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Abstract: To produce quicklime, high calcium carbonate rocks, including limestone, are burned in
industrial kilns at 1100–1450 ◦C. As a consequence of the high temperatures, the carbonate rock
can break and decrepitate into fine material, causing operational problems and material losses.
In the present paper, an industrial case study on thermal decrepitation was performed on Boda
Limestone from the Jutjärn quarry in Dalarna, Sweden. We analyzed 80 limestone samples for thermal
decrepitation; furthermore, the correlation with chemical composition was statistically analyzed. The
experiments were complemented by a detailed analysis of thermally-induced cracking at a range
of temperatures (ambient, 500 ◦C, 800 ◦C, and 1150 ◦C) for two limestone samples with similar
chemical compositions but with very different decrepitation behaviors. Decrepitation was analyzed
by an in-house method, the chemical composition by XRF, and the thermally-induced cracking
was investigated by SEM and image analysis. No strong correlation was found between thermal
decrepitation and the chemical composition of the limestone. For the sample with low thermal
decrepitation, a dense narrow network of fractures was found after full calcination; however, this
network was not observed in the sample with high thermal decrepitation. A plausible explanation for
the different decrepitation behaviors is that this fracture network releases internal stress and stabilizes
the calcined rock. The obtained results can help in predicting limestone thermal decrepitation,
enabling increased resource efficiency in quicklime production.

Keywords: Boda Limestone; thermal decrepitation; XRF analysis; SEM analysis; image analysis;
Jutjärn quarry; textural and microstructural investigations

1. Introduction

Limestone is a sedimentary rock widely used as a raw material for quicklime and
steel production, and also as a component in desulfurization and as a fluxing agent [1].
Limestone is mainly composed of calcium carbonate with varying amounts of impurities [2].
In an industrial lime kiln, limestone is burned at temperatures of 1100–1450 ◦C, producing
a quicklime product and emitting carbon dioxide according to reaction 1:

CaCO3 (s) → CaO (s) + CO2 (g) ↑ ∆H = +177.8 kJ/mol (1)

During the above calcination reaction, limestone can be subjected to thermal decrepi-
tation (TD). It is of critical importance that the limestone does not disintegrate into fine
particles during calcination, and the determination of TD is often a part of the quality
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assurance of limestone products intended for quicklime production. If the raw material
decrepitates into fine material in the kiln, the small-sized particles can stick to the walls or
follow the gas flow and accumulate in the filter. This causes material and energy losses,
as well as operational disturbances, and any limestone with very high TD is therefore
unsuitable for quicklime production. Another critical issue that causes blockages and
production losses in vertical lime kilns is the so-called “sticking tendency”. This is related
to lime densification and possible melting at high temperatures. It can generate crusts and
occlusions, and a correlation between the sticking tendency and mechanical degradation
with fine particle formation has been reported [3].

The TD is of great interest to industrial suppliers of limestone, lime kiln manufacturers,
and kiln owners since it is a limiting factor in the efficient production of high-quality
quicklime. Presently, 90% of kilns used in Europe are shaft kilns. Shaft kilns consume
approximately 50% less energy and have lower NOx emissions than rotary kilns [4], al-
though they are more sensitive to TD. However, in the more robust rotary kiln, from a TD
perspective, high TD leads to high material losses.

A survey for methods for analyzing TD was performed among relevant companies
and institutions, together with a review of the literature (summarized in Table 1), showing
that many methods [5–10] involve heating and sieving; however, the different methods for
determining and evaluating TD vary considerably in the actual procedures. The heating
rate is relevant, although information on that was not available for every method. In
this summary, some of the thermal decrepitation test methods are “deterioration” or
“degradation” methods; however, they all measure the same property, and for clarity, the
term “decrepitation” is used in the rest of the paper. The survey was performed and
included in the paper to verify that our selection of method (#3 in Table 1) was relevant
and also to highlight differences and thereby show why the results of TD tests may vary
between companies/institutions.

Table 1. Thermal decrepitation evaluation methods.

