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Abstract
Understanding the fracture toughness of weathered selenite is critical for assessing the stability of stone cultural heritage under 
environmental degradation. The three-point bending test is a key method for evaluating the mode I fracture toughness in such brittle 
materials. This work investigates the influence of weathering degree on the mechanical response, nonlinear deformation behavior, 
and acoustic emission (AE) characteristics of selenite rock under mode I loading conditions by three-point bending test. A three-
dimensional grain-based model (3D-GBM), incorporating 3D Voronoi tessellation and a flat-joint contact model with unbonded 
contacts, was employed to simulate the heterogeneous crystalline microstructure and pre-existing microcracks typical of weathered 
selenite. Slightly weathered selenite samples collected from the Garisenda Tower in Bologna were utilized for microparameter 
calibration. Numerical models representing moderately and highly weathered conditions were developed by systematically increas-
ing microcrack density and width. Numerical results demonstrate that increased weathering intensifies the nonlinear deformation 
behavior, manifested by more pronounced strain-softening and strain-hardening phases, larger failure displacements, and a marked 
reduction in mode I fracture toughness from 0.181 to 0.052 MPa·m1/2. Force chain analyses reveal a transition toward more hetero-
geneous stress transmission in highly weathered samples, where load-bearing is concentrated on fewer contacts, thereby promoting 
dispersed microcrack initiation and coalescence. AE analysis indicates that, with increasing weathering, the spatial distribution of 
AE events evolves from a localized fracture plane to a more diffuse and random pattern. Concurrently, the maximum AE magnitude 
decreases, and the b-value increases from 2.01 in slightly weathered samples to 3.22 in highly weathered ones, reflecting a shift from 
brittle to ductile failure mechanisms. A sharp decline in the b-value is observed near peak loading, serving as a potential precursor 
to impending catastrophic failure in weathered selenite. This work underscores the necessity of capturing microstructural heteroge-
neity and progressive damage processes to better understand weathering-induced degradation in crystalline rocks. The combined 
application of micromechanical modeling and AE monitoring provides a robust framework for evaluating and preserving stone 
cultural heritage materials subjected to natural weathering.

Highlights

•	 A 3D grain-based model coupled with a flat-joint model was developed to simulate weathered selenite with varying 
weathering degrees.

•	 Increasing weathering degree leads to lower mode I fracture toughness, more heterogeneous force chain distribution, and 
a shift from brittle to ductile failure patterns.

•	 Weathering degree significantly influences the acoustic emission characteristics of selenite, the b-value increases from 
2.01 in slightly weathered to 3.22 in highly weathered samples.
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1  Introduction

Rock weathering is a complex geological phenomenon 
driven by the interaction of diverse physical processes (e.g., 
cyclic wetting and drying, thermal fluctuations) and chemi-
cal mechanisms (e.g., oxidation, hydrolysis, dissolution) 
(Tuǧrul 2004; Carroll 2012). These processes are strongly 
influenced by lithological characteristics and environmental 
conditions. Due to the widespread occurrence of weathered 
rocks across the globe and their frequent exposure in civil 
and geotechnical engineering activities, the mechanical dete-
rioration and microcracking behavior of weathered rocks has 
attracted substantial research attention (Gupta and Rao 2000; 
Vivoda Prodan et al. 2017; Monticelli et al. 2020). Such 
materials are commonly encountered by engineers during 
site investigations, foundation design, and construction oper-
ations. In addition to engineering applications, weathering-
induced damage also poses significant threats to the struc-
tural stability and preservation of stone cultural heritage. 
These monuments, which embody outstanding historical, 
artistic, and scientific value, often suffer progressive deg-
radation after long-term exposure to natural environments. 
A prominent example is the Garisenda and Asinelli towers 
(the Two Towers of Bologna) in northern Italy. Constructed 
primarily from selenite, these structures have undergone 
extensive weathering due to prolonged environmental expo-
sure and thermal damage caused by internal fires, includ-
ing the historic use of a forge inside the Garisenda Tower 
(Dallavalle et al. 2022). Such deterioration has critically 
compromised the mechanical integrity and long-term sta-
bility of the towers. Therefore, a thorough understanding 
of the mechanical behavior of rocks at different weathering 
stages is vital for both rock engineering and cultural heritage 
conservation. In particular, it provides a scientific basis for 
evaluating structural stability and for designing appropriate 
support and reinforcement measures.

From a microstructural viewpoint, rocks are generally 
classified as crystalline or non-crystalline. Crystalline rocks, 
such as granite and marble, consist of well-defined mineral 
grains, whereas non-crystalline or clastic rocks, such as 
sandstone and shale, comprise loosely cemented particles 
with poorly developed crystalline textures. As a typical 
non-crystalline rock, sandstone has been widely employed 
in stone heritage structures such as the Palazzo Ducale in 
central Italy (Mammoliti et al. 2024), the Angkor temples 
in Cambodia (Waragai 2016), the Dazu Grottoes (Lin et al. 
2024; Liu et al. 2025), and the Leshan Giant Buddha in 
southwestern China (Sun et al. 2025a). Rock weathering 
significantly influences both the macroscopic mechanical 
response and microcrack propagation in sandstone. For 
example, the sandstone of the Leshan Giant Buddha is pri-
marily affected by chemical weathering, which degrades 

and removes cementing agents from its surface (Sun et al. 
2025a). The extent of weathering is largely controlled by the 
rock textural attributes, especially its pore size and distribu-
tion (Labus and Bochen 2012; Sun et al. 2025a). Sandstones 
characterized by large and densely distributed pores facili-
tate water infiltration, leading to enhanced colloid leach-
ing and progressive pore enlargement. These microstruc-
tural alterations ultimately weaken the rock, reducing both 
its static and dynamic strength (Zhao et al. 2017; Ke et al. 
2018). The failure mode, characteristic stresses, and appro-
priate conservation measures for such heritage materials are 
intrinsically linked to the microstructural properties of sand-
stone, including grain size and cementation (Liu et al. 2025).

