
rock strength tests [8]. By performing compression tests on specimens of different sizes, it will be possible to
discuss compressive shape factors provided by the standard EN 772-1, as those provided by the Standard are
applicable to a wide range of masonry units. Shape factor will also be discussed for heated and cooled stones.



Prior to the experimental campaign, the first step was to explore, as widely as possible, all the temperatures
that the NDP cathedral stones could have been exposed to during the fire. Some samples were subjected to
ambient temperature (20°C), then to one temperature between 200°C and 800°C in steps of 100°C. The
specimens were heated, cooled, and finally tested by non-destructive methods. This first step allowed the
overall post-fire behaviour of the samples to be apprehended for any temperature reached. Particular
attention was also paid to estimating the anisotropy of the stone.

In a second phase, the main experimental campaign was performed. Extensive tests were carried out on
unaltered samples and on samples subjected to two different heating/cooling scenarios only, in order to
reduce the number of samples needed. These two scenarios were selected among those used in the first phase
so as to accurately depict the evolution of the material degradation with temperature. A significant number
of specimens of different geometries was dedicated to each of the scenarios. The in-depth experimental
campaign included non-destructive and destructive mechanical tests, so as to establish a connection between
the laboratory characterization and previous in-situ measurements. Thermal characterization tests were also
carried out.

2 Materials and methods

2.1 Materials

The choice of stone was based on a search for the greatest similarity with the materials identified in the vaults
of the NDP cathedral. Among the different limestone studied on the site [9], the Saint-Maximin stone was
identified in the areas rebuilt during the 19th century restoration campaign supervised by Viollet-le-Duc. This
stone was chosen for this reason, and obtained from a quarry close to Paris (Oise, France). Among the Saint-
Maximin stones, the “Ferme Fine” bed was selected for the similarity of its characteristics with those
determined by the Laboratoire de Recherche des Monuments Historiques (LRMH) on the stones from the
collapsed vaults of NDP cathedral [9].

Saint-Maximin “Ferme Fine” stone is commonly used as a building/restoration material for historical
monuments. It is very similar in appearance to the Saint-Maximin "Franche Fine" studied by Vigroux (7),
although the different name indicates a difference in aesthetics, mechanical quality, or both. It has a beige
colour and fine grain. Saint-Maximin stone is a Lutetian limestone from the Eocene, with scarce presence of
fossils. It is a sedimentary limestone with barely visible bedding planes, which are represented by '=' in Fig. 1.

To suit the different tests planned, the material was supplied in prisms, cubes and cylindrical cores, the last
being extracted from blocks with initial dimensions | x L x h = 35 x 35 x 14 (cm). This allowed the effects of
slenderness and volume to be studied with the different test methods used. The thermal tests required
powder samples and small disk samples 2.5cm in diameter, extracted from the same samples after the
mechanical tests had been completed. The samples were stored indoors and were considered to be dry (mass
variation of less than 0.1% after 24 hours at 70°C).
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Fig. 1 Sizes used for the mechanical tests



The density measurements gave an idea of the dispersion present in the batch of samples used for this study:
the average was 1757 kg/m3, with a coefficient of variation (CV) of 1.7 % over 72 specimens. The absolute
densities measured with a pycnometer at 20°C gave an average value of 2738 kg/m3 with a CV of 0.3 % on nine
randomly chosen powder samples. The stones are very porous, with an absolute porosity of 36%.

2.2 Heating and cooling protocol

The process of heating and cooling the specimens was a key element of this study. The thermal degradations
studied here were those due to the increase in temperature in the material and not those due to differential
thermal expansion. The computation code is precisely designed to calculate this type of structural degradation,
so the heating process had to ensure that samples were heated to a uniformly distributed temperature, and
that the thermal gradient was kept to a minimum.

To ensure that the above criteria were respected, the heating protocol chosen was to heat the specimens to
the target temperature at a rate of 5°C/min and to allow a 5-hour hold period at the target temperature. The
specimens were allowed to cool with the oven switched off, which gave a cooling rate slower than 5°C/min.
This heating-cooling cycle was performed with an Enitherm DP46 electric furnace. The standard fire curve from
ISO 834 [10] was not suitable as a heating protocol since it would inevitably have induced unwanted thermal
stresses within the samples.