Type of Test Weight [g] Size [mm] Max. Temperature [◦C] Max. Time [min] Screen [mm] Reference

1 Decrepitation test 2 × 250 12.5–19 1050 120 10 Maerz [6]

2 Thermal decrepitation 500 5–10 1000 60 5 Nordkalk AB [9]

3 Thermal decrepitation 150–400 5–10 1150 60 5 SMA Mineral AB [7]

4 Thermal decrepitation 500 5–10 1150 60 5 SMA Mineral AB [10]

5 Mechanical degradation ≥500 37.5–45 1050 10 10 Cimprogetti
[3,5]

6 Decrepitation test 120 10–20 900, 950, 1000, 1050 60 4 D. J. Harrison [8]

7 Deterioration test Not specified 8 1050 240 2 Lund method [10]

8 The Pilkington test 9 0.106–1.18 1040 10 Weight remaining
after calcination D. Dollimore [11]

9 TG method 0.04 0.09–2 900 Not specified Weight loss based
on TG-DTG curves D. Dollimore [11]

10 TGA 0.026–0.028 0.106–1.18 1000 Not specified Weight loss based
on TG curves R. A. McCauley [12]

Crack formation in limestone under heating has been extensively studied. There
are different types of cracks, and in a detailed review [13], cracks were divided into
intragranular cracks lying along the grain and intergranular cracks extending from the
grain boundary and crossing into one or more grains. An intergranular crack may also
be a grain boundary crack along part of its length. Simmons and Richter [14] defined
microcracks to be 100 µm or shorter. In the present paper, the terms “crack” and “fracture”
will be used synonymously

Similar observations were made in another study, where it was observed that mi-
crofractures began to develop at 200–500 ◦C and fissures and cracks began to develop at
600–800 ◦C. It has also been noted that at lower temperatures the fractures were intergranu-
lar, while at higher temperatures they were both inter-, intra-, and transgranular [15]. In
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another study [16], the breaking characteristics of limestone were examined over a range
of temperatures, and it was reported that microcracks and fractures appeared at 300 ◦C
and 500 ◦C, respectively. Different types of limestones have been studied by applying a
heat treatment up to 600 ◦C and measuring the effect of temperature on the mechanical
properties of the stone [17]. It was shown that the rocks with lower compression strength
and lower elastic modulus tended to pulverize above 400 ◦C. Yavuz et al. [18] carried out
a study of thermal damage at 100–500 ◦C on marbles and limestones, and cracking along
the grain boundaries was observed at 500 ◦C. Thermally induced cracking over a range of
temperatures was analyzed [19], and it was found that above 700 ◦C, thermal decomposi-
tion begins with the transformation of calcite into calcium oxide, and microcracks appear
at grain-to-grain contacts due to the thermal expansion of crystals. A similar study [20]
showed that cracks appeared at 600 ◦C, and the number of cracks increased at higher
temperatures. It was proposed that thermal cracks caused by high temperatures are mainly
intercrystallite cracks.

One of the proposed explanations for TD is that it is caused by the cracking of lumps
of limestone during heating, with cracking caused by differences in thermal expansion [21].
The calcite mineral in limestone experiences anisotropic thermal expansion. It will expand
along the parallel C-axis of the calcite mineral lattice and shrink along the other perpendic-
ular axis. The values of thermal expansion coefficients equal approximately 26 × 10−6 K−1

along the parallel axis and −6 × 10−6 K−1 along the perpendicular axis to the C-axis of
the mineral lattice [22,23]. However, calcite mineral expansion alone cannot explain the
different TD behaviors of different limestones, and several earlier studies on TD have
focused on the correlation between TD and the particle size of the sample. For limestone,
the Pilkington test showed that the decrepitation rate is low for finer particle size fractions
and that it increases with fraction size. This differs from dolomite, in which the maximum
decrepitation rate was found for the mid-size fractions [11]. A different method, based on
thermogravimetric analysis, showed a similar trend for dolomite, while for the limestone
the maximum TD was obtained for a finer fraction [11]. For dolomite, it was found [12] that
the cause of decrepitation is water trapped within the rock lattice, building up the pressure
until it exceeds the mechanical strength of the rock. For limestone, trapped fluid inclusions
can expand and cause the rock to fall apart during the calcination process, which could be
an explanation for TD in a kiln [24].

Olsson [25] worked on the prediction of limestone TD and found that facies appeared
to be the most significant factor influencing the outcome of fines. The fractures were also
investigated and could be divided into categories. Even though no strong correlation was
found, fracture frequency was concluded to be an important factor in the creation of fines.
It was suggested that the width of the fractures is essential because wide fractures are more
prone to reopening during calcination [26].