In addition to non-crystalline rocks, crystalline rocks such 
as granite and marble have been widely used in historic stone 
structures due to their durability and aesthetic appeal. For 
example, granite was used in the construction of the Our 
Lady of the Assumption Church in Valdemorillo and the 
Valdemaqueda Bridge in the Madrid region of Spain (Fort 
et al. 2013), while marble was extensively applied in the For-
bidden City and the Temple of Heaven in the Beijing region 
of China (Liu et al. 2019). Crystalline rocks differ markedly 
from sandstones in petrographic properties, exhibiting low 
porosity and a compact microstructure. Their internal het-
erogeneity arises from mineral grain aggregation, cleavage 
planes, and inherent microcracks. Macroscopic mechanical 
behaviors, such as deformation, strength, and crack develop-
ment, are strongly influenced by grain-scale features such as 
grain boundary heterogeneity (Hu et al. 2024a) and mineral 
grain size distribution (Li et al. 2020; Huang et al. 2021; Hu 
et al. 2024b). The degree of weathering exerts a significant 
impact on these properties. For example, the uniaxial com-
pressive and tensile strengths of granite decrease markedly 
with increasing weathering intensity (Ye et al. 2025). Jaques 
et al. (2020) reported a reduction of up to 99% in uniaxial 
compressive strength in highly weathered granitic rock, 
which they attributed to pronounced differences in internal 
structure across weathering stages. Strongly weathered gran-
ite displays a flocculent internal texture with visible exte-
rior cracks; moderately weathered granite shows interlaced 
pore structures and minor surface cracks; while slightly 
weathered granite retains an intact crystalline structure 
with distinct mineral luster and minimal external damage 
(Ye et al. 2025). Given the inherently low tensile strength 
of rock, fracture toughness under mode I loading is a criti-
cal parameter in assessing the stability of weathered rocks 
and preserving stone heritage (Wang et al. 2024a). Selenite, 
composed primarily of large, twinned gypsum crystals, is 
representative of crystalline rock and was widely used in 
historical architecture of the Bologna region due to its vis-
ual appeal and workability (Dallavalle et al. 2022). Studies 
have shown that the fracture toughness of crystalline rocks 
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degrades significantly under weathering processes such as 
freeze–thaw cycles (Dehghani and Faramarzi 2019; Niu 
et al. 2024) or high-temperature treatment (Hu et al. 2023a, 
2023b). However, the micromechanical mechanisms link-
ing weathering and fracture toughness in rocks like selenite 
remain poorly understood.

Recently, numerical modeling techniques have emerged 
as powerful tools to investigate grain-scale effects on the 
mechanical behavior of crystalline rocks (Lan et al. 2010). 
Grain-based models (GBMs), such as PFC2D-GBM (Poty-
ondy 2010; Hu et al. 2020, 2022; Zhang et al. 2024) and 
UDEC-GBM, use polygonal grains constructed via Voro-
noi tessellation to explicitly represent mineral assemblies. 
These models enable the simulation of macro-mechanical 
behavior as an emergent outcome of grain-scale interactions. 
However, conventional 2D models are limited in their ability 
to accurately capture the three-dimensional geometry and 
failure mechanisms of rocks like selenite. Assumptions of 
plane stress or plane strain in 2D simulations constrain their 
effectiveness in representing 3D fracture propagation and 
coalescence (Li et al. 2020; Zhou et al. 2025). To address 
these limitations, more advanced three-dimensional GBMs 
(3D-GBMs) are necessary. Several 3D-GBMs have been 
developed for simulating mechanical behavior and micro-
cracking under both static (Ghazvinian et al. 2014; Li et al. 
2020; Yahaghi et al. 2023; Bu et al. 2025; Zhou et al. 2025) 
and dynamic loading conditions (Yu et al. 2022; Gong et al. 
2025). The microstructural heterogeneity of crystalline rocks 
significantly influences their mechanical response (Lan et al. 
2010; Mahabadi et al. 2014; Huang et al. 2021; Hu et al. 
2024a; Rasmussen and Min 2024), including properties 
such as fracture toughness, elastic modulus, and strength, 
which are governed by microparameters in GBMs. It is pos-
sible to have non-linear models using linear elastic contacts 
when heterogeneity is represented, for example, by means of 
stiffness and strength properties that follow some statistical 
distribution. An example of work that achieves realistic non-
linear behavior using such an approach for a complex ani-
sotropic rock was presented by Rasmussen and Min (2024). 
However, most existing GBMs rely on linear elastic contact 
models, making them suitable only for fresh rocks with near-
linear pre-peak behavior. These models fail to capture the 
nonlinear stress–strain response observed in highly weath-
ered crystalline rocks (Gupta and Rao 2000; Sarfarazi et al. 
2024). In the Garisenda Tower, centuries of exposure to 
environmental agents such as rainfall and fire have induced 
a wide range of weathering stages in the selenite blocks, 
resulting in highly complex mechanical behavior. Given its 
unique crystalline nature and widespread use in Italian her-
itage structures, a better understanding of the mechanical 

and microcracking behavior of selenite is essential for its 
conservation. Conventional GBMs fall short in this regard. 
Therefore, one of the aims of this work is to develop an 
extended 3D-GBM capable of reproducing the microstruc-
tural features of selenite across different weathering stages.

Nondestructive structural health monitoring (SHM) plays 
a vital role in the diagnosis and preservation of stone herit-
age buildings (Lacidogna et al. 2015). SHM systems can 
be classified based on measurement duration, frequency, 
target parameters, and monitoring techniques (Baraccani 
et al. 2021; Pesci et al. 2024). Acoustic emission (AE) is a 
widely used nondestructive technique for real-time monitor-
ing. It captures transient elastic waves generated by micro-
structural changes such as crack initiation and propagation. 
AE technology has been applied to various heritage sites, 
including the Garisenda Tower (Marin Montanari et al. 
2024). In its basement, selenite blocks exhibit a wide range 
of weathering intensities, ranging from slight to moderate, 
while highly weathered selenite is found in areas affected 
by historical fires. In these regions, the microcrystalline 
structure is severely pulverized, compromising mechani-
cal integrity (Dallavalle et al. 2022). AE responses during 
failure vary significantly with the degree of weathering. 
Studies on sandstone, marble, and granite have shown that 
rocks subjected to freeze–thaw cycles display distinct AE 
patterns compared to fresh specimens (Ullah et al. 2023; 
Zhou et al. 2023). Treated rocks exhibit higher and more 
stable AE energy accumulation. Similarly, heating–cooling 
cycles result in smoother AE energy curves and increasing 
b-values due to the progressive development of microcracks 
(Ge and Sun 2018). To assess the stability of monuments 
such as the Garisenda Tower, AE-based zonal evaluations 
offer a promising approach. However, studies on AE behav-
ior in weathered crystalline rocks, particularly selenite, 
remain scarce.