2.3 Testing protocols

The properties studied here were measured using several methods in order to be able to compare the results
obtained. More specifically, mechanical elastic properties were first obtained by measurement of the velocity
of US and also by Impulse Modal Analysis. Then, quasi-static compressive tests were performed to measure
mechanical elastic properties and failure properties, i.e. compressive strength and peak compressive strain.
Three-point bending (3PB) tests were finally performed to obtain tensile failure properties.

The parameters measured in this study are presented in Table 1.
Ultrasonic measurements

Non-destructive ultrasonic methods are commonly used on masonry stones, in particular to diagnose damage
to structures [11]. In order to characterize the material and to link the results with non-destructive
measurements performed at NDP [12], non-destructive ultrasonic (US) testing was performed on the samples
according to EN 14579 [13]. This consisted of measuring the velocity of the primary waves, Vp, and secondary
waves, Vg, using Pundit PL-200 equipment. The modulus of elasticity, E;5 , and the Poisson’s ratio vy s were
derived from V}, and V5 using equations 1 and 2 from the theory of propagation of elastic waves [14]. This
protocol was applied to 5cm x 5¢cm x 30cm prisms, 7cm x 14cm cylinders, and 35cm x 35¢cm x 14cm blocks. It
should be noted that I; measurements are best performed on samples with lateral dimensions greater than
their thickness [15], and that prisms and cylinders do not satisfy this condition. It is therefore not possible to
accurately measure V; on heated samples, since the 35 x 35 x 14cm? blocks do not fit in the furnace.
Furthermore, and according to the equipment manufacturer, the minimum sample width for V,
measurements should be equal to the wave length of P-waves and is estimated at 5.3cm for the Saint-Maximin
stone.
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Indices of the anisotropy of the stone can be estimated using equations 3 and 4 from [16], estimated to be
best suited for determining the anisotropy of rocks [17].
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where Vy mins Vo max» and V, mean are the minimum, maximum and intermediate velocities of the three velocities

measured in the orthogonal directions.
Impulse Modal Analysis

A non-destructive measurement method by Impulse Modal Analysis (IMA) is implemented in order to measure
the elastic properties of the samples (modulus of elasticity E;p;4, Poisson's ratio vy 4) [18]. This method has
the advantage of being based on the vibrational frequency of the sample instead of on a pulse travel time, and
is therefore considered to give a better account of the evolution of the damage of the sample [19]. This method
has already been used to monitor the damage caused to limestone by freeze-thaw cycles [20]. Considering the
limits of the US stated above, the IMA allowed results to be obtained that could not be found rigorously with
US. It is based on measuring the free vibration frequencies of the sample using an accelerometer. The
resonance frequencies of bending and torsion modes were measured after the sample was impacted with a
ball in free fall. The frequency response spectrum was obtained and the Frequency Response Function (FRF)
was calculated using the ModalView® software. The samples were placed on foam to model free suspension
conditions. The resonance frequencies of the bending mode, F¢, and the torsion mode, F;, were used to
estimate Ejp4 and vip4.

Considering the material to be relatively homogeneous (realistic assumption in the case of Saint-Maximin
stone) and isotropic (hypothesis to be checked), the elastic mechanical properties of the samples were
determined using the analytical expressions 5 and 6. These expressions link Fr and F; to the desired
mechanical properties. The values of the shape coefficients C; and C; were obtained via a preliminary
numerical modal analysis of the sample with the Comsol Multiphysics® finite element software. These
coefficients were calculated for different values of v in the interval [0; 0.5], and do not depend on E. The shape
coefficients calculated for such prisms are described by equations 7 and 8. As predicted by equations 5 and 6,
Cr (unlike C;) depends on the Poisson's ratio. In this study, C; was taken to be 2.347 and (; was taken to be
0.267, which corresponds to a v value of 0.25. The error on ( is less than 2%e. for v ranging from 0.1to 0.4. A
similar analysis, performed for the 7cm x 14cm cylindrical samples, led C; to be taken equal to 12.719 and C¢
equal to 4.689.

EIMA

Ffz =Cr(v,h, L) * (5)

GIMA

F? =Ci(b,h,L) * (6)

__ Ema
where Gy = 2(1 + vipa)
Cf = 0.270 - 0.011 xv v

Quasi-static tests

The mechanical characteristics were determined by uniaxial compression and 3PB under quasi-static
conditions according to the standards EN 12372 and EN 772-1 [21, 22].