Earlier work that focused on the degradation of calcitic and dolomitic marbles cycled at
low temperatures (not exceeding 100 ◦C) found that combinations of marble mineralogical
composition, fabric, grain size and shape, and the type of union between crystals to be the
main factors influencing the low-temperature degradation of marbles [27–29]. Vola [30]
reports that blockages in shaft kilns are considered more critical and frequent in the
presence of an excess of fines formed during the calcination process, and suggests that the
mechanical degradation at 1050 ◦C was possibly facilitated by coarse calcite and dolomite
crystal-sizes, commonly represented by diagenetic and/or metamorphic microstructures. It
was suggested by Johansson [23] that the appearance of fines during limestone calcination
is not attributable to a single factor but rather to many connected factors, including the
presence of stylolites, fluid inclusions, silicate mineral inclusions, high porosity, and the
reactivation of old crack systems and calcite-healed cracks. Johansson suggested that
the cracks in the limestone have the greatest significance because an increased number
of fractures and cracks tends to increase the production of fines. Additionally, a well-
crystallized texture in the limestone and larger grain sizes contribute to the generation of
fines [23].
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The objective of the present paper was to determine if a correlation can be found
between the chemical composition and TD of limestone, and also to determine if and how
limestone primary-texture and quicklime-derived microstructure and crack formation is
connected to TD. Limestone samples from the Jutjärn quarry, Dalarna, Sweden, were used
for the analysis. A total of 80 drill-core samples were extracted from the quarry, chemical
composition was determined by X-ray fluorescence (XRF), and TD tests were performed
according to the SMA Central Laboratory method [7]. In addition, two samples were
chosen for a detailed analysis of fracture formation over a range of temperatures (ambient,
500 ◦C, 800 ◦C, and 1150 ◦C).

2. Geological Settings

The Jutjärn quarry located in, Dalarna, Sweden, has been owned and operated by
SMA Mineral AB since 1986. The Jutjärn quarry belongs to the Boda Limestone (Upper Or-
dovician in age) that consists of Upper Katian deeper-water carbonate mud-mounds bodies
with flank deposits. These bodies overlay lower-to-middle Hirnantian-bedded limestones
strata, containing three strikingly different trilobite faunas. In particular, the core of the
Boda Limestone consists of massive wackestone, which is rich in void-filling stromatactis
with tiny bioclasts, plus irregularly distributed grainstone lenses with calcareous algae and
trilobites. Synsedimentary dikes and pockets containing disarticulated and rather large
trilobite sclerites cemented by fibrous syndepositional marine calcite (i.e., stromatactis) and
blocky calcite, have also been observed. The stratigraphic formations of the regions have
been described in detail by Suzuki et al. [31]. Jutjärn limestone is fine- to medium-grained
and has a micritic structure. From a chemical perspective, the limestone is of medium to
high purity in the center of the quarry; however, the amount of silica grows at the edges
from 2 up to 8 wt.-%. Sulfur is locally concentrated at 500–2500 ppm, with peak values of
up to 7500 ppm, and is generally found in lower concentrations in the lower levels of the
quarry. Aluminum levels are 0.6–0.8 wt.-% [32].

3. Materials

A total number of 80 samples were extracted from 11 drill cores representing the
western, center, and eastern parts of the quarry (Figure 1). Sample information including
depths, TD and chemical analysis data is available in the supplementary material (Table S1).
The geological structure of the deposit varies from a mound in the center to flanks towards
the edges- The samples were chosen from different parts in order to have an overview of
the quarry, and they were divided into three groups based on location. The western part of
the quarry (West group) included red boreholes 21 and 52; the center of the quarry (Centre
group) included blue boreholes 1, 20, 24, 47, 48, 49, and 50; and the eastern part of the
quarry (East group) included green boreholes 2 and 19. Sample depths are reported in the
supplementary material (Table S1).

Drill core samples were first crushed with a jaw crusher, then milled into smaller
pieces using a cone mill. A riffle splitter was then used to obtain the appropriate amount of
rock for the next step of sample preparation. Fine powder samples were made for the XRF
analysis using a vibrational disc mill, and 5–10 mm gravel samples for the TD tests were
obtained by sieving the rock samples through 10 mm and 5 mm sieves.