The primary objective of this work is to propose an 
extended 3D-GBM for investigating the mechanical 
response, nonlinear deformation, and AE characteristics of 
selenite subjected to varying degrees of weathering under 
mode I loading. Initially, three-point bending tests were 
conducted on slightly weathered selenite samples collected 
from the Garisenda Tower of Bologna. These experiments 
were then replicated using a 3D-GBM incorporating a flat-
joint contact model, implemented in PFC3D 5.0 (Itasca 
Consulting Group Inc. 2014). Finally, by constructing 
numerical models of selenite at different weathering lev-
els, the nonlinear deformation behavior and corresponding 
AE responses under mode I loading were systematically 
analyzed.
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2 � Materials and Methods

2.1 � Selenite Sample

The City of Bologna, located in northern Italy (Fig. 1a), 
is renowned for its rich cultural heritage. Among its most 
iconic landmarks are the Garisenda and Asinelli towers, 
widely recognized as enduring symbols of the city (Fig. 1b). 
Together with numerous civic towers and tower houses con-
structed during the Middle Ages, these monuments repre-
sent a significant component of Italian architectural herit-
age, particularly in the northern and central regions of the 
country. The Garisenda Tower, originally completed in the 
early twelfth century, once stood at a height of 60 m, but was 
reduced by approximately 12 m during the mid-fourteenth 
century. Its base is faced with selenite stone, added in the 
late nineteenth century (Fig. 1c). The tower rests on a geo-
logically complex foundation composed of highly variable 
subsoil strata with limited lateral continuity, which has led 
to uneven settlement and is regarded as a primary cause of 
the current inclination. Historical records and recent inves-
tigations suggest that earlier construction activities in the 
surrounding area likely introduced additional disturbances 
to the load distribution and subsoil stress regime, further 
contributing to differential settlement (Bertolini et al. 2023). 
These findings emphasize the necessity of continuous AE 
monitoring to ensure the structural integrity and long-term 
stability of the Garisenda Tower. The wall stratigraphy of 
the Garisenda Tower, progressing from the exterior to the 

interior, includes an outer ashlar masonry layer, followed by 
weathered selenite, slightly weathered selenite, a heteroge-
neous conglomerate, and another layer of slightly weathered 
selenite (Fig. 1d).

In this work, rock samples were obtained by coring 
from the innermost layer of the tower structure (Fig. 1d). 
The sampling was conducted in the basement area of the 
Garisenda Tower, using a borehole with an approximate 
diameter of 75 mm. Representative selenite samples were 
selected for subsequent three-point bending tests to investi-
gate their mechanical properties and deformation behavior. 
Uniaxial compression tests were conducted on six cylindri-
cal samples with varying slenderness ratios. The results 
indicate that the slightly weathered selenite samples exhibit 
average uniaxial compressive strength and elastic modulus 
values of 10.23 MPa and 987.50 MPa, respectively, with a 
measured Poisson’s ratio of 0.18. Selenite primarily consists 
of gypsum (CaSO4·2H2O), forming the dominant mineral 
phase, as verified by X-ray diffraction (XRD) analysis. The 
grain boundaries are typically filled with a clay-rich matrix 
or other fine-grained argillaceous cementing materials. With 
increased weathering, the selenite undergoes a range of 
microstructural modifications, including the development of 
microcracks and micropores, volumetric instability, dehydra-
tion of gypsum, and subsequent formation of a newly inter-
locked microcrystalline gypsum framework. These changes 
contribute to the progressive degradation of the original rock 
fabric (Dallavalle et al. 2022).

Fig. 1   Sampling location and structural details of the Garisenda 
Tower. a Map of Italy showing the sampling location in Bologna; 
b Image of Garisenda (left) and Asinelli Tower (right) (Pesci et  al. 

2024); c Close-up view of the base of Garisenda Tower; d Schematic 
cross-section of the tower structure. Note: the blue pentagram in (d) 
indicating the location of slightly weathered selenite sampling
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2.2 � 3D Grain‑Based Model

Potyondy (2010) introduced a GBM approach capable of 
representing the realistic microstructure of crystalline rocks. 
In this framework, distinct micromechanical parameters are 
assigned to two types of contacts: intragrain contacts (IG 
contacts), which occur within mineral grains, and grain 
boundary contacts (GB contacts), which lie along grain 
boundaries. This differentiation allows for the simulation of 
heterogeneous mechanical responses characteristic of natural 
rock materials. In the original GBM formulation, IG con-
tacts were modeled using the linear parallel bond model, 
while GB contacts were represented by the smooth-joint 
model (Potyondy 2010). Building on this foundation, various 
combinations of contact models have since been proposed. 
For example, the flat-joint model has been used for IG con-
tacts in combination with the smooth-joint model for GB 
contacts (Wang et al. 2021; Zhao et al. 2021), while some 
studies have applied the linear parallel bond model to both 
contact types (Hu et al. 2023c). Although these approaches 
have successfully replicated the microstructural features and 
mechanical responses of intact crystalline rocks, they have 
been primarily limited to fresh specimens, which typically 
exhibit a nearly linear-elastic stress–strain response during 
the pre-peak stage (Saadat et al. 2021; Wang et al. 2021, 
2025; Zhao et al. 2021; Hu et al. 2023c; Zhang et al. 2024; 
Zhou et al. 2025).

In contrast, weathered rocks commonly contain a high 
density of microcracks, and their mechanical response is 
characterized by pronounced nonlinear behavior associ-
ated with crack closure during initial loading (Gupta and 
Rao 2000; Huang et al. 2021; Sarfarazi et al. 2024; Ye et al. 
2025). Several methods have been proposed to capture this 
nonlinear behavior. One approach involves using a variable-
stiffness joint contact model (Mehranpour and Kulatilake 
2017), while another involves setting initial gaps in the linear 
parallel bond model (Ji et al. 2018). The latter technique, 
implemented in PFC2D, enables the generation of a large 
number of microcracks without significantly increasing com-
putational costs. However, this approach reduces the degree 
of particle interlocking, making it difficult to simulate a pro-
gressive reduction in tangent modulus during uniaxial com-
pression (Ji et al. 2018). The flat-joint model, originally pro-
posed by Potyondy (2012), offers rotational constraint due to 
grain interlocking through a polygonal grain representation, 
which is simpler than clusters of discrete particles. Addition-
ally, flat-joint contacts, which are surface-based rather than 
point-based, more accurately represent the propagation of 
stress waves and are thus better suited for simulating AE 
behavior (Peng et al. 2024). The flat-joint model in PFC, 
along with Voronoi-based grain approaches, has been widely 
used to investigate key aspects such as fracture initiation 
(Zhou et al. 2019), size effects (Li et al. 2018a), and AE 

behavior (Ma et al. 2021) of rock materials. To accurately 
reproduce both the microstructural features and the non-
linear mechanical response of weathered crystalline rocks 
such as selenite, this work proposes an extended 3D-GBM, 
wherein both IG and GB contacts are implemented using 
the flat-joint model.

As shown in Fig. 2a, flat-joint contacts maintain a face-to-
face configuration between particles, regardless of whether 
the bonds are intact or broken (Itasca Consulting Group Inc. 
2014). This feature makes the flat-joint model particularly 
effective in simulating narrow microcracks and enables the 
reproduction of nonlinear crack closure behavior in weath-
ered selenite. By explicitly differentiating IG and GB con-
tacts, the GBM can simulate fracture development in both 
regions, allowing the identification of four distinct microc-
rack types during loading: intragrain tensile (IGT) cracks, 
intragrain shear (IGS) cracks, grain boundary tensile (GBT) 
cracks, and grain boundary shear (GBS) cracks (Fig. 2b).