The cylinders were used for uniaxial compression tests on a Criterion 45 MTS hydraulic press. To maximize the
chance of measuring a post-peak softening, the test was done with a displacement rate set at 1 mm/minute



until failure. The lower plate of the apparatus was hinged. Each cylinder was instrumented with two
longitudinal and two transversal gauges placed in the middle third of the sample, by means of which the strain
at the compressive peak €cpeqk, the static modulus Es,; and the static Poisson coefficient vy, were
calculated. The value of the maximum force was recorded in order to estimate the compressive strength, g, ;.

The 10cm x 10cm x 10cm cubes were used for uniaxial compression tests, with the load rate set at 0.15 MPa/s
until failure according to EN 772-1 [22]. The compressive strength, a,,,, was recorded.

The prisms were used for 3PB. The distance between the supporting rollers was 250 mm and the rollers were
60 mm in diameter. The displacement at mid-span of the sample was set at a rate of 0.1 mm/minute. The
value of the maximum force, F; , was recorded so that the tensile strength, g, , could be derived from equation
9 of the standard. To allow post-peak softening to appear, the samples were notched on the underside at mid-
span, 8 mm deep and 2.7 mm wide.
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The undamaged ends resulting from the 3PB, equivalent to 5cm x 5cm x 5cm cubes, were then used for
compression tests carried out on a 3R Rp 400 hydraulic press. The test was run at a load rate of 0.25 MPa/s
until failure and the compressive strength o, 5 was recorded.

Thermal tests

The thermal conductivity of the samples was determined using transient methods. The first one was the hot
wire measurement method, a method from which the hot disk method is derived [23]. The two ends resulting
from the 3PB tests were used to perform conductivity measurements with a Neotim FP2C conductivity meter.
This method consists of placing a heating wire and a thermocouple between two samples of materials. The
wire heats the materials, and the thermocouple records the rate at which the heat is absorbed by the material.
The power of the heat source was 0.7 W and the measurement time was set between 90 and 120 seconds. A
calibrated weight of 1 kg was placed on top of the sample. The measurement obtained was a conductivity, 1,
in W/m?2.K. This method has the advantage of being a direct measurement of conductivity, but it can only be
performed on cooled materials.

A second thermal measurement method was set up to measure the thermal conductivity of the hot material,
using Xenon Flash Analysis (XFA) and a Differential Scanning Calorimeter (DSC) to measure the thermal
diffusivity, a, and heat capacity, C}, [24]. The conductivity was then derived using formula (11) below. The XFA
600 Linseis machine performed diffusivity measurements on material samples in the form of thin disks about
25 mm in diameter and 2 mm thick. The lower part of the sample was irradiated with a pulse of a given amount
of energy. This resulted in a homogeneous temperature rise within the sample, which was measured with a
high-speed infrared detector. From the curve of time vs. temperature rise, the embedded software calculated
the thermal diffusivity, a. The XFA machine was able to heat the sample and measure diffusivity up to 480°C.
Three stone samples were selected at random, and two disks were extracted from each of them. Each disk
was subjected to temperatures of 20°C, 300°C and, finally, 480°C, and at least five measurements were
performed at each temperature. In total, 41 measurements were made at 20°C, 30 at 300°C, and 32 at 480°C.

A Perkin Elmer DSC 8500 provided the heat capacity, C, , of the material. The DSC was able to heat the sample
and allowed measurements of C,, up to 500°C. Three stone samples were selected at random, and five powder
samples of about 30 mg were taken from each. Each powder sample was subjected to temperatures of 20°C,
300°C and 500°C, and one measurement was performed at each temperature. In total, 15 measurements were
performed at each temperature.

Finally, heat capacity measurements were carried out on hot materials using a Calvet C80 calorimeter, which
works on the same principle as the DSC but does not require the material to be ground to powder. The original



microstructure of the sample was kept, and thermal properties were not altered. This instrument can heat the
sample up to 250°C during the measurement.

The evolution of specific weight with temperature was deduced from [6], which gives valuable information
about thermal dilatancy and weight loss of hot Saint-Maximin stone. The specific weights, p , obtained at 20°C,
300°C and 600°C were respectively 1756 kg/m?3, 1739 kg/m?3, and 1686 kg/m?3. The hot thermal conductivity of
the material was then deduced using equation 10.