Two samples were chosen for detailed Scanning Electron Microscopy (SEM) investiga-
tions. Two samples (71 and 74) with similar chemical composition but with very different
TD (75% and 4%) were chosen for detailed SEM analysis. Both samples were taken from
the same Centre group of boreholes located next to each other in the quarry (48 and 49,
Figure 1).
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Figure 1. Aerial photograph of Jutjärn quarry. The boreholes are numbered, and the sampled
boreholes are marked with a red, blue, or green circle. Two samples were taken from the double-blue-
marked boreholes for further investigation of crack formation. For a more detailed regional geological
map, visit: https://apps.sgu.se/kartvisare/kartvisare-berg-50-250-tusen.html?zoom=-1202129.584
0071687,6016943.2639965275,2381877.5840071687,7752946.7360034725 (accessed on: 10 August 2022).

4. Methods
4.1. Chemical Analysis

We used XRF (Malvern Panalytical Axios Max, WDS) to determine the chemical
composition of the limestone samples by measuring the amounts of the main chemical
elements, reported as CaO, MgO, Fe2O3, SiO2, Al2O3, MnO, P2O5, TiO2, K2O, and elemental
S. We operated the instruments between 25 and 50kV, performed the analysis according to
the standard ISO 12677:2011 (chemical analysis of refractory products by X-ray fluorescence
(XRF)—fused cast-bead method), and validated measurement quality by weekly tests with
a standard sample (Limestone GBW 03108).

We heated the powder fraction samples in a furnace at 980 ◦C for two hours and then
cooled in a desiccator for 45 min. We determined loss on ignition (LOI) by thermogravime-
try. We performed chemical analysis on fused beads obtained by mixing 0.9 g of the heated

https://apps.sgu.se/kartvisare/kartvisare-berg-50-250-tusen.html?zoom=-1202129.5840071687,6016943.2639965275,2381877.5840071687,7752946.7360034725
https://apps.sgu.se/kartvisare/kartvisare-berg-50-250-tusen.html?zoom=-1202129.5840071687,6016943.2639965275,2381877.5840071687,7752946.7360034725
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limestone powder sample with 6 g lithium tetraborate (Li2B4O7) in platinum crucibles. We
placed the mixtures in platinum casting molds with a 30 mm diameter and melted at 1150
◦C in a fusion machine [33]. We minimized sulfur vaporization by keeping the temperature
low and, for samples containing sulfides, adding an oxidation step to the heating. Table 2
shows lower detection limits (LDL) for the XRD and loss on ignition (LOI).

Table 2. The average chemical composition (XRF) and LOI values of 80 Jutjärn limestone samples.

CaO
[wt.-%]

MgO
[wt.-%]

Fe2O3
[wt.-%]

SiO2
[wt.-%]

Al2O3
[wt.-%]

MnO
[wt.-%]

P2O5
[wt.-%]

TiO2
[wt.-%]

K2O
[wt.-%]

S
[wt.-%]

LOI
[wt.-%]

Min. 51.51 0.31 0.05 0.3 0.1 0.06 <0.01 <0.01 0.01 <0.005 41.09

Max. 55.18 0.86 0.6 3.71 1.42 0.15 0.14 0.07 0.47 0.412 43.9

Average 53.84 0.52 0.21 1.42 0.49 0.09 0.02 0.02 0.14 0.03 42.97

Std. dev 0.81 0.12 0.12 0.75 0.28 0.02 0.02 0.01 0.09 0.05 0.61

LDL 0.1 0.1 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.005 0.01

4.2. Thermal Decrepitation

We sieved the limestone samples using 10 mm and 5 mm sieves and collected the
5–10 mm fraction. We measured the sample weights and crucible weights separately. We
placed the crucibles containing the samples in a furnace, and the calcination atmosphere
was air. We heated the furnace to 1150 ◦C at a heating rate of 5 ◦C/min, and the holding
time at 1150 ◦C was 60 min. After switching the furnace off, we cooled the sample inside
the furnace and then placed it in a desiccator [7]. We measured the weight of the sample
and recorded as calcined sample weight (g) (m1). We manually sieved the sample at 5 mm
and recorded the weight of the <5 mm fraction (m2). We calculated the TD value according
to Equation (2) [7]:

m2

m1
× 100 = Thermal decrepitation (%), where : (2)

m1: calcined sample weight (g)
m2: weight of fractions < 5 mm (g)