The contact interface of the flat-joint model is discre-
tized into multiple sub-elements (Fig. 2a), each of which 
may be either bonded or unbonded. Damage is accumulated 
through the progressive breakage of bonded sub-elements. 
The mechanical behavior of the flat-joint model is illus-
trated in Fig. 2c and d (Itasca Consulting Group Inc. 2014). 
Bonded sub-elements behave in a linear-elastic manner until 
their strength threshold is exceeded, after which they transi-
tion to an unbonded state (Fig. 2c). Unbonded elements also 
behave elastically but incorporate frictional sliding governed 
by the Coulomb failure criterion (Fig. 2d). A comprehensive 
description of the flat-joint model is available in the PFC 
user manual (Itasca Consulting Group Inc. 2014).

Conventional flat-joint models for intact rock often face 
challenges in reproducing the nonlinear crack-closure stage 
observed during loading (Wang et al. 2021; Zhao et al. 
2021). These difficulties arise because the standard config-
urations assume that most contacts are either fully or par-
tially bonded, without initial gaps. Introducing unbonded 
contacts with predefined gaps provides a way to represent 
initial microcracks and capture the macroscopic nonlinear 
deformation behavior of weathered rocks. In the flat-joint 
framework, each microcrack is represented by an unbonded 
contact. For weathered samples, two key microstructural 
parameters are used to characterize the crack network: crack 
width and crack density. Crack width refers to the initial gap 
between the flat-joint surfaces (Fig. 2a), while crack length 
is defined by the diameter of the smaller of the two parti-
cles forming the contact. Crack density is quantified as the 
ratio of unbonded contacts to the total number of contacts. 
Numerous studies have performed sensitivity analyses on 
these microparameters. Crack density predominantly influ-
ences the extent of the crack-closure stage, whereas crack 
width affects the evolution of the tangent modulus. As crack 
density increases, the stress–strain response exhibits a more 
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pronounced nonlinear closure region and a gradual transi-
tion from brittle to ductile behavior (Ye et al. 2022; Peng 
et al. 2024).

2.3 � Modeling of the Semi‑circular Bend Selenite 
Sample

The slightly weathered selenite (SWS) samples examined 
in this work were collected from the Garisenda Tower in 
Bologna, Italy. The semi-circular bend (SCB) specimen is 
a widely accepted configuration for determining the mode 
I fracture toughness of rock materials, owing to its simple 
specimen preparation procedure. It is also recommended 
by the International Society for Rock Mechanics (ISRM) 
(Kuruppu et al. 2014). According to ISRM guidelines, the 
ratio of notch length to specimen radius should lie between 
0.4 and 0.6. However, due to the fragile nature of the weath-
ered selenite samples obtained in this work, specimen prep-
aration was challenging. In particular, the manual cutting 
of notches was highly constrained, limiting the achievable 
notch length to only 3 mm, which deviated from the rec-
ommended ratio. For SCB specimen preparation, selenite 
cores with a radius of 37.5 mm and a thickness of 20 mm 
were halved along the diameter to produce two semi-circular 
discs. A straight notch, 3 mm in length and 1 mm in width, 
was introduced perpendicular to the flat surface, originat-
ing from the center of the disc. The specific geometrical 
parameters of the SCB specimen are illustrated in Fig. 3a. 
A photograph of the prepared selenite SCB sample is shown 
in Fig. 3b. This specimen was subsequently subjected to 
three-point bending tests under mode I loading conditions, 
accompanied by real-time AE monitoring to evaluate both 
its mechanical properties and AE characteristics.

Voronoi tessellation has been widely employed to simu-
late the microstructure of crystalline rocks such as granite 
(Yu et al. 2022; Hu et al. 2023c), marble (Li and Bahrani 
2021), and salt rock (Li et al. 2020). It is recognized as one 
of the most effective and appropriate techniques for con-
structing polygonal polycrystalline models, such as the 
3D-GBM utilized in this work. The three-dimensional Voro-
noi tessellation was applied to replicate the mineral grain 
distribution of SWS, enabling a realistic representation of 
its internal microstructure. A 3D Voronoi tessellation is a 
partition of a domain of 3D space, D ∈ ℝ

3 , into a collection 
of cells. Given a number of seed points in D, 

{
Si
(
xi
)}

  for 
i = {1,… ,N} , every seed is assigned a Voronoi cell, Ci, as 
follows:

where d(.,.) is the Euclidean distance. The seed locations are 
randomly chosen from a uniform distribution in the domain. 
In this study, 3D Voronoi tessellations were generated using 
Rhinoceros software within a spatial domain that matched 
the geometry of the selenite SCB specimens tested in the 
laboratory (Fig. 3c). The generated Voronoi tessellation was 
subsequently imported into PFC3D in STL file format. The 
numerical model was constructed using clusters of spheri-
cal particles (balls), with ball radii uniformly distributed 
between 0.50 and 0.83 mm. By integrating the ungrouped 
particle assembly with the Voronoi structure, particles 
located within each Voronoi cell were grouped to represent 
individual gypsum grains (Fig. 3d). Each mineral grain 
was therefore modeled as a cluster composed of numerous 
smaller balls. The modeled SWS sample comprised 28,112 
balls and 163,166 contacts, organized within 238 Voronoi 

(1)Ci =
{
P(x) ∈ D

|||d
(
P, Si

)
≤ d

(
P, Sj

)
,∀j ≠ i

}

Fig. 2   Basic principle of 3D 
GBM (modified after Itasca 
Consulting Group Inc (2014)). 
a Flat-joint model; b Sche-
matic diagrams of four types 
of Microcracks in 3D GBM; 
c Notional surface element 
bonded state; d Notional 
surface element unbonded state. 
Microcrack types in (b) are 
abbreviated as follows: intra-
granular tension (IGT) crack, 
intragranular shear (IGS) crack, 
grain boundary tension (GBT) 
crack and grain boundary shear 
(GBS) crack. Note: σc tensile 
strength, kn normal stiffness, ks 
shear stiffness, c cohesion, ϕ 
friction angle, gs surface gap, 
and μ friction coefficient
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cells. On average, each cell contained approximately 118 
balls and 685 contacts, which is sufficient to represent the 
internal mechanical behavior of gypsum grains (Li et al. 
2018b, 2020; Hu et al. 2024a). The interface between two 
adjacent mineral grains was defined as a grain boundary 
(Fig. 3e), and contacts along these boundaries were assigned 
distinct micromechanical parameters from those within the 
mineral grains (Fig. 3f), in order to account for the mechani-
cal heterogeneity between intragrain and intergrain regions. 
The grain size and sphericity of the 3D Voronoi tessellations 
used to simulate selenite (Fig. 3g and h) reflect the geometric 
heterogeneity inherent in the modeled microstructure. The 
average grain size was approximately 0.35 cm, classifying 
the modeled selenite as coarse-grained according to estab-
lished criteria (Caselle et al. 2019a, b).