Ap=axcy*p (10)
Table 1 notations of the parameters measured
Estar Static modulus of elasticity on 7cm x 14cm cylinders
Eys Dynamic modulus of elasticity by UltraSonic testing
Eipma Dynamic modulus of elasticity by Impulse Modal Analysis
Vstat Static Poisson’s ratio
Vys Dynamic Poisson’s ratio by UltraSonic testing
Vami Dynamic Poisson’s ratio by Impulse Modal Analysis
Oc 10 Compressive strength on 10cm x 10cm x 10cm cubes
Ocs Compressive strength on 5x5x5cm cubes
Oc7 Compressive strength on 7cm x 14cm cylinders
Ot Tensile strength obtained indirectly by three point bending test
|4 Ultrasonic P-wave velocity
Vs Ultrasonic S-wave velocity
€cpeak Strain at compressive stress peak
A Thermal conductivity on cooled materials (from hot wire testing)
An Thermal conductivity on hot materials (from XFA/DSC testing)
Cp,DSC Heat capacity on hot materials (from DSC testing)
Cp,cato Heat capacity on hot materials (from calorimeter testing)
ap Thermal diffusivity on hot materials
p Specific weight

3 Preliminary tests ranging from 20°C to 800°C

The first results presented for the preliminary tests concern the estimation of the anisotropy of the stone to
verify the hypothesis made regarding the IMA testing method. I}, measurements were carried out on 12 blocks
of dimensions 35cm x 35cm x 14cm, with four measurements in each of the three directions. The density of
these blocks was 1749 kg/m? on average, with a CV of 1%. In the directions of the sedimentation plane, the
average I}, measurements were 2804 and 2799 m/s, while, in the perpendicular direction, the average was
2856 m/s, i.e. relative differences of less than 2%. The standard deviation of the measurements varied from
80 m/s to 157 m/s, or about 3% to 5% deviation from the mean value. The V, measurements showed that the
anisotropy of the stones was lower than the variability of the test method, which allowed the stones in the



study to be considered as isotropic. Calculating the anisotropy indices from (3) and (4) yielded dM = 1.1%
and dm = 1.8% , confirming the very low anisotropy of this stone, as already observed in [6]. Moreover, the
velocity 1, (2842 m/s + 4%) was in accordance with the range determined by Vigroux [6].

The V, measurements were dependent on the length to width ratio of the geometry. It was therefore not
possible to estimate the anisotropy using V; with the 35cm x 35cm x 14cm blocks.

Another objective of the preliminary tests was to perform US and IMA tests on a small number of specimens
covering a wide temperature range. The tests were carried out on 5cm x 5cm x 30cm prismatic specimens,
one at 20°C and one every 100°C from 200°C to 800°C. From visual observations, as temperature ranged from
20°C to 500°C, a colour gradient appeared from beige (natural colour of the stone) to red (Fig. 2) due to the
rubefaction of the limestone [7]. As soon as 800°C was reached, the surface of the samples became white,
showing that the decarbonation process had started. The sample crumbled easily and it could be considered
that the material no longer had any mechanical strength. This colour gradient has also been found in the
thickness of the vaults of the NDP cathedral [9].

800 °C

ARAS

Fig. 2 Colour gradient of limestone 5x5x30 samples heated up to 800°C

The elastic modulus and Poisson's ratio values obtained on the 5cm x 5cm x 30cm prisms are presented in Fig.
3. The values of Ej 4 are higher than Ey s by about 14% at 20°C. The value of 13.4 GPa for Ej4 is very close
to the Eg;,; obtained by Vigroux [6], i.e. 13.6 GPa, while the Ey¢ measured here is equal to the Eyg measured
by Vigroux, i.e. 11.8 GPa. It can be seen that the evolution of these two values with temperature is remarkably
similar, with a decrease of 32% at 300°C and 75% at 600°C. As for the Poisson's ratio, both measurements
agree at 20°C with Vigroux's v, value of 0.27, but diverge rapidly with temperature: v,y 4 shows a linear
decrease from 200°C onwards while v describes a less predictable trajectory.
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Fig. 3 Moduli of elasticity (a) and Poisson's ratios (b) obtained by US and IMA

In light of these preliminary results, it was possible to select three temperatures of interest for the main
experimental campaign. The first temperature chosen was 20°C. The two additional temperatures should
reflect the beginning and end of the thermal damage of the material. A first temperature of 300°C was
selected, where a decrease in the modulus of elasticity has already been observed, but where the compressive
strength is not yet impacted according to Vigroux [6]. The second temperature chosen was 600°C, which
corresponds to a material very damaged in terms of both rigidity and strength.