4.3. Multivariate Analysis

We evaluated the correlations between the specific chemical compounds and the TD
values, in addition to any separation between the different groups of samples (Centre, West,
East) using the SIMCA 14.0 (Sartorius, Goettingen, Germany) software for multivariate
statistical analysis. We analyzed all 80 samples with each chemical compound set as the
X-variable and the TD set as the Y-variable. We used the samples groups Centre (n = 42),
West (n = 5), and East (n = 33) as un-weighted classification labels in the evaluation. We
fitted the data with a partial least squares discriminant analysis (PLS-DA) model, which
allowed for uniquely separating the variations of compositional data (X), TD, and classes
(groups) [34]. PLS-DA is a powerful tool to analyze datasets with preferably 2-4 already-
known groups, such as in our case (3). The algorithm can then determine if the groups are
statistically different and what data best describes the differences.

4.4. Scanning Electron Microscopy

We performed scanning electron microscope (SEM, Carl Zeiss Evo LS-15) analysis on
the two samples selected for detailed microstructural analysis in order to observe fracture
formation in limestone samples for unheated limestone and samples heated to 500 ◦C,
800 ◦C, and 1150 ◦C. We placed a 10 mm fraction of these limestone samples in a muffle
furnace with a heating rate of 5 ◦C/min up to 500 ◦C, 800 ◦C, and 1150 ◦C with a holding
time of 45 min. The atmosphere we used during calcination was air with a flow rate of
5 l/s. We cooled the samples inside the furnace and then placed them in a desiccator
before sample preparation for further analysis in SEM. We cast the samples in epoxy, then
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ground and polished with a grinding and polishing machine (Stuers LaboForce 100). We
performed grinding using resin-bonded diamond surfaces with #1200 as the final step,
followed by polishing with 3 and 1 µm diamond solutions. We used similar grinding
and polishing settings for limestone and quicklime; however, we used lower force and
speed and a longer griding time for the harder limestone samples. The microscope EHT
voltage was 15.00 kV, beam current I probe = 700 pA, and we used an HDBSD detector
(high-definition backscattered electron detector).

4.5. Image Analysis

We performed image processing and quantification of limestone fractures with pixel
classification and post-processing, including quantification of fractures. To measure and
quantify fractures in the SEM images, we first identified fractures as objects in the image
(Figure 2) using Ilastik 1.4.0b14 [35]. We manually selected the grain area (drawing of
the yellow line) and fracture area (blue line) to teach the software which parts of the
image were grain and fracture areas. We trained the program using leveraged machine
learning to recognize fractures in the image using user-annotation labels to determine
which pixels constitute a fracture and which do not. This is based on the color intensities,
edges, and textures of the pixels [35]. We individually processed each image, and the
fractures were labeled as fractures, and non-fractures were labeled as grains. Our results
produced segmented probability maps—pixels in the image are fractures and grains. We
then further analyzed the probability map using ImageJ Fiji. The area we analyzed was the
largest rectangle possible within the limestone sample and, therefore, the size of the area
varied somewhat between samples (between 1 mm × 3 mm and 3 mm × 7 mm).
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Figure 2. Example image of sample 71 (TD = 75%; heated up to 800 ◦C) showing the pixel classification.
To the left, the yellow lines are user manual annotations of grain area, and the yellow surface is the
predicted grain pixels. The blue lines inside the fractures are user manual annotations for fractures,
and the light blue surface is the pixels interpreted as fractures. The original SEM image is to the right.

We analyzed the probability maps we acquired from Ilastik using ImageJ Fiji Version
2.1.0 and Java 1.8.0_172 [36,37]. Since the exported probability map was in two color
channels, one for the pixels classified as fractures and the other for pixels classified as
grains, we first split the images into two separate images, one for each color channel. The
image analyzed was the image that represented the fracture’s color channel. We converted
the images into 8-bit and thresholded, which means that the images were turned into pure
white and black images (Figure 3) depending on the brightness value of each individual
pixel. We turned pixels with a grayscale value of 131–255 into white pixels, and pixels
with a grayscale value of 0–130 were turned into black pixels. The pixel grayscale value
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correlates with the probability of a pixel being a fracture, while higher values indicate the
higher certainty of a pixel being a fracture.
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Figure 3. Example of a probability map of sample 74 (TD = 4% TD; heated to 500 ◦C) in which the
black pixels are predicted to be fractures and the white pixels are predicted to be grains.