It is important to acknowledge that current numerical 
approaches for simulating the grain-scale micromechanics 
of selenite possess inherent limitations in fully reproduc-
ing its complex geometric heterogeneity. A certain level 
of simplification is both necessary and acceptable (Lan 
et al. 2010; Hu et al. 2023c; Zhou et al. 2025). In line with 
this, the modelled SWS sample developed in this work 
does not attempt to replicate the exact geometry of mineral 
grains or to capture all weathering-induced features, such 
as micropores, microcracks, or mineral phase transitions 
in full detail. Rather, the modeling focuses on two pri-
mary factors that play a dominant role in influencing the 
mechanical behavior of weathered crystalline rocks: the 
overall microstructural configuration, represented by 3D 
Voronoi tessellations, and the inclusion of microcracks, 
incorporated through the flat-joint model.

This work aims to investigate the influence of weather-
ing degree on the mode I fracture toughness of selenite. 
Under static loading conditions, SCB specimens were sub-
jected to symmetric three-point bending with a span length 
of 50 mm until failure occurred (Fig. 3a). The mode I frac-
ture toughness (KIC) for both experimental and numerical 
specimens was determined based on the measured peak 
load (Pmax) and the geometrical parameters of the SCB 
samples, as defined by Kuruppu et al. (2014):

where a is the notch length, R is the radius of samples, B is 
the thickness of samples. The stress intensity factor Y ′ is a 
dimensionless parameter that depend on the sample geome-
try and loading conditions. According to the results reported 
by Lim et al. (1993), the values of Y ′ used in this work is 
approximately 3.8210.

Three-point bending tests were conducted using a servo-
hydraulic Materials Test System (MTS) at the Department 

(2)KIC = Y �
Pmax

√
�a

2RB

of Structural, Geotechnical and Building Engineering, 
Politecnico di Torino. The SCB specimens were subjected 
to monotonic three-point bending at a constant loading rate 
of 0.02 mm/min until rock failure. The experimental setup 
comprised a loading frame with integrated force and dis-
placement measurement systems, a data acquisition com-
puter, and two support rollers on which the SCB specimen 
was positioned. Additionally, an AE monitoring system was 
employed to capture real-time signals during the loading 
process. Each test was terminated when a pronounced drop 
in axial load was observed, indicating the onset of specimen 
failure.

2.4 � Modelling Acoustic Emission by Moment Tensor 
Calculation

When a flat-joint contact fails, the bonded particles separate, 
inducing deformation in the surrounding contacts (Hazzard 
and Young 2000). This local redistribution of stress leads to 
variations in contact forces around the failure zone. In the 
3D-GBM, microcracks that occur in close spatial and tempo-
ral proximity are grouped as a single AE event. The duration 
of each AE event is estimated based on the assumption that 
crack propagation occurs at half the shear wave velocity of 
the modeled selenite. Consequently, if a subsequent micro-
crack forms within the influence zone of an ongoing crack, 
it is considered part of the same AE event, and the source 
area is updated to include all associated source particles. 
This approach allows the formation of AE events composed 
of multiple microcracks, resulting in more realistic distribu-
tions of AE magnitudes. The following is the formula for 
calculating the AE moment tensor M (Hazzard and Young 
2004):

where ΔFi is the ith component of change in flat-joint 
contact force, and Rj corresponds to the jth component of 
the distance between the contact force and the microcrack 
center. The scalar moment M0 is determined as follows:

where mj is the jth eigenvalue of moment tensor M. The 
maximum value of the scalar moment M0 is used to compute 
the magnitude M associated with an AE event:

(3)Mij=
∑

ΔFiRj

(4)
M0 =

������
3∑
j=1

m2
j

2

(5)M =
2

3
logM0−6
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The moment tensor can be divided into isotropic and devia-
toric parts:

where tr(M) is the sum of eigenvalues, and m∗
i
 is the devia-

toric eigenvalues (i = 1, 2, 3). Depending on their isotropic/
deviatoric ratio λ, the AE event is classified as “tensile,” 
“shear,” or “implosive” type. The isotropic/deviatoric ratio 
is given by (Feignier and Young 1992):

An AE event can be characterized as “tensile” (λ > 30%), 
“shear” (− 30% ≤ λ ≤ 30%), or “implosive” (λ <  − 30%) 
(Feignier and Young 1992). An additional technique for ana-
lyzing the moment tensor M involves its decomposition into 
three fundamental components: isotropic (ISO), double couple 
(DC), and compensated linear vector dipole (CLVD) (Hudson 
et al. 1989; Vavryčuk 2015). To facilitate the interpretation 
of failure mechanisms, two scalar parameters T (representing 
the deviatoric component) and k (representing the isotropic 
component) were derived from the moment tensor of each AE 
event. T is a measure of the deviatoric component of the source 
ranging from a pure positive CLVD at − 1 to a pure negative 
CLVD at + 1 and passing through a pure double couple at the 
origin. k is a measure of the isotropic component of the source 
and varies from a pure explosion at + 1 to a pure implosion 
at − 1. These values are calculated by (Hudson et al. 1989; 
Vavryčuk 2015):
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2.5 � Microparameters Calibration

The investigated selenite in this work is a monomineralic 
crystalline rock predominantly composed of gypsum grains 
and their associated grain boundaries. Despite its mineral-
ogical uniformity, previous micro-scale investigations have 
demonstrated that the mechanical properties of gypsum 
exhibit notable heterogeneity at the grain scale, primarily 
due to differences in microstructural features (Caselle et al. 
2019a, b; Ramon et al. 2021). For example, the strength and 
stiffness of gypsum vary significantly along different crys-
tallographic cleavage planes (Mukherjee and Misra 2024). 
To balance computational efficiency with model fidelity, 
the intrinsic microparameters of all gypsum grains were 
assumed to be identical. However, heterogeneity is still pre-
served in the modeled samples due to the random distribu-
tion of unbonded contacts introduced by the flat-joint con-
tact model and the inherent variability in the 3D structure of 
the Voronoi cells. A similar approach was adopted for defin-
ing the microparameters associated with grain boundaries.

In the 3D-GBM, calibration of microparameters is a criti-
cal step to ensure that the numerical model reproduces the 
experimentally observed macroscopic responses, including 
peak load, mode I fracture toughness, and generalized stiff-
ness (defined as the slope of the load–displacement curve). 
The SWS specimens obtained from the Garisenda Tower 
in Bologna served as reference samples for calibrating the 
microparameters of the 3D-GBM. Most microparameters 
reflect the intrinsic properties at the grain scale and are not 
readily measurable through conventional laboratory testing, 
particularly when both intragrain and grain boundary con-
tacts are explicitly modeled, which significantly increases 
the heterogeneity of the model. Therefore, a trial-and-error 
approach, widely used in GBMs (Potyondy 2010), was 
adopted to iteratively determine suitable microparameter 
values. The calibrated microparameters for modeled selenite 
SCB samples with varying degrees of weathering are sum-
marized in Table 1.