4 Results

For each of the temperatures selected above, nine 7cm x 14cm cylindrical specimens and nine 5cm x 5cm x
30cm prismatic specimens were tested by means of US and IMA methods. Among these specimens, six
cylindrical samples were then tested in compressive tests and six prisms in 3PB tests. Finally, the two ends
resulting from the 3PB tests were used for compressive tests and thermal tests.

4.1 Ultrasonic testing

Values of V5 and V, were measured on the 7cm x 14cm cylindrical and 5¢cm x 5cm x 30cm prismatic samples.
The graphs in Fig. 4 show the results obtained on these samples before heating and after heating and cooling.
A trend curve relating the density to the speed of the US waves is proposed, without distinction of sample
geometry. There is little variability in density, the CV being only 2% for an average of 1754 kg/m?3. Furthermore,
the evolution of density with temperature is very small (3% mass loss after heating to 600°C). On average over
all the samples, V, 59oc Was measured at 2842 m/s and V; 4o¢ at 1557 m/s, with CVs of 2% for the prisms and
4% for the cylinders. The 1, falls within 5% of the value given by Vigroux at 2971 m/s. The velocities 1, and V;
decrease by 11% and 10% respectively at 300°C, and by 46% and 45% at 600°C.
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Fig. 4 Effect of temperature on US velocities V, and Vg

However, differences exist depending on the geometry of the sample. On average at 20°C, prisms show higher
V, than cylinders, with deviations of +2.3% and -2.4% respectively from the trend curve. This difference is
reversed for heated samples, with the cylinders showing higher 1}, than the prisms, with deviations of +2.2 %
and -2.2 % respectively from the trend curve. These deviations are more pronounced for the V; measurements
at 20°C: +3.2 % for the prisms and -3.5 % for the cylinders. There is no significant deviation related to the
geometry in V; measurements (<0.5%) for heated samples. These observations show that the prisms undergo
greater degradation of I, and I than the cylinders.

Using equations 1 and 2, the values of the dynamic modulus of elasticity and Poisson's ratio can be derived
from I}, and V5. The results are plotted in Fig. 5 along with IMA values that will be discussed later. On average
at 20°C, E, is estimated to be 11.7 GPa for prisms and 10.3 GPa for cylinders, while the v, is estimated to be
0.28 for prisms and 0.29 for cylinders. The difference of US velocities between geometries is therefore initially
small, about 5% to 6%, but produces a difference of more than 13% on the calculation of the dynamic Young's
modulus. On average over the two geometries, the modulus is 11.0 GPa and the Poisson's ratio is 0.29 at 20°C.
This is consistent with E,; = 11.8 GPa obtained by Vigroux on 4cm x 8cm cylindrical samples. Then, at 300°C,
the average modulus decreases by 21% and the Poisson's ratio by 4%. At 600°C, these same properties
decrease by a total of 71% and 6% respectively. The small change and the rather high variability in vyg
measurements tend to validate the previous statement about their unpredictability (Fig. 3).
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Fig. 5 Effect of temperature on non-destructive measurements of Young modulus (left) and Poisson’s ratio (right)

4.2 IMA testing

The values of Ejp 4 and vy 4 are presented in Fig. 5 against Ey5 and vys. There is a good correlation between
E;ma and Eyg, but this is not the case however for the v results. The IMA results seem to reflect the evolution
of Poisson’s ratio with temperature much better than the US results, although there is a higher data dispersion.
On average over all the samples at 20°C, the Ejp 4 is 12.8 MPa and the vy 4 is 0.24. With heating, these
properties decrease to 10.0 MPa and 0.23 respectively at 300°C, then to 3.7 MPa and 0.16 at 600°C. These
values must be put into perspective with regard to their CV: elasticity modulus varies between 4% and 9% of
the mean value, and that is mainly linked with density variation. In contrast, Poisson’s ratio shows a CV
between 12% and 21%, without correlation to density.