We analyzed the resulting images using ImageJ’s “Analyze” function, and we con-
sidered all dark pixels to be fractures. We set the area size limit to 500 square pixels to
infinity, which means that we ignored fractures with an area of fewer than 500 square pixels.
We determined the area and perimeter of each included fracture, and we set the length
of the fracture as the perimeter divided by two. We summarized each fracture area in a
separate image and then divided it by the total area of the largest rectangle image. From
the probability map, we calculated the total lengths of the fractures (in mm/mm2) and the
total area of the fractures (%). The method has been used in biological research [35,37].

5. Results and Discussion
5.1. Chemical Composition

XRF chemical analysis revealed the composition of the Jutjärn limestone samples, and
the average chemical composition and LOI based on 80 samples is shown in Table 2. The
entire data set is available in the supplementary material (Table S1). The samples showed
large variations in CaO contents of 51.51–55.2 wt.-% and LOI values of 41–43.9 wt.-%. The
MgO content was low, and a few samples showed impurities, i.e., SiO2 (3.71 wt.-%), Al2O3
(1.42 wt.-%), P2O5 (0.14 wt.-%), and S (0.412 wt.-%).

Two samples numbered 71 and 74 were chosen for detailed SEM analysis after heating
to several temperatures. These samples were selected based on their very different TD
values, even if they were similar in chemical composition, and both represented high-purity
limestone (CaO content of 54.7–54.8 wt.-%)—this data correspond well to the long-term
bulk composition from the quarry. The SiO2, Al2O3, and K2O contents were clearly below
average. The contents of MgO, MnO, and P2O5 were in line with the average, and the other
minor compounds were below the average. XRF and TD values are shown in Table 3.

5.2. Thermal Decrepitation

A total of 76 of the 80 samples had a TD value below 10%, which can be considered to
be a low level. Only four samples showed a TD value above 10%. From a kiln operational
point of view, the limestone with these TD values is still suitable [38]. Since there are a few
samples with higher TD values in the center part of the quarry, mixing of the material is
necessary before feeding it to the kiln.
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Table 3. The XRF chemical compositions and thermal decrepitation values of two Jutjärn limestone
samples chosen for further analysis.

Sample CaO
[wt.-%]

MgO
[wt.-%]

Fe2O3
[wt.-%]

SiO2
[wt.-%]

Al2O3
[wt.-%]

MnO
[wt.-%]

P2O5
[wt.-%]

TiO2
[wt.-%]

K2O
[wt.-%]

S
[wt.-%]

LOI
[wt.-%]

TD
[%]

71 54.68 0.46 0.08 0.46 0.16 0.07 0.01 <0.01 0.03 0.01 43.83 75

74 54.78 0.43 0.10 0.61 0.21 0.08 0.04 0.01 0.05 <0.005 43.50 4

For the limestone with 4% TD (sample 74) heated to 500 ◦C, there was no mass loss,
while after heating to 800 ◦C, the weight loss was 33.0%, and after heating to 1150 ◦C it was
43.5%. For the limestone with 75% TD (sample 71) heated to 500 ◦C, the weight loss was
26.0%, while after heating to 800 ◦C it was 28.5%, and after heating to 1150 ◦C it was 43.8%.
Thus, full calcination was only reached at 1150 ◦C.

5.3. Multivariate Analysis

The possible correlations between the chemical composition, TD, and location in
the quarry were analyzed with multivariate statistics. PLS-DA was applied to all of the
samples together, with chemical compositions and the pre-defined classes describing
sample locations. The model was fitted with two components. The estimation of how much
variation in the responses described by the model was represented by R2. Q2 describes
the corresponding variations for predictions. The cumulative values of R2Y and Q2 of
the second component were higher than for the first component but still not high enough
(Q2 > 0.5 and R2Y close to 1) to identify any strong correlations between the chemical
composition and TD of the samples. The cumulative R2 value of 0.28 and Q2 value of 0.22
indicated no or very weak correlations. Adding more components led to an overfitting of
the data. A model with two components was used for illustrations (Figure 4), even though
the Eigenvalue (EV) of the second component was less than 2.
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Figure 4. The PLS-DA score plot for the two first components colored according to classes (a) and the
corresponding loading plot (b).