A qualitative and quantitative comparison between the 
numerical simulations and experimental observations dem-
onstrated similar failure patterns and mechanical responses 
(Fig. 4). Figure 4a and b show the experimental SCB sam-
ples before and after loading, respectively, while Fig. 4c and 
d depict the corresponding numerical results at the same 
stages. At the macroscopic scale, a tensile macrocrack initi-
ated at the notch tip and propagated toward the loading point, 
consistent with the tensile stress concentration induced by 
the three-point bending configuration applied to the SCB 
specimens. Owing to the pronounced heterogeneity of the 
SWS samples including both geometric and mechanical 
inhomogeneity the macroscopic fracture surfaces exhibited 

Fig. 3   The modeling process of SCB selenite sample by 3D GBM. 
a Geometry of SCB sample; b SCB selenite sample collected from 
the Garisenda Tower in Bologna; c 3D Voronoi tessellations repre-
senting the microstructure of selenite; d Grouped 3D GBM for sel-
enite; e Cross-sectional view of the SCB selenite model; f Illustra-
tion of intragrain contacts and grain boundary contacts; g Grain size 
distribution diagram consisting of a box plot (left) and a scatter plot 
(right); h Sphericity distribution diagram consisting of a box plot 
(left) and a scatter plot (right). Note: in (c), (d), and (e), different 
colors represent individual gypsum mineral grains

◂
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significant irregularity and angular deviation. From a grain-
scale perspective, both experimental and numerical fracture 
surfaces were composed of IG and GB cracks. The coales-
cence and propagation of these cracks contributed to the 
formation of a complex three-dimensional fracture path. 
Previous studies have emphasized the role of weak planes, 
such as grain boundaries, in influencing crack initiation and 
deflection near the notch tip (Wong et al. 2019). In weath-
ered selenite, this effect is further amplified by the well-
developed cleavage planes of gypsum. Thus, both cleavage 
planes and grain boundaries significantly influence the crack 
propagation process. Figure 4e compares the load–displace-
ment curves obtained from numerical modeling and labo-
ratory testing of SCB samples under mode I loading. The 
numerical results exhibit good agreement with the experi-
mental data, particularly in capturing the initial nonlinear 
crack-closure stage. This behavior is accurately reproduced 
by the extended 3D-GBM developed in this work, which 
incorporates the flat-joint model and accounts for pre-exist-
ing microcracks. The modeled load–displacement response 
matches well with the observed experimental curve, validat-
ing the effectiveness of the numerical approach. The simu-
lated mechanical properties also align well with experimen-
tal measurements. The mode I fracture toughness derived 
from numerical simulation is 0.181 MPa·m1/2, while the 

corresponding laboratory value is 0.185 MPa·m1/2, resulting 
in a relative error of only 2.16%. Similarly, the generalized 
stiffness obtained from numerical modeling is 2.061 kN/mm, 
compared to 2.280 kN/mm from laboratory testing, demon-
strating satisfactory agreement. These results confirm the 
capability of the 3D-GBM to reliably replicate the mechani-
cal behavior of weathered selenite.

In terms of AE characteristics, AE events initiated at 
approximately 25% of the peak load during the early load-
ing stage in both simulations and experiments (Fig. 4e). As 
the load increased, the number of AE events steadily rose. 
The temporal evolution of numerically simulated AE activ-
ity closely mirrored experimental observations, supporting 
the validity of using moment tensor theory to simulate AE 
behavior within the 3D-GBM framework. Nevertheless, the 
total number of AE events recorded in numerical simulations 
was significantly higher than in experiments. This discrep-
ancy is attributed to the idealized conditions in numerical 
modeling, where all acoustic emission events are recorded 
regardless of their magnitude. In contrast, experimental AE 
recordings are subject to limitations such as sensor place-
ment and quantity, amplitude thresholds, and other practi-
cal constraints, leading to under-recording of low-amplitude 
events.

The above analysis demonstrates that the microparam-
eters of SWS listed in Table 1 effectively reproduce the 
mechanical properties, microcrack behavior, and AE char-
acteristics observed in the experimental selenite samples. To 
simulate selenite with varying degrees of weathering, this 
work focuses on a key feature of the weathering process: 
the increase in microcracks. This phenomenon has been 
consistently confirmed by numerous experimental studies 
across different weathering stages (Luque et al. 2011; Car-
roll 2012; Eppes and Keanini 2017; Okewale and Grobler 
2021; Ye et al. 2025). Other aspects of rock weathering, 
such as changes in microporosity, volumetric variations, 
and phase transitions, are not addressed in the present work 
(Carroll 2012; Yang et al. 2025). Starting from the micropa-
rameters calibrated for the modeled SWS samples (Fig. 5a), 
crack width and crack density were systematically increased 
to develop two additional heterogeneous 3D-GBMs repre-
senting moderately weathered selenite (MWS, Fig. 5b) and 
highly weathered selenite (HWS, Fig. 5c). The correspond-
ing microparameters for MWS and HWS are summarized 
in Table 1. Specifically, the crack width and crack density 
for MWS are 1.5 × 10−5 m and 0.67, respectively, while 
those for HWS are 2.0 × 10−5 m and 0.71, respectively. It is 
important to note that the MWS and HWS models were not 
derived from in-situ core samples taken from the Garisenda 
Tower in Bologna, due to practical limitations and concerns 
about potentially compromising the tower’s structural sta-
bility. Thus, these modeled MWS and HWS samples should 

Table 1   Calibrated microparameters for modelled selenite SCB sam-
ples

Microparameter SWS MWS HWS

Basic parameters
Minimum radius of particle (mm) 0.50 0.50 0.50
Particle radius ratio 1.66 1.66 1.66
Particle density (kg/m3) 2400 2000 1600
Effective modulus (GPa) 1.42 1.42 1.42
Crack width (1 × 10−5 m) 0.9 1.5 2.0
Crack density 0.54 0.67 0.71
Mineral grain (Flat-joint model)
Modulus (GPa) 1.42
Radius multiplier 1.0
Normal-to-shear stiffness ratio 1.0
Tensile strength (MPa) 9.2
Cohesion (MPa) 15.3
Friction angle (°) 20
Grain boundary (Flat-joint model)
Modulus (GPa) 1.25
Radius multiplier 1.0
Normal-to-shear stiffness ratio 1.0
Tensile strength (MPa) 6.5
Cohesion (MPa) 10.2
Friction angle (°) 15
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be regarded as conceptual representations that capture the 
general behavior of weathered selenite, rather than direct 
analogues of specific physical specimens.

3 � Results

3.1 � Influence of Weathering Degree 
on the Mechanical Properties and Microcracking 
Behavior

Numerous previous studies have explored the mechanical 
properties and microcracking behavior of rocks subjected 
to various degrees of weathering under different loading 
conditions (e.g., static uniaxial compression, dynamic load-
ing), particularly in relation to processes such as chemical 
corrosion, wetting–drying cycles, and high-temperature 
treatment (Zhao et al. 2017; Lin et al. 2020; Moslehy et al. 
2022). However, the tensile fracture behavior of weathered 

crystalline rocks under three-point bending conditions has 
received limited attention. This section presents a numeri-
cal investigation into the effects of weathering degree on 
the mechanical response and microcracking characteristics 
of modelled SCB selenite specimens. The analysis focuses 
on load–displacement responses, peak load, mode I frac-
ture toughness, and the evolution of microcrack propagation 
patterns.