Concerning the differences between sample geometries, the E;j 4 shows the same pattern as described above
with Eys measurements: the modulus measured at 20°C on prisms is, on average, 4% higher than that
measured on cylinders but, at 300°C and 600°C, it shows greater degradation and is 5% and 22% lower.

4.3 Compressive and 3PB testing

Consecutively to the US and IMA testing, six cylindrical samples were subjected to uniaxial compressive tests
and six prismatic samples to 3PB tests. The results are shown in Fig. 6. At 20°C on average, E,; is 11.8 GPa,
and o, is 2.4 MPa. The average €. peqx is 1.27 103, and the vy, is measured at 0.27. With temperature, Es¢q;
and o; decrease similarly, by about 20% at 300°C and 75% at 600°C, while € ¢qx increases by 23% at 300°C
and by 213% at 600°C. Finally, Poisson’s ratio decreases by 14% and 35% at 300°C and 600°C. The CVs found
on these measurements generally vary from 5% to 15%, with the greatest dispersion, of 21%, being observed
0N Vg4t at 300°C.

Furthermore, samples of other geometries were tested in compression, such as 10cm x 10cm x 10cm cubes
(three per temperature) and 5cm x 5cm x 5cm cubes (ten per temperature). The comparative results in g, are



plotted in Fig. 7. A 70% confidence interval is proposed based on results at 20°C, 300°C and 600°C. The average
0c10 at 20°C, which corresponds to the standard reference strength, is 11.0 MPa. The o, ; at 20°Cis 11.5 MPa,
and o, 5 is 11.9 MPa. The strength is constant up to around 300°C, or even increases slightly. Then, at 600°C,
the strength is significantly reduced to between 60% and 80% of its initial value. The differences observed
between the geometries, both at ambient temperature and with heated samples, are not significant with
respect to the rather high variability ranging from 10% to 27%.
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5x5x30 samples



140% 1~

12.2 Mpa; +10%
120% A
100% A
9.2 Mpa; +14%
< 80%
3 8.7 MPa; +13%
° 11.0 Mpa; +11% 12.7 MPa; £10% ™ ~ 8.1 Mpa; +14%
(S} i . 0, . S~a -
11.9 Mpa; £10% 11.2 Mpa; £16%
40% A
== Ocs5
20% A -9 .10
-@- 0.7
----- 70% confidence interval
0% T T T T T T 1
0 100 200 300 400 500 600 700

Temperature (°C)

Fig. 7 Compressive strength of samples 5x5x5 (or,5), 10x10x10 (o 10), 7x14 (ov,7), as a function of temperature

4.4  Thermal testing

The purpose of thermal characterization is to determine the thermal characteristics during heating and after
cooling necessary to run a thermo-mechanic simulation (thermal conductivity, heat capacity and density).
Density has already been measured in the previous parts. Thermal conductivity was measured on hot material
(Ax) and cooled material (1.) using XFA/DSC measurements and hot wire measurements, respectively. The
results are shown in Fig. 8, together with results obtained by Vigroux with the hot disk method (A4, yigroux)-
The hot wire method yielded A, results with low variation (CV<5% over nine samples). The DSC measurements
of G, (CV<2% over 15 values) and XFA measurements of a;, (CV between 5% and 8% over 30 values) give an
estimation of A5, with a maximum uncertainty of 12%. At 20°C, the XFA/DSC method gave 1, = 0.97 W/m.K
and the hot wire method gave 1. = 0.77 W/m.K. At this temperature, the results obtained by Vigroux using
the hot disk method are quite different from those measured with the hot wire. However, when results for
hot samples at 300°C and 600°C (Ay,yigroux ) Were compared with those of cooled samples (4.), they proved
to be close. The possible presence of moisture in Vigroux’s samples could explain the higher conductivity at
ambient temperature, as the materials in the present study were verified to be dry. On the other hand, A
showed a minimum of 0.55 at 300°C before rising to 0.74 W/m.K at 500°C, a behaviour very different from
that observed previously.