The analysis resulted in a score plot (Figure 4a) representing the sample’s distribution,
with t [1] and t [2] being the X-score vectors for each component. The score plot indicates
weak grouping according to location (represented by the different colors); however, as
mentioned, this trend was not statistically significant. Samples outside of the plot bound-
aries in the score plot were statistically classified as outliers. Samples labeled a and b were
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outliers due to their unusually high P2O5 contents (0.14 and 0.11 wt.-%, respectively), in
addition to sample c, due to its high concentration of Al2O3 (1.42 wt.-%). Even though these
three samples deviated from the normal compositions in the quarry, their compositions
were within ranges that could be explained by natural variations. Therefore, the outliers
were probably explained by locally occurring impurities rather than by analytical errors.
Detailed microscopy studies of local impurities could be interesting from a TD perspective;
however, since these deviations were found in only a few samples, and since it was not
statistically correlated to TD, we decided not to include microscopy on these samples in
this study.

In the corresponding loading plot (Figure 4b), variable correlations (chemical com-
pounds and TD) are displayed, with w being the loadings for the X-variables. The direction
in the scores plot corresponds to the direction in the loading plot, and it can be used for
interpreting the causalities of correlations (if there are any) [34].

5.4. SEM Image Analysis

SEM revealed thermally induced fracture development across the range of temper-
atures (ambient, 500 ◦C, 800 ◦C, and 1150 ◦C) for the 4% (Figure 5) and 75% TD samples
(Figure 6). For statistical reasons, three samples were analyzed in each sample group,
providing a total of 24 images. Representative images are presented in Figures 5 and 6.
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Figure 5. SEM images of limestone and quicklimes of sample 74 (TD = 4%). (a) Limestone at ambient
temperature, (b) heated to 500 ◦C, (c) heated to 800 ◦C, and (d) heated to 1150 ◦C.

Figure 5a–c show the limestone and derived quicklimes of sample 74 (TD = 4%) heated
up to 800 ◦C. According to the image analysis data in Table 4, the area of heat-induced
fractures was low (below 1.9%). In comparison, Figure 6a–c show that the limestone and
derived quicklimes of sample 71 (TD = 75%) heated up to 800 ◦C have major cracking,
which could be observed as low as 500 ◦C with an average fractured area of 7% (Table 5),
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and a more extensive cracks formation was observed at 800 ◦C with an average fractured
area of 10.5%.
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Table 4. Summary of image analysis results of fractures for sample 74 (TD = 4%) based on three samples
in each temperature group. T = temperature, DOC = degree of calcination, Avg. frac. Area = average
fractured area, Avg. frac. Length = average length of fractures, Avg. frac. Width = average width
of fractures.

T DOC
[%]

Avg. Frac.
Area
[%]

Avg. Frac.
Length
[mm]

Avg. Frac.
Width
[mm]

Structural Characteristics

Ambient 0 0.6 0.179 0.018 Low number of fractures.

500 ◦C 0 1.1 0.166 0.018 Low number of fractures.

800 ◦C 76 1.9 0.252 0.021 Low number of fractures.

1150 ◦C 100 4.9 0.275 0.004 Increased cracking. Dense network of
small cracks and some wide cracks.
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Table 5. Summary of image analysis results of fractures for sample 71 (TD = 75%) based on three samples
in each temperature group. T = temperature, DOC = degree of calcination, Avg. frac. Area = average
fractured area, Avg. frac. Length = average length of fractures, Avg. frac. Width = average width
of fractures.

T DOC
[%]

Avg. Frac.
Area
[%]

Avg. Frac.
Length
[mm]

Avg. Frac.
Width
[mm]

Structural Characteristics

Ambient 0 3.8 0.172 0.018 Low number of fractures.

500 ◦C 59 7.0 0.373 0.016 Major cracking with grain boundary and
intergranular cracks.

800 ◦C 65 10.5 0.370 0.017 Increased cracking with grain boundary
and intergranular cracks.

1150 ◦C 100 4.0 0.287 0.020
Reduced cracking. Less frequent crack

network in comparison to samples with
4% TD (Figure 5d).

Up to 800 ◦C, both samples showed increased crack formations. A reverse trend was
observed with fully calcined limestone samples, as the average fractured area of samples
with 4% TD reached 4.9%, while the samples with 75% TD reached 4.0%. The reduction in
the average fractured area could be related to the CaO sintering [39,40].