As the degree of weathering increases, the mechanical 
response of the modelled selenite samples undergoes nota-
ble changes. From slightly weathered to highly weathered 
conditions, the crack-closure stage becomes increasingly 
distinct (Fig. 6a). The SWS sample demonstrates an almost 
linear-elastic (or quasi-elastic) behavior throughout most 
of the loading process. Although a minor nonlinear region 
appears at the beginning of the load–displacement curve, 
this feature distinguishes it from entirely fresh and intact 
selenite. The initial generalized stiffness of the SWS sam-
ple (0.737 kN/mm) is approximately 64% lower than its 

Fig. 4   Results of microparam-
eters calibration. a and b show 
the experimental samples before 
and after loading; c and d show 
the numerical samples before 
and after loading; e Comparison 
of the load–displacement curves 
and the number of AE events 
obtained by numerical simula-
tion and laboratory test
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stiffness measured at 50% of the peak load (2.061 kN/mm) 
(Fig. 6b). In the post-peak stage, the load drops abruptly, 
signifying a typical brittle failure mode. In contrast, the 
MWS sample exhibits a more pronounced strain-hardening 
behavior. Its initial generalized stiffness is considerably 
lower than that measured at 50% of peak load. Following 
the initial nonlinear stage, the response becomes nearly 
linear, transitioning into a strain-softening phase. The 
post-peak region is significantly more extended than that 
of the SWS sample. The HWS sample displays a defor-
mation trend similar to that of the MWS sample, though 
with more apparent strain-hardening behavior in the early 
loading phase (Fig. 6a). In the post-peak stage, the load 
decreases gradually, indicating a transition from brittle to 
ductile failure.

Overall, with increasing weathering, the initial nonlin-
ear (plastic deformation) stage becomes more pronounced 
(Fig. 6a), and the initial generalized stiffness decreases 
(Table 2). The mid-section of the load–displacement curves 
remains generally elastic across all weathering degrees, but 
the extent of the elastic region shortens with more advanced 
weathering. In contrast, both the initial strain-hardening seg-
ment and the final strain-softening segment become increas-
ingly prominent as weathering progresses. These findings 
suggest that the increase in crack density and crack width 
induced by weathering (Fig. 5) significantly modifies the 
overall deformation behavior of selenite under three-point 
bending, influencing both pre-peak and post-peak responses. 

According to previous studies, an increase in crack density 
within flat-joint models leads to a reduction in the initial 
modulus, while a larger crack width extends the strain or 
displacement observed during the crack-closure stage (Peng 
et al. 2024). In the present work, both crack density and 
crack width vary as a function of weathering degree. Their 
combined effect induces distinct changes in the deforma-
tion behavior of the numerical models. These results more 
accurately reflect the natural weathering process in rocks, 
during which both microcrack density and width typically 
increase (Carroll 2012).

The mode I fracture toughness of the three modelled sel-
enite samples was determined using Eq. (2), and the corre-
sponding values are presented in Table 2. A clear decreas-
ing trend in fracture toughness is observed with increasing 
weathering degree. For instance, the mode I fracture tough-
ness of the HWS sample is 0.052 MPa·m1/2, representing 
a reduction of approximately 71% compared to the SWS 
sample, which exhibits a value of 0.181 MPa·m1/2. This deg-
radation in fracture resistance is accompanied by an increase 
in the displacement at peak load and a decrease in the ini-
tial generalized stiffness, as shown in Table 2. These trends 
are consistent with previous observations of rock behavior 
under uniaxial compression, where increased weathering 
typically leads to reduced stiffness and enhanced deform-
ability (Gupta and Rao 2000).

One distinct advantage of the 3D-GBM technique is its 
capability to quantitatively track the evolution of various 

Fig. 5   Contact distribution of SCB selenite samples with three different weathering degrees. a SWS; b MWS; c HWS. Note: a crack width of 
zero indicates a bonded contact in the flat-joint model
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microcrack types during loading. Figure 7 presents the 
load–displacement curves of the three modelled selenite 
samples with different degrees of weathering under mode 
I loading, alongside the evolution of four microcrack types 
(GBT, IGT, GBS, and IGS). Among these, tensile cracks 
(GBT and IGT) are predominant, with GBT cracks alone 
comprising over 50% of the total (Fig. 7d). This domi-
nance of tensile failure is primarily attributed to the geo-
metric configuration and loading conditions inherent to the 
SCB specimen. Furthermore, the pronounced occurrence 
of GBT cracking is closely linked to the presence of clay-
rich cementing materials along grain boundaries, which 
deteriorate considerably during the weathering process. As 
weathering progresses, the mechanical integrity of these 
boundaries weakens, rendering them more susceptible 
to GBT-type cracking under external loading. The evo-
lution of crack numbers exhibits distinct patterns across 
the three weathering levels. In the modelled SWS sample, 
only a few cracks are generated before peak load; however, 
the number increases rapidly during the peak and post-
peak stages, indicating a quasi-brittle failure mechanism 
(Fig. 7a). In contrast, for the modelled MWS and HWS 
samples, crack initiation begins earlier at approximately 
50% of the peak load with a marked increase observed 
between 70 and 80% of the peak load (Fig. 7b and c). 

Crack development continues well into the post-peak stage 
in both MWS and HWS samples. Another noteworthy 
observation is the timing of crack initiation among the dif-
ferent crack types. In the SWS sample, all four crack types 
tend to emerge almost simultaneously. However, in both 
MWS and HWS samples, GBT cracks initiate earlier than 
the others. This behavior highlights the increasing role of 
weathering-induced degradation at the grain boundaries, 
which accelerates failure in highly weathered crystalline 
rocks by promoting early tensile cracking along weakened 
interfaces.