The intermediate results of the XFA/DSC method, i.e. C,, psc and axg,, are presented in Fig. 9 together with
Cp calo results. The ay decreases from 7.0 J/kg.K to 2.5 J/kg.K between 20°C and 480°C. Over the same
temperature range, C,j increases from 0.78cm?/s to 1.73cm?/s. Although the a; measurements are
consistent with that made by Vigroux, the C}, , measured with DSC shows a significant slope increase between
300°C and 500°C, which causes the increase of 4, between 300°C and 500°C noted above. The Cj ¢4
measurements show how keeping the microstructure affects the heat capacity: when the material was not
ground, the measurements were much closer to those Vigroux found with the hot disk. Unfortunately, the
equipment could not heat the sample above 300°C to compare with the rest of the data.
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Fig. 9 Measurement of intermediate thermal properties of hot stone

5 Discussion

The results presented in the previous section concern a range of samples of different geometries and sizes
that were subjected to both destructive and non-destructive mechanical testing, as well as thermal testing. It
allows results obtained in different ways to be compared and cross-checked. In addition, the heating of these
samples allows the discussion to be widened by introducing the effect of temperature on the mechanical
properties of the stone. The results discussed here were obtained after cooling of the samples.



Mechanical characterization

Two non-destructive methods, US and IMA, were implemented in this study to measure both elastic
characteristics E and v. As stated before, the size and the shape of the sample are important parameters of
the US testing method and can explain most of the 13% difference on E;; observed at 20°C between 5cm x
5cm x 30cm and 7cm x 14cm samples. In contrast, the measurements made using IMA showed little difference
between geometries at 20°C with regard to the CV. Compressive tests gave very reliable data showing a linear
decrease of v with increasing temperature, which was detected with IMA but not with US. However, for
Young's modulus, US, IMA and compressive tests gave close results of at 20°C and at high temperatures. There
is a good correlation between Ej4 and Eyg, and both the US and IMA methods give very acceptable lower
and upper limits for estimating Young’s modulus between 20°C and 300°C. These elements confirm the
advantages of the IMA method for estimating the elastic mechanical properties of heated and cooled stone
samples.

Shape and scale effects are important phenomena commonly observed in rocks and are taken into account in
standard EN 772-1 [22] through shape factors to be applied to the compressive strength measured with
reference to g 19. These coefficients express the decrease in compressive strength as the volume of the
sample and the slenderness increase. Shape factors for Saint-Maximin stone calculated from the experimental
results of the present study are presented in Table 2, in the aim of evaluating whether the heating of the
stones modifies the shape coefficients. The standard shape factors are also shown for comparison. With an
average standard deviation around 15% for the compressive strength measurements over all the different
temperatures tested, a deviation of less than 30% for the stress ratios is not significant. This is the case for all
the samples at room temperature, which means that the tests on Saint-Maximin stone do not reveal any
volume or slenderness effect. This observation is consistent with previous work that has shown that the scale
effect is small in soft rock, as opposed to hard rock [25], and that there is little or no slenderness effect in
limestone for L/D ratios below 2 [26]. It is shown here that this soft limestone does not exhibit any of the
behaviours described in the EN 772-1 Standard with regard to slenderness and volume effects. As a matter of
fact, the EN 772-1 Standard applies for all masonry units outlined in EN 1996 (Eurocode 6), which includes, in
addition to natural stone, clay, calcium silicate, aggregate concrete, autoclaved aerated concrete and
manufactured stone units. Such a diversity of masonry units, not even considering the diversity within each
unit category, implies a diversity of mechanical behaviour that cannot be represented by a single shape factor.
The same observation can be made up to 300°C. However, at 600°C, there is a significant decrease in the
aspect ratio. As the 5cm x 5cm x 5cm and 7cm x 14cm samples show a similar decrease, it can be concluded
that slenderness is not responsible and that the volume effect is the main reason for this decrease at 600°C.

Table 2 Comparative table of shape factors by temperature

Gc,lO GC,S Uc,7
Shape 10x10x10 (7 5x5x5 (7 7x14 O
Volume (cm?) 1000 125 539
Slenderness ratio 1 1 2
+ 1109 +109 + 179
At 20°C 11.0(5)114 11.?1_3)104 11.5(5)174
Compressive strength (MPa) ] 10.8+27% | 11.2+16% | 12.7 + 10%
+SD % At 300°C ) 10) )
ber of |
(number of samples) At 600°C 63+11% | 81+14% | 8.7+13%
(3) (10) (6)
At 20°C (EN 772-1) 1.0 0.85 1.24
At 20°C (present study) 1.0 0.92 0.96
Shape factor At 300°C 1.0 0.96 0.85
At 600°C 1.0 0.77 0.72




Using equations 11 and 12 from [4], it is possible to compare our data with regard to correlation equations
previously established on a large population of samples representing limestones from around the world (Fig.
10). A 90% confidence interval is plotted, based on all the experimental results gathered together in [4]. Data
points extracted from the same study but corresponding specifically to Lutetian limestone are also plotted.
Saint-Maximin limestone is one of the softer limestones and is therefore among the lowest values reported.
It can be seen that both correlations remain valid at 20°C and 300°C, inside the confidence interval and well
within the Lutetian limestone points. However, the points of the samples heated to 600°C are outside the
confidence intervals, showing that the correlations are not valid at this temperature.

0. = 2.65 % 1079 * 275 (11)

p = 9461n(V;) — 5561 (12)
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Fig. 10 Display of the Saint-Maximin stone data in relation to the Lutetian limestone specifically and to the correlation formula for
limestones proposed by [4]

Thermal characterization

Two methods were implemented in order to measure heat conductivity on hot and on cooled samples, and
their results were compared with those on hot samples from a previous study. Considering that the possible
moisture difference of the samples explains the discrepancy at 20°C, the results of hot disk (on hot material)
and hot wire (on cooled samples) agree that the cooling process induces only a 0.06 W/m.K decrease in
thermal conductivity of Saint-Maximin stone. The close similarity between a;, and the diffusivity obtained by
Vigroux is valuable information, proving the thermal similarity between the ‘franche fine’ and ‘ferme fine’
Saint-Maximin stone.

Additionally, the conditioning of the material (ground or not) induces a change in the thermal behaviour of
the material that is observed in C;, measurements. Reducing the sample to powder changes the microstructure
and porosity of the stone, which alters the heat transfer characteristics. Direct comparisons between
powdered and intact samples are therefore unreliable.

6 Conclusion

In order to analyse the post-fire mechanical behaviour of NDP cathedral, an extensive experimental campaign,
both destructive and non-destructive, was carried out on a Lutetian limestone similar to that identified in the
vaults of the NDP cathedral, the Saint-Maximin stone. This campaign is intended to provide the elements
necessary to feed the material parameters of a numerical model from a mechanical and thermal point of view,
considering the effect on these properties of temperatures up to 800°C.

According to the ultrasonic velocities obtained, the material can be considered isotropic. The increase of the
temperature decreases the static modulus of elasticity and the Poisson's ratio.



Non-destructive testing has shown that the usual correlation equations linking US measurements and
mechanical properties are not valid for stone samples that have been heated. This is particularly the case for
the estimation of the Poisson's ratio. As this study was carried out only on Saint-Maximin stone, a very porous
Lutetian limestone, stones of different lithologies should also be studied to see if this conclusion remains valid.
In addition, the US measurement method has shown a geometry bias for samples with small cross-sections.
However, an alternative measurement method by IMA is proposed which gives results very close to those
obtained by destructive testing. Further research is required to apply this method to cylinders sampled from
fire-damaged structures, as such samples are likely to exhibit a temperature gradient along their length. Also,
an alternative method for performing IMA measurements using a microphone instead of an accelerometer
could be developed in the future to assess the elastic mechanical properties on hot materials.

Uniaxial compression tests on specimens of different sizes and geometries also made it possible to estimate
shape factors specific to Saint-Maximin stone. They are in contradiction with those proposed in the current
European Standards for stone, since there is little to no scale effect or slenderness effect on Saint-Maximin
stone. However, a scale effect does appear after the rock has been heated to 600°C. New shape factors were
then proposed at 600°C to account for this geometry effect on the compressive strength. The proposed shape
factors deserve to be confirmed by an experimental campaign on a larger number of samples, given the large
scatter of experimental results. Finally, the results obtained showed that the various correlations established
for stones (or at least for Lutetian limestones) remain valid at 20°C, but this is not necessarily the case when
the samples are heated. It stays acceptable up to 300°C because the structural thermal damage is low, but this
is no longer the case at 600°C. From the comparison with another limestone, these results suggest that the
effects of temperature on elastic modulus damage and on compressive strength damage are
phenomenologically different.
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