Sample 71 shown in Figure 6a already had more cracks at ambient temperature, with
an average fractured area of 3.8% compared with sample 74, which had an average fractured
area of 0.6%. During heating, more cracks evolved in the TD 75% samples than in the
TD 4% samples. This observation agrees with Johansson [23], as the increased number
of cracks tends to increase the TD value and the production of fines in lime kilns. In
addition to cracks, there were also discontinuities and void-filling that could be found in
the SEM images. Their occurrence could be related to the primary or depositional textures
of the limestone.

The two samples had large differences in thermal behavior. Sample 74 did not seem
to be affected until the temperature exceeded 800 ◦C, while at higher temperatures, an
extensive network of narrow cracks formed. In contrast, sample 71 had already developed
significant cracking at 500 ◦C, more at 800 ◦C, and then the cracking was lower at 1150 ◦C.
Therefore, the very high TD values of sample 71 might be caused by the absence of
the network of narrow cracks, which could possibly release internal stress and thereby
mechanically stabilize the rock. Some grain shapes in Figure 6 b–c indicate that they may
originate from the calcination of rounded bioclasts.

The thermal cracking of rocks was recently examined by Liu et al. [41], who showed
that a critical factor is the difference between mineral thermal expansion coefficients. Other
studies, see e.g., [22,42,43], have documented the anisotropic thermal expansion of calcite.
A possible explanation for crack formation could be different expansion coefficients of
calcite coupled with the grain sizes of the stone. This hypothesis, together with our results
showing a lack of correlation between chemical composition and TD for samples from
the Jutjärn quarry, is a good foundation for future studies. More detailed information
on the petro-physical properties of the raw materials should be investigated by more in
depth lithological and microscopic analysis, and also a larger dataset of samples should
be considered.

6. Conclusions

We analyzed 80 limestone samples for chemical composition and TD in order to
determine the suitability of the limestone for shaft kiln operation and whether chemical
composition influences the TD of limestone. Detailed SEM and image analysis was also
performed to investigate if and how microstructure and crack formation is related to TD.
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• Overall, the analyzed limestone had low TD, 78% of the samples had a TD value
below 5%, and 18% of the samples had a medium TD of 5–12%. This means that the
limestone studied, from a TD perspective, is suitable for shaft kiln operation. One
sample exhibited an extreme TD value of 75%, which suggests that quarry quality
control and mixing would be required to ensure that no batch fed to a shaft kiln would
contain solely this material;

• Very weak correlations were found between TD and the chemical composition (CaO,
MgO, Fe2O3, SiO2, Al2O3, MnO, P2O5, TiO2, K2O, and S) of the limestone, and based
on that, the TD values were concluded to be connected to the physical properties of
the limestone and/or quicklime rather than to the chemical composition;

• In a further investigation, the sample with an extreme TD value of 75% was compared
to a sample with a similar chemical composition but with a low TD value of 4%. The
sample with 75% TD showed significant cracking already at 500 ◦C, while this was not
seen for the corresponding sample with the low TD value. For the low TD sample, after
calcination, the pre-existing fractures seemed to grow in length and a large network
of small fractures appeared, increasing the total fractured area. This pattern did not
occur in the 75% TD sample, in which the already-formed cracks remained few and
wide even after 60 min at 1150 ◦C and full calcination. The network of narrow cracks
might favorably influence the internal stresses of the sample, providing an explanation
for the low TD overlooked in the previous literature.

The results only represent samples from a case study of Boda Limestone from Jutjärn
quarry and cannot be further generalized and directly translated to other quarries, which
can differ greatly in geological background, chemical composition, textural characteristics,
and/or derived quicklime microstructure. However, these samples serve as an example
of how the variations of thermal decrepitation can occur within one quarry, and they also
highlight the complexity of the mechanistic explanations. Increased knowledge about these
issues can help in predicting limestone thermal decrepitation, enabling increased resource
efficiency in quicklime production. Further studies could involve performing analysis on
the TD of limestone samples taken from many quarries from different locations, and more
analytical methods could be included. To the best of the authors’ knowledge, the image
analysis method presented here has not been applied previously in the high-temperature
mineral industry. This paper shows that the method of fracture estimation is applicable in
industrial minerals research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min12101197/s1, Table S1: Data on all samples.
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