The microcrack characteristics of both experimental 
and modelled SWS samples are compared in Fig. 8. In the 
modelled SWS sample, macro-scale tensile rupture devel-
ops through the initiation, propagation, and coalescence of 
intragrain and grain boundary cracks. The resulting fracture 
surface is irregular and strongly influenced by the intrinsic 
microstructure of selenite (Fig. 8a). This behavior is typical 
of crystalline selenite, where the mineral grains, primarily 
composed of gypsum, possess higher mechanical strength 
than the grain boundaries, which are often weakened by 
clay-rich cementing materials. Additionally, gypsum has 
one perfect cleavage plane, along which it is particularly 
prone to failure (Fig. 8e). Because the 3D-GBM adopted in 
this work does not explicitly represent the cleavage proper-
ties of gypsum, the experimental SWS samples exhibit more 
diverse and complex microcrack patterns (Fig. 8b-e). Never-
theless, grain boundary cracks are observed in both experi-
mental and numerical results (Fig. 8a and b). The 3D-GBM 
approach enables detailed classification of microcracks into 
tensile and shear modes based on their failure mechanisms 
(Fig. 8f). In the experimental samples, lamellar cleavage 
cracks and transverse fractures are frequently observed 
due to the cleavage tendency of gypsum (Fig. 8c). Frag-
mented grains resulting from the coalescence of intragrain 
cracks appear in regions of high microcrack density (Fig. 8d 
and g). Microcrack localization is evident and serves as a 

Fig. 6   a Load–displacement 
curve; b Generalized stiffness–
displacement curve

Table 2   Mechanical properties of selenite with three different weath-
ering degrees

Mechanical properties SWS MWS HWS

Peak load (N) 731.5 308.16 211.07
Displacement at peak load (1 × 10−4 m) 4.21 5.75 8.82
Initial generalized stiffness (kN/mm) 0.737 0.316 0.106
Generalized stiffness at elastic stage (kN/

mm)
2.061 0.698 0.359

Mode I fracture toughness (MPa·m1/2) 0.181 0.076 0.052
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precursor to strain localization, which ultimately leads to 
the formation of macro-scale tensile fractures (Fig. 8b and 
g). Compared to other numerical approaches, grain-based 
modelling techniques offer significant advantages in simulat-
ing the failure mechanisms of crystalline rocks, particularly 
in capturing the initiation, propagation, and interaction of 
grain-scale microcracks (Li et al. 2020; Hu et al. 2024a; 
Bu et al. 2025; Zhou et al. 2025). For weathered crystal-
line rocks, the 3D-GBM, when integrated with the flat-joint 
model, effectively simulates the evolution of pre-existing 
microcracks induced by weathering, while preserving the 
inherent crystalline microstructure. Unlike fresh intact 
specimens, weathered rocks typically display more progres-
sive and ductile-like failure behaviors, such as pronounced 
microcrack localization. This behavior is primarily attrib-
uted to the mechanical degradation of grain boundaries and 
the accumulation of defects introduced during the weather-
ing process.

3.2 � Influence of Weathering Degree on the Force 
Chain Distribution

The macroscopic mechanical behavior of selenite is strongly 
influenced by micromechanical processes occurring at the 
grain scale, driven by its inherently heterogeneous micro-
structure. This results in a multiscale mechanical response 

that transitions from microscale phenomena to macroscale 
manifestations. In crystalline rocks, the interlocking of 
mineral grains presents significant challenges in quantify-
ing and visualizing force transmission under external load-
ing. The evolution of force chain networks plays a critical 
role in understanding the mechanical response and damage 
progression in such materials (Zhang et al. 2017). Due to 
the difficulty of directly measuring contact forces in loaded 
crystalline rocks, GBMs have become a widely used tool for 
investigating these internal mechanisms in three dimensions.

Figure 9 shows the force chain distributions in modelled 
SCB selenite samples with varying degrees of weathering at 
different loading stages. In the visualization, both the thick-
ness and color of contacts represent the magnitude of the 
contact force, with thicker and warmer-colored contacts cor-
responding to higher force magnitudes. To facilitate clearer 
visualization, a maximum contact force range of 0–5.0 N 
was uniformly applied across all samples. This range effec-
tively captures the heterogeneous distribution of force chains 
throughout the loading process. Weathering degree has a 
significant influence on the spatial distribution and intensity 
of force chains (Fig. 9). In all modelled samples, the distri-
butions are inherently heterogeneous due to the presence of 
microstructural discontinuities and pre-existing microcracks. 
The pre-existing microcracks in modelled weathered selenite 
are represented by unbonded contacts in the flat-joint model, 

Fig. 7   The influence of weath-
ering degree on the number of 
microcracks. a SWS; b MWS; c 
HWS; d Percentages of the four 
types of microcracks in three 
modelled SCB selenite samples
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which are only capable of transmitting very low forces. In 
contrast, the primary load-bearing framework consists of 
bonded contacts. With increasing weathering degree, fewer 
load-bearing contacts (indicated by pink to deep red colors 
in Fig. 9) support the majority of the applied load, while the 
majority of contacts (shaded in blue) carry only minimal 
forces.

A key distinction among the weathering levels lies in the 
spatial organization of high-magnitude contact forces. In the 
SWS sample, load-bearing contacts are relatively homoge-
neously distributed (Fig. 9a). In contrast, in the HWS sam-
ple, high-force contacts appear sparse and highly unevenly 
distributed, both before and after peak load (Fig. 9c). This 
uneven distribution results from the random assignment of 
unbonded contacts in the simulation (Fig. 5), and contributes 
to a more heterogeneous internal stress field. Such heteroge-
neity promotes the initiation of force-induced microcracks 
during loading. The load levels at which the first micro-
cracks appear in the SWS, MWS, and HWS samples are 
196.48 N, 96.61 N, and 61.33 N, respectively (Fig. 7). This 
more heterogeneous force chain pattern enhances stress con-
centrations at localized sites, facilitating microcrack nuclea-
tion, propagation, and coalescence. Since all contacts were 
assigned identical strength values (Table 1), the differences 

in mechanical response arise primarily from the distribu-
tion of contact forces. The HWS sample, characterized by 
its sparse and irregular force chain structure, exhibits the 
lowest peak load and most pronounced plastic deformation 
behavior (Fig. 6 and Table 2). From a contact-force perspec-
tive, the unique geometry and loading configuration of the 
SCB specimen cause compressive forces to dominate near 
the loading and support points, while tensile forces prevail 
in the fracture process zone near the notch tip. Given that the 
tensile strength of rock is substantially lower than its com-
pressive strength (Hoek and Martin 2014), it is reasonable 
that tensile failure dominates in this configuration (Fig. 7d).

3.3 � Influence of Weathering Degree on the Acoustic 
Emission Characteristics

3.3.1 � Localization of AE Events

AE, generated by the rapid growth of microcracks, is a ubiq-
uitous phenomenon associated with brittle fracture and has 
proven to be an invaluable tool for understanding failure 
processes in rock materials (Lockner 1993). The AE tech-
nique enables the localization of microcrack activity within 
rock specimens using AE localization algorithms. Accurate 

Fig. 8   Experimental and 
numerical observations of 
microcrack behavior. a fracture 
surface of SWS sample under 
mode I loading; b microcrack 
localization; c Lamellar cleav-
age and transverse cracks; d 
Fragmented grain; e Planar 
cleavage and step-like fracture; 
f Simulated IGT and GBT crack 
in 3D-GBM; g Simulated frag-
mented grain and microcrack 
localization in 3D-GBM
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localization of AE events is crucial for elucidating fracture 
mechanisms and for predicting potential failure zones. How-
ever, precise localization in laboratory settings remains a 
significant challenge. This difficulty arