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Abstract
This preliminary study investigates the influence of post-magmatic alteration on the breakage behaviour of andesitic 
rocks during comminution, with particular emphasis on the Chemical Index of Alteration (CIA) and smectite content. 
Six representative samples from two Hungarian quarries (Recsk and Tállya) exhibiting broadly similar mineralogical and 
textural properties but varying degrees of alteration were subjected to single particle breakage tests across multiple size 
fractions. Although the limited dataset does not allow for broad generalisation, the results provide a first indication that 
increased CIA values and higher smectite contents are associated with greater fragmentation susceptibility, as reflected 
by elevated A×b parameters. The study demonstrates that alteration indices can provide valuable predictive information 
on breakage response in andesitic rocks. These findings suggest the importance of integrating alteration metrics along-
side traditional mineralogical and textural parameters when evaluating the breakage behaviour of andesitic rocks for 
aggregates production. While smectite quantification highlights the role of secondary phyllosilicate minerals in reduc-
ing the strength of andesitic rocks, CIA offers a more broadly applicable measure of alteration intensity that may be 
transferable across different volcanic contexts. The results are presented as a case study that highlights the potential of 
CIA and smectite quantification as predictive tools, while acknowledging the need for further research with larger data-
sets to confirm these trends.
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1. Introduction

The optimisation of comminution processes – namely 
crushing and grinding – has been a central focus in min-
eral processing over the past few decades (Napier-
Munn et al., 1996, 2012; Morrell, 2004a; Dominy et 
al., 2018), given their status as some of the most energy-
intensive operations within the mining sector (Howarth 
& Rowlands, 1987; Jeswiet & Szekeres, 2016). While 
numerous studies and industrial efforts have aimed to 
enhance the efficiency of comminution circuits in ore 
processing (Pauw & Maré, 1988; Morrell, 2004b; 
Wills & Napier-Munn, 2006; Jankovic et al., 2015), 
similar advancements in the aggregate industry remain 
limited and underexplored (Csőke et al., 1996; Adel et 
al., 2006). The limited progress in the aggregate sector 
can largely be attributed to the historically low energy 
costs, which permitted higher tolerances for by-products 
and reduced emphasis on end-product quality. However, 
rising energy demands, increasing costs, and stricter 

policies on waste reduction have created a pressing need 
for process optimisation in aggregate production. A key 
pathway toward cost-efficient production lies in model-
based prediction of crushing behaviour, an area to which 
the present preliminary study seeks to contribute.

In terms of production volume, crushed aggregates 
constitute the largest segment of the mining industry, 
and they rank second in economic value (Menegaki & 
Kaliampakos, 2010; Přikryl, 2021). According to data 
from the European Aggregates Association (URL 1), a 
total of 4.35 billion tonnes of aggregates were produced 
across Europe in 2023 from 30116 extraction sites, of 
which crushed rock accounted for 2.13 billion tonnes. 
The types of rocks used for aggregate production largely 
depend on the geological characteristics of the produc-
tion region (McNally, 1998; Piasta et al., 2018). In 
many areas, magmatic rocks such as andesite, granite, 
and basalt are the primary sources of aggregates. Meta-
morphic rocks, including quartzite and gneiss, are used 
less frequently, while sedimentary rocks, such as lime-
stone and dolomite, are generally considered lower in 
priority but are still utilised where locally available. Due 
to having one of the lowest average values per unit 
weight among all mineral commodities, transportation 
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plays a significant role in the overall cost of aggregates 
(Drew et al., 2002; Přikryl, 2017); as a result, extrac-
tion typically occurs near the point of use.

The rising energy costs and associated CO₂ emissions, 
coupled with the depletion of high-quality mineral re-
sources for aggregate production, make process optimisa-
tion essential (Legendre & Zevenhoven, 2014; Liu et 
al., 2018; Vasilyeva et al., 2023). Achieving this requires 
a thorough understanding of the factors influencing crush-
ing operations. The primary factors affecting the crushing 
processes are the type of equipment used for crushing 
(Cleary & Sinnott, 2015; Sinnott & Cleary, 2015; 
Kamani & Ajalloeian, 2020) and the geological charac-
teristics of the materials (Brattli, 1992; Akseli & Leinon-
en, 2015; Comakli & Cayirli, 2019).

The influence of geological characteristics on the 
comminution of rocks has been extensively investigated 
in literature. These studies can be broadly categorised 
into two main groups. The first group focuses on ore-
bearing rocks, examining their mineralogical composi-
tion and identifying the optimal degree of mineral liber-
ation to enhance ore recovery. For example, Oyarzún & 
Arévalo (2011) demonstrated that mineralogical hetero-
geneity governs fragmentation pathways in porphyry 
ores; while Mwaga et al. (2015) reviewed how geomet-
allurgical approaches integrate comminution testing 
with ore texture to predict processing performance. Yuce 
(2017) and Abdelhaffez (2020) similarly highlighted 
that fracture energy and breakage characteristics are 
strongly dependent on mineralogical composition and 
pre-existing microstructures. More recently Semsari 
Parapari et al. (2020) showed that ore texture exerts a 
stronger influence than stress loading conditions on 
breakage behaviour, while their follow-up study (Sem-
sari Parapari et al., 2022) quantified how multivariate 
textural parameters control mineral liberation, fracture 
energy, and fragmentation outcomes. The second group 
addresses rocks used in aggregate production, analysing 
how mineralogical and microtextural features affect 
strength parameters and product quality. Miskovsky et 
al. (2004) showed that feldspar-rich granitoids display 
reduced resistance to impact, whereas fine-grained rocks 
with interlocked textures perform better under mechani-
cal loading. Zhang & Subasinghe (2012) highlighted 
the importance of particle shape, angularity, and surface 
texture, showing that these factors control compaction 
and shear resistance in aggregate-based applications. 
Akseli & Leinonen (2015) and Afolagboye et al. 
(2016) confirmed that mineralogical variability and mi-
crostructural features directly affect crushing strength 
and long-term performance of construction aggregates.

The mechanical performance of aggregates is strongly 
controlled by their petrographic and textural attributes. 
Ajalloeian & Kamani (2017) showed that image-analy-
sis-derived texture parameters (grain shape, circularity, 
orientation) influence Los Angeles abrasion results in car-
bonate aggregates. Adomako et al. (2021), in a compre-

hensive review, further highlighted that mineralogy, po-
rosity, and texture collectively govern Los Angeles and 
Micro-Deval outcomes. The importance of sample prepa-
ration and crushing conditions was demonstrated by 
Räisänen & Mertamo (2003), who showed that labora-
tory crusher type and settings significantly affect aggre-
gate shape and thereby test results. Similarly, Hofer et al. 
(2013) found that within railway ballast, petrographic 
variability plays a greater role in Los Angeles test values 
than particle geometry. Köken (2020) expanded this un-
derstanding by linking cone crusher size reduction ratios 
with Shore hardness, abrasion resistance, and textural 
characteristics across multiple rock types.

Beyond texture, the role of alteration has been repeat-
edly emphasised. Török & Czinder (2017) established 
correlations between strength parameters and abrasion 
resistance in Hungarian andesites, while Czinder & 
Török (2019, 2021) confirmed that petrographic varia-
bility and progressive alteration reduce both strength 
and durability indices. Lampropoulou et al. (2020) 
documented similar effects in Greek mafic and ultramaf-
ic rocks, where serpentinization and chloritization pro-
duced poorer quality aggregates, reflected in higher LA 
values and greater water absorption. In volcanic rocks, 
Petrounias et al. (2018a, 2018b) demonstrated that sec-
ondary phyllosilicate minerals, particularly smectite, are 
especially detrimental to mechanical behaviour. Four-
nari & Ioannou (2019) corroborated this relationship in 
crushed fine aggregates from Cyprus, reporting strong 
correlations between mineralogical composition and du-
rability indicators such as soundness, Micro-Deval re-
sistance, and water absorption.

At a broader scale, decision-support approaches such 
as the Analytic Hierarchy Process (Köken et al., 2020) 
integrate mineralogical, physical, and mechanical pa-
rameters to rank aggregate quality, showing that an-
desites tend to perform poorest among common igneous 
rock types. Strzałkowski et al. (2021) reviewed the Los 
Angeles and Micro-Deval methods, underscoring the 
combined role of petrography, particle morphology, and 
alteration in fragmentation and abrasion resistance. Site-
specific investigations (Åkesson et al., 2001; Apaydın 
& Yılmaz, 2021; Okogbue & Aghamelu, 2013; Po-
monis et al., 2007; Urueña et al., 2022) similarly con-
firm that aggregate quality cannot be decoupled from 
petrography, alteration, and microstructural attributes.

Magmatic rock quarries usually extract material from 
a single intrusive body, resulting in relatively uniform 
mineral composition and texture, although signs of post-
magmatic or hydrothermal alteration are often present 
(Pereira et al., 2024). While the influence of mineral 
composition and texture on grindability and breakage 
properties has been widely studied, the effect of altera-
tion – particularly the formation of smectite – has re-
ceived comparatively less attention. Recent laboratory 
tests on altered andesite have shown that alteration can 
significantly weaken the rock and influence its failure 
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behaviour (Pola et al., 2014; Lampropoulou et al., 
2020; Pereira et al., 2024). Supporting this, studies in 
related fields highlight the importance of alteration in-
tensity on comminution: Yildirim et al. (2014) devel-
oped the Process Alteration Index (PAI) to predict metal-
lurgical responses linked to alteration, while Darwish et 
al. (2025) demonstrated that the Chemical Index of Al-
teration (CIA) effectively reflects mechanical weaken-
ing in hydrothermally altered uranium-bearing rocks. 
These findings underscore the need to consider altera-
tion effects – alongside mineralogy and texture – in un-
derstanding grindability and breakage behaviour in ag-
gregate production.

The present study provides a preliminary investiga-
tion into how alteration intensity and related mineralogi-
cal changes affect the breakage behaviour of andesitic 
rocks during comminution. Six representative samples 
from two Hungarian quarries were analysed; although 
limited in number, they were selected to capture a clear 
contrast in alteration state while keeping mineralogy and 
texture broadly comparable. The primary aim is to as-
sess whether quantitative alteration indices – specifically 
the Chemical Index of Alteration (CIA) – and smectite 
content can be linked to the A×b breakage parameter ob-
tained from drop-weight testing. By doing so, the re-
search seeks to advance understanding of how post-
magmatic alteration influences fragmentation suscepti-
bility in volcanic rocks. Although exploratory in scale, 
this approach contributes new insight by testing the ap-
plicability of alteration indices as predictive tools for 
breakage properties, thereby opening pathway toward 
more efficient evaluation of crushing behaviour in in-
dustrial aggregate production.

2. Materials

For this study, samples were collected from two quar-
ry sites: Recsk and Tállya (see Figure 1). Both locations 
extract andesite-type magmatic rocks formed during 
Neogene volcanic activity associated with the Inner Car-
pathian Volcanic Chain. The Tállya quarry is located 
within the Tokaj Mountains of northeast Hungary, where 
pyroxene-andesite was formed as a result of volcanic 
processes during the Sarmatian stage (approximately 12 
million years ago) (Haas et al., 2012). The andesite 
quarried at Tállya is a porphyritic volcanic rock with a 
vitrophyric matrix, containing fine pyroxene needles and 
lamellar plagioclase. It exhibits columnar jointing, ve-
sicular zones, and characteristic alteration near the mar-
gins, where the originally dark grey rock fades to green-
ish-grey due to hydrothermal processes. Secondary min-
erals such as spherosiderite, opal, smectites, and 
chalcedony frequently occur within the vesicles (Cseh 
et al., 1990).

The Recsk quarry, situated in the Mátra Mountains of 
northern Hungary, also extracts pyroxene-andesite, 
characterised by a light grey colour, carbonate-altered 
glassy matrix, unaltered hypersthene, and clinopyrox-
enes of diopside composition. These rocks originated 
from an Upper Tortonian volcanic event, dated to ap-
proximately 11.5 million years ago. The quarried mate-
rial at Recsk is a light grey pyroxene-andesite with a 
carbonate-altered, microholocrystalline matrix contain-
ing plagioclase and carbonate minerals. The rock fea-
tures unaltered hypersthene and clinopyroxenes of diop-
side composition, along with porphyritic plagioclase, 
siderite, and magnetite. The intrusive body is rich in 

Figure 1. Geographical position of the two studied andesite quarries in Hungary  
(source: Google Maps)



I. Márkus, G. Mucsi, Á. Rácz� 96

Rudarsko-geološko-naftni zbornik 2026, 41 (1), pp. 93-108, https://doi.org/10.17794/rgn.2026.1.8

voids and secondary mineral fillings, resulting from vol-
atile enrichment caused by the assimilation of Mesozoic 
carbonate rocks during magma ascent (Budai et al., 
2015). Despite differences in the timing and location of 
the volcanic events, the andesite types extracted from 
the two sites are comparable, exhibiting only minor var-
iations in geochemistry and post-volcanic alteration pro-
cesses.

Three andesite types were distinguished within the 
Tállya quarry, from which representative samples were 
collected. The first sample (T_1) comes from the lower 
quarry levels and consists of dark grey, microcrystalline 
andesite with plagioclase phenocrysts (0.5–1 mm), min-
imal vesicles, and negligible alteration (see Figure 2a). 
The second sample (T_2) was taken from intermediate 
levels, characterised by lighter grey, moderately vesicu-
lar andesite with larger plagioclase crystals (1–2 mm) 
and signs of moderate alteration (see Figure 2b). The 
third sample (T_3) originates from the upper levels, 
where strongly altered, vesicle-rich andesite with iron 
oxide crusts and secondary mineral fillings are present 
(see Figure 2c).

Three andesite types with varying alteration levels 
were also sampled from the Recsk quarry. The first sam-
ple (R_1) originates from the lower quarry levels and 
consists of medium grey, dense andesite with a micro-
crystalline matrix, feldspar, quartz, and biotite phe-
nocrysts, and carbonate-filled vesicles (see Figure 2d). 
Alteration is minimal, appearing as scattered greenish-
yellow spots. The second sample (R_3) was collected 
from mid-levels and shows distinct greenish-grey and 
purplish-brown zones, with biotite and occasional quartz 
phenocrysts preserved mainly in the less altered areas 
(see Figure 2e). The third sample (R_4) comes from the 
upper quarry levels and represents strongly weathered, 
friable andesite with yellowish-brown iron oxide coat-

ings and spheroidal weathering structures; feldspar phe-
nocrysts are present but heavily altered (see Figure 2f).

3. Methods

The mineralogical composition of samples was deter-
mined by X-ray powder diffraction (XRD) on a Bruker 
D8 Discover instrument (Cu-Kα radiation, 40 kV, 40 mA 
generator settings) in Bragg-Brentano geometry. Re-
cording was done with a LynxEye XE-T position sensi-
tive detector (PSD), 2° window opening. Crystalline 
phases were identified by Search/Match, on the ICDD 
PDF2 (2005) database (Bruker DiffracPlus EVA), and 
phase amounts were calculated with Rietveld refinement 
in Bruker TOPAS4.

Bulk chemical composition was determined by wave-
length dispersive X-ray Fluorescence Spectrometry 
(WD-XRF) on Cereox cemented powder pellets on a 
Rigaku Supermini200 type instrument with the Pd-
source operated at 50 kV and 4 mA.

The textural features were observed with transmitted 
light optical microscopy on rock polished thin section in 
polarised light, using a Zeiss AXIO Imager.M2m micro-
scope equipped with an AxioCam MRc 5 digital camera.

Single particle breakage tests are widely applied to 
investigate the breakage behaviour of rocks, as they 
eliminate the machine-induced effects typical of conven-
tional crushing equipment. Among these, the Drop 
Weight Test (DWT) is a standard method for determin-
ing the relationship between applied impact energy and 
particle size reduction. In this method, a mass is dropped 
from a controlled height onto a single particle, inducing 
breakage through compressive and tensile stresses, 
which allows for the assessment of specific breakage en-
ergy and fragmentation characteristics. For this study, a 
laboratory device operating on the principles of the 

Figure 2. Photographs of the analysed rock samples. Samples labelled with “T” originate from the Tállya quarry,  
while those marked “R” are from the Recsk quarry. (a – T_1; b – T_2; c – T_3; d – R_1; e – R_3; f – R_4).
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DWT was constructed and utilised to perform controlled 
impact tests on the rock samples.

The breakage energy applied during the tests was de-
termined from the mass of the falling weight and the 
drop height, as expressed by the following equation:

	 � (1)
Where:

Ea 	– the breakage energy (m2 kg/sec2),
mw 	– weight of the drop weight (kg),
g 	 – the gravitational acceleration (9.81 m/s²),
hi 	 – initial height of the drop weight (m),
hf 	 – �final height (after breakage) of the drop weight 

(m).
The specific breakage energy was calculated by relat-

ing the applied impact energy to the mass of the tested 
particle, as shown in the following equation:

	 � (2)
Where:

Ecs	– specific breakage energy (kWh/t),
Ea 	– the breakage energy (m2 kg/sec2),
mp 	– mass of the particle (g).
For breakage energy calculations, the difference be-

tween the initial and final drop heights in Equation 1 
was defined using the mean particle size. For the specific 
breakage energy, the particle mass in Equation 2 was 
not measured individually; instead, the total mass of the 
test sample was recorded and divided by the number of 
particles to obtain an average particle mass.

Breakage tests were conducted on five specific parti-
cle size fractions: 40–45 mm, 25–31.5 mm, 20–22.5 
mm, 12.5–16 mm, and 8–11.2 mm. The size fractions 
were produced by crushing the quarry samples with a 
jaw crusher, followed by dry sieving. To minimise the 

influence of particle shape, flaky fragments were re-
moved using a bar sieve with an aperture equal to half 
the upper size limit (Di/2) of each fraction. For every 
andesite type, fraction size range, and impact energy 
level (levels 1, 2, and 3), a defined number of particles 
were tested – more for smaller fractions (up to 70) and 
fewer for larger ones (minimum 20), in total approxi-
mately 1900 particles were tested. Each particle was 
broken individually, the fragments appertaining to one 
setup were collected, and the resulting size distribution 
was determined. The entire procedure was repeated 
three times for each parameter set to ensure reproduci-
bility.

4. Results

4.1. Mineralogical composition

The mineral composition of the samples was analysed 
by X-ray powder diffraction (XRD), with the results 
shown in Figure 3. Both quarry sites display similar 
mineralogical characteristics, dominated by plagioclase 
feldspars (andesine, oligoclase, labradorite), potassic 
feldspars (sanidine, microcline), quartz, and pyroxenes 
(diopside, enstatite). Accessory minerals include titano-
magnetite and ilmenite, while alteration products such 
as dolomite, siderite, and smectite were also identified. 
Amorphous phases, likely linked to both volcanic glass 
and secondary alteration, were present in all samples. 
Notable differences include goethite in the Recsk sam-
ples and kaolinite in R_4.

Quantitative mineralogical analysis (see Table 1) 
confirmed overall compositional similarities between 
the sites but also revealed significant variations in indi-
vidual mineral proportions. These differences reflect 
both distinct rock genesis and post-intrusion processes, 

Figure 3. XRD diffractogram of the samples
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including alteration. Feldspar minerals – andesine, sani-
dine, oligoclase, and labradorite – occur in varying 
amounts across the samples. In the Tállya quarry sam-
ples, andesine increases toward the intrusion margins 
(8.1–33.3%), while the Recsk quarry samples show no 
clear trend (6.7–23.4%). Sanidine content rises toward 
the intrusion margins for samples from both sites (Tállya: 
0.1–14.4%; Recsk: 7.9–12.25%). Labradorite varies be-
tween 8.4–16.1% in Tállya and 9.2–29.1% in Recsk 
samples. Total plagioclase content is higher in Tállya 
samples (49.1–64.2%) compared to those from Recsk 
(26.6–53.1%). Potassium feldspars (sanidine and micro-
cline), linked to autometasomatic processes, show con-
trasting trends near intrusion margins, with lower con-
tents in Tállya samples and variable amounts in those 
from Recsk.

4.2. Textural observations

The Tállya quarry samples (T_1, T_2, and T_3) all 
exhibit characteristic porphyritic textures, with phe-
nocrysts of plagioclase, pyroxene, amphibole, and oc-
casional alkali feldspars set in a microcrystalline to 

Table 1. Quantitative mineralogical composition of samples 
(weight percent, error +/- 5 relative percent)

Sample T_1 T_2 T_3 R_1 R_3 R_4
Andesine 8.1 8.8 33.3 6,7 23.4 7.9
Quartz 4.2 1 0.6 4.6 3.5 8.5
Sanidine Na0.35 14.4 11.7 0.1 12.3 11.0 7.9
Smectite 1.4 1.4 5.7 2.3 3.1 11.9
Diopside 4.1 5 1.1 4.0 3.2 0.4
Titanomeg-netite 0.3 0.2 0.5 0.2 0.3 0.3
Oligoclase An25 27.8 24.5 22.1 15.3 12.0 9.5
Dolomite 0.6 1.1 0.5 0.74 0.3 0.7
Labradorite An55 13.2 16.1 8.4 29.1 17.7 9.2
Ilmenite 1.2 0.8 0.5 0.3 0.4 1.0
Microcline 2.6 1.2 0.4 0 3.6 8.2
Cristobalite 5.8 6.6 1.2 1.2 1.8 1.0
Enstatite 3.4 3.3 4.9 6.4 7.1 0
Siderite 3.2 3.8 0 5.23 0 0
Kaolinite 0 0 0 0 0 21.0
Geothite 0 0 0 0.82 1.9 2.9
amorphous 9.7 14.8 20.7 10.3 10.7 9.5

Figure 4. Photomicrographs 
illustrating the representative 
textures of the investigated 
samples. Samples labelled  
with “T” originate from the 
Tállya quarry, while those 
marked “R” are from the Recsk 
quarry. (a – T_1; b – T_2; c – T_3; 
d – R_1; e – R_3; f – R_4
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cryptocrystalline groundmass. In the least altered sam-
ple, T_1, the phenocrysts are well-formed, idiomorphic 
(see Figure 4a). Sample T_2 shows moderate alteration, 
the phenocrystals being idiomorphic and hypidiomor-
phic, with slightly rounded edges, although the overall 
texture remains largely intact (see Figure 4b). In the 
most altered samples, T_3, a reduction in phenocryst 
size can be observed. The phenocrystals are altered and 
the presence of alteration products, such as smectite, can 
be identified. The groundmass remains consistently fine-
grained across all three samples, with only minor varia-
tions in its grain size; sample T_3 shows a slight increase 
(see Figure 4c).

The Recsk quarry samples present more pronounced 
textural differences. Sample R_1, sourced from deeper 
levels of the quarry, displays a coarser texture with abun-
dant, well-preserved phenocrysts, some forming aggre-
gates, set in a relatively fine-grained matrix (see Figure 
4d). Sample R_3, originating from the intermediate quar-
ry levels, contains notably coarser phenocrysts, particu-
larly plagioclase, while the groundmass grain size re-
mains comparable to that of R_1. However, alteration is 
more irregular, with Fe-oxide phases partially masking 
the matrix and signs of phenocryst edge degradation be-
coming apparent (Figure 4e). The uppermost and most 
altered sample, R_4, differs markedly; phenocrysts are 
fewer, highly weathered, and reduced in size, recognisa-
ble only based on their outline. The groundmass is over-
printed by pervasive iron oxide alteration, resulting in a 
more heterogeneous texture and generally finer matrix 
compared to the less altered samples (see Figure 4f).

Calculated using the molar proportions of major ox-
ides, specifically Al₂O₃, the amount of CaO incorporated 
in silicates, Na₂O, and K₂O, the CIA provides insight 
into the extent of feldspar decomposition and the rela-
tive enrichment of alumina due to the leaching of mobile 
cations during weathering processes. This index can sen-
sitively capture subtle variations in alteration degree, 
even in rocks where mineralogical composition appears 
broadly consistent.

The Chemical Index of Alteration (Equation 3) was 
calculated from the XRF-derived major element compo-
sitions; the results can be found in Table 2. Samples 
from Tállya present slight variation, the T_3 sample be-
ing the most altered. In the case of samples from Recsk, 
sample R1 and R3 present similar alteration, while R4 is 
strongly altered.

4.4. Breakage properties

Breakage test results were evaluated using the tn mod-
el introduced by Narayanan & Whiten (1983). The re-
sponse of a rock to a given energy input can be described 
with the following equation:

	 � (4)
Where:

A 	 – �represents the asymptotic limit to the t₁₀ value 
with increasing impact energy,

b 	 – the curvature of the exponential decay,
Ecs	– the applied specific energy (kWh/t).
The most commonly used parameter to describe par-

ticle breakage is the t₁₀ value, which expresses the per-
centage of product particles passing a size correspond-
ing to one-tenth of the initial mean particle size of the 
tested material. This breakage index is widely applied in 
comminution studies as it provides a simple yet effective 
way to quantify the extent of fragmentation resulting 
from impact forces. In this study, the t₁₀ parameter was 
determined for each sample based on the post-breakage 
size distribution. The relationship between the t₁₀ values 
and the applied specific breakage energy, which reflects 
the energy input per unit mass of the particles, is pre-
sented in Figure 5.

The A and b values obtained from the model fitting 
(Equation 4) can be used to calculate the A×b value, 
which represents a single value that represents the sus-
ceptibility of a rock to impact breakage (Powell et al., 
2014). In this study, the results were evaluated separate-
ly for each initial particle size fraction (see Figure 5), 
with the t₁₀ model fitted individually to each size range. 
The corresponding A×b values for the samples are sum-
marised in Table 3. The obtained A×b values clearly re-
flect the influence of both particle size and material 
properties on the breakage behaviour of the tested sam-
ples. The A×b values generally decrease with decreasing 
particle size across all samples, which aligns with typi-
cal breakage behaviour, where smaller particles show 

Table 2. Chemical index of alteration (CIA) values  
of the samples

Sample Chemical Index of Alteration
T_1 58.91
T_2 59.50
T_3 63.99
R_1 58.93
R_3 59.83
R_4 76.41

4.3. Alteration index

Chemical alteration indices are widely used tools for 
assessing the intensity and nature of rock alteration 
based on major element geochemistry. Since they rely 
only on major element compositions, alteration indices 
can be easily applied to a wide range of geological data-
sets. The Chemical Index of Alteration (CIA), intro-
duced by Nesbitt & Young (1982), is a widely recog-
nized geochemical metric for quantifying the degree of 
chemical weathering in rocks:

	 � (3)
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Figure 5. Relationship between t₁₀ and specific breakage energy (Ecs) for the samples,  
grouped by initial particle size fraction
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Table 3. The A×b value of the samples

Sample Fraction size A×b Fraction size A×b Fraction size A×b Fraction size A×b Fraction size A×b
T_1

40
 –

 4
5 

m
m

13.24

25
 –

 3
1.

5 
m

m

12.58

20
 –

 2
2.

5 
m

m

10.62

12
.5

 –
 1

6 
m

m

10.28

8 
– 

11
.2

 m
m

8.44
T_2 16.70 13.21 10.58 9.87 6.62
T_3 28.59 23.79 17.36 12.42 8.94
R_1 15.01 10.06 9.35 6.67 7.62
R_3 16.12 9.91 10.61 6.75 8.36
R_4 24.24 28.98 29.84 14.21 9.77

higher resistance. However, some deviations from this 
trend were observed. For instance, in the 12.5–16 mm 
and 20–22.5 mm fractions, sample T_2 exhibited lower 
A×b values than the less altered T_1, suggesting local-
ized heterogeneities or mineralogical variations influ-
encing breakage susceptibility. Similarly, in the 25–31.5 
mm fraction, R_1 showed a lower A×b value compared 
to R_3, despite both representing relatively unaltered to 
moderately altered samples.

Overall, the most altered samples (T_3 and R_4) con-
sistently showed the highest A×b values across fractions, 
highlighting the dominant effect of alteration on increas-
ing breakage susceptibility. Conversely, the least altered 
samples (T_1 and R_1) mostly exhibited lower A×b val-
ues, indicating greater resistance. The intermediate al-
teration samples (T_2 and R_3) displayed variable be-
haviour in some size ranges, which may reflect subtle 
microstructural or compositional differences.

5. Discussion

The influence of mineral composition and texture on 
particle breakage has been extensively discussed in lit-
erature (Lindqvist et al., 2007; Tavares & das Neves, 
2008; Wang, 2015). However, the present study re-
vealed only minor variations in the mineralogical com-
position across the investigated samples, largely associ-
ated with localised differences in alteration intensity 
rather than fundamental changes in the primary rock-
forming minerals. All samples exhibited broadly similar 
mineral assemblages typical of andesitic rocks, domi-
nated by plagioclase, pyroxenes, amphibole, and potas-
sium feldspars. Similarly, while porphyritic textures 
with idiomorphic to hypidiomorphic plagioclase, pyrox-
ene, and amphibole phenocrysts embedded in a micro-
crystalline to cryptocrystalline groundmass were con-
sistently observed, only subtle textural variations related 
to alteration progression were present. These included 
the rounding of phenocryst edges, partial degradation of 
crystal boundaries, and, in the most altered samples, the 
near-complete loss of original mineral shapes.

In contrast, the degree of post-magmatic alteration 
showed a measurable effect on breakage behaviour. To 
quantify alteration intensity, the Chemical Index of Al-
teration (CIA) was applied, providing a geochemical 
proxy based on the depletion of mobile elements (Ca, 

Na, K) relative to immobile aluminium. Although wide-
ly used in geochemistry, sedimentology, and weathering 
studies, CIA remains relatively underutilised in research 
focused on the mechanical performance of aggregates.

In this study the relationship between the Chemical 
Index of Alteration (CIA) and the A×b breakage param-
eter was examined to explore weather alteration inten-
sity influences fragmentation behaviour (see Figure 6). 
Scatter plots comparing CIA with A×b breakage param-
eter revealed a consistent tendency for samples with 
higher CIA values to exhibit greater susceptibility to 
fragmentation. This trend was clearest in the 20-22.5 
mm and 25-31.5 mm fractions, while it was less distinct 
in the finest and coarsest fractions. These observations 
suggest that increasing alteration, reflected by higher 
CIA values, weakens the rock and enhances breakage 
efficiency, although the strength of the effect appears to 
vary by particle size. Where the trend was weaker, ad-
ditional geological factors such as microcracks, porosity 
or subtle microstructural variability may also have influ-
enced the breakage response. Although the dataset is 
limited, the observed tendencies are in agreement with 
broader studies showing that alteration indices provide 
meaningful predictors of rock behaviour. Yildirim et al. 
(2014), for example, introduced the Process Alteration 
Index (PAI) as a geometallurgical tool for linking altera-
tion to comminution response in porphyry copper sys-
tems, while Darwish et al. (2025) demonstrated that 
CIA effectively reflects mechanical weakening in hydro-
thermally altered uranium-bearing rocks. Pereira et al. 
(2024) further emphasised that post-magmatic alteration 
in volcanic rocks – particularly the formation of second-
ary clays – reduces their mechanical performance. Taken 
together, these findings indicate that CIA can serve as a 
useful geochemical proxy for evaluating the breakage 
response of altered andesites.

Scatter plots comparing smectite content with the 
A×b breakage parameter showed similar overall tenden-
cy: higher smectite contents were consistently associat-
ed with increased fragmentation susceptibility (see Fig-
ure 7). The effect was particularly noticeable in the 
coarser fractions, where even modest smectite enrich-
ment corresponded to pronounced increases in A×b val-
ues. In finer fractions, the influence appeared less dis-
tinct, suggesting that additional geological factors may 
also contribute to the breakage response. Smectite, a 
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Figure 6. Plots showing the relationship between the Chemical Index of Alteration (CIA) and the A×b breakage parameter  
for different particle size fractions. The dashed lines are visual aids only, intended to emphasise the overall trend  

of increasing fragmentation susceptibility with higher smectite content.
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Figure 7. Plots illustrating the relationship between smectite content and the A×b breakage parameter across the investigated 
particle size fractions. The dashed lines are visual aids only, intended to emphasise the overall trend of increasing 

fragmentation susceptibility with higher smectite content.
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secondary clay mineral formed mainly through low-
temperature hydrothermal or weathering processes 
(Marfil & Maiza, 2012), is well known for weakening 
rock strength, promoting disintegration, and reducing 
durability due to its swelling properties and high water 
retention (Petrounias et al., 2018a). Even small amounts 
were linked in our dataset to noticeably higher A×b val-
ues, emphasising its disproportionate influence on frag-
mentation behaviour. These observations are consistent 
with previous work demonstrating that smectite and 
other phyllosilicates reduce strength and durability indi-
ces in volcanic aggregates (Petrounias et al., 2018b; 
Pola et al., 2014). The present results extend this evi-
dence to controlled comminution testing, confirming the 
critical role of smectite in rock weakening.

Although smectite quantification captured a clear 
weakening tendency in our samples, a practical advantage 
of CIA is its broader applicability across alteration styles. 
CIA reflects the progressive depletion of mobile cations 
(Ca, Na, K) regardless of which specific secondary miner-
als form, making it suitable for felsic, intermediate, and 
mafic rocks (Choi et al., 2012). In contrast, clay‑specific 
metrics (e.g. smectite content) are alteration‑pathway de-
pendent and may be less transferable where other assem-
blages (e.g. chlorite, kaolinite, carbonate) dominate 
(Mathieu, 2018). Given that andesitic systems can host 
multiple low‑temperature assemblages – commonly 
smectite ± silica ± Fe‑sulfates in acid‑sulfate settings 
(Salaün et al., 2011) – CIA offers a more general first‑or-
der proxy for predicting breakage susceptibility across 
varied volcanic contexts, while mineralogical quantifica-
tion remains valuable for mechanistic interpretation.

These exploratory findings complement earlier stud-
ies on volcanic and other magmatic rocks, which con-
sistently report that alteration and secondary mineralisa-
tion lower aggregate quality and mechanical strength 
(Pola, 2014; Czinder & Török, 2019, 2021; Lampro-
poulou et al., 2020). They also align with reviews of 
aggregate performance tests, which highlight petrogra-
phy, alteration, and microstructure as key determinants 
of fragmentation and abrasion resistance (Strzałkowski 
et al., 2021). By explicitly linking geochemical and min-
eralogical alteration indices to drop-weight test results, 
the present study contributes to bridging a gap between 
geological characterisation and comminution behaviour.

Although based on a limited dataset, the observed 
tendencies suggest that alteration indices such as CIA 
and smectite quantification could serve as first-order in-
dicators of comminution performance. If validated on 
larger datasets, such metrics could provide quarry opera-
tors with practical tools to forecast crushing response 
before production, thereby supporting process optimisa-
tion, energy efficiency, and improved aggregate quality 
assessment. This preliminary contribution highlights the 
value of incorporating alteration parameters alongside 
mineralogical and textural descriptors in evaluating the 
mechanical response of volcanic rocks.

6. Conclusions

Given the overall uniformity of mineralogical and 
textural properties across the investigated andesite sam-
ples, alongside clear variations in alteration intensity 
and secondary mineral formation, a focused evaluation 
of alteration effects on breakage behaviour is particular-
ly justified. While the influence of mineralogical compo-
sition and textural properties on fragmentation has been 
extensively studied, the role of alteration has received 
far less attention in context of comminution. The present 
study shows that incorporating alteration parameters 
such as the Chemical Index of Alteration (CIA) and 
smectite content provides valuable complimentary in-
formation on the weakening mechanism that governs 
rock breakage. The CIA quantitatively captures the pro-
gressive chemical weathering, while smectite content 
directly reflects the presence of swelling clay minerals 
that weaken rock strength and promote fragmentation.

The observations indicate that both CIA and smectite 
exhibit consistent tendencies toward increased fragmen-
tation susceptibility under impact loading. These results 
are in line with previous findings that emphasised the 
detrimental effect of alteration and phyllosilicate forma-
tion on the mechanical behaviour of volcanic rocks. 
However, detailed experimental approaches to quantify 
these effects, such as the one presented here, remain 
scarce and need to be pursued more extensively in future 
research.

Although the dataset is limited to six samples from 
Hungarian quarries – and the findings should therefore 
be regarded as a preliminary case study rather than rep-
resentative of all volcanic aggregates – the applied 
methodology provides a foundation for future large-
scale measurement campaigns and points toward the de-
velopment of machine learning–based predictive ap-
proaches.

Despite these limitations, the study highlights the po-
tential value of integrating alteration indices into the 
evaluation of comminution behaviour. Similar to geo-
metallurgical approaches developed in ore processing, 
alteration metrics could, if confirmed on larger and more 
diverse dataset, serve as a practical predictive tool for 
assessing crushing performance in andesitic rocks. Such 
an approach would complement traditional petrographic 
methods, supporting more reliable aggregate quality as-
sessments, better resource management, and improved 
process efficiency in industrial application.
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SAŽETAK

Preliminarno istraživanje utjecaja alteracije na svojstva usitnjavanja andezita  
iz kamenoloma Tállya i Recsk (Mađarska)

Ova preliminarna studija istražuje utjecaj postmagmatske alteracije na ponašanje andezitnih stijena tijekom usitnjavanja 
s posebnim naglaskom na kemijski indeks alteracije (CIA) i sadržaj smektita. Šest reprezentativnih uzoraka iz dvaju 
mađarskih kamenoloma (Recsk i Tállya), koji pokazuju uglavnom slična mineralna i teksturna svojstva, ali različite stup-
njeve alteracije, podvrgnuto je ispitivanjima lomljenja pojedinačnih čestica u više granulometrijskih frakcija. Iako ogra-
ničen broj podataka ne omogućuje široke generalizacije, rezultati pružaju početne pokazatelje da su viši CIA indeksi i 
veći sadržaji smektita povezani s povećanom sklonošću fragmentaciji, što se očituje kroz povišene A×b parametre. Stu-
dija pokazuje da indeksi alteracije mogu pružiti vrijedne prediktivne informacije o odgovoru andezita na usitnjavanje. 
Dobiveni rezultati upućuju na važnost uključivanja parametara alteracije uz tradicionalne mineralne i teksturne karak-
teristike prilikom procjene ponašanja andezitnih stijena u proizvodnji agregata. Kvantifikacija smektita naglašava ulogu 
sekundarnih filosilikatnih minerala u smanjenju čvrstoće andezitnih stijena, dok CIA predstavlja šire primjenjivu mjeru 
intenziteta alteracije koja se može primijeniti u različitim vulkanskim kontekstima. Rezultati se predstavljaju kao studi-
ja slučaja koja ističe potencijal CIA indeksa i kvantifikacije smektita kao alata za procjenu, uz naglasak na potrebu za 
dodatnim istraživanjima s većim brojem uzoraka radi potvrde uočenih trendova.

Ključne riječi: 
andezit, proizvodnja agregata, ispitivanje lomljivosti udarnim opterećenjem, alteracija, smektit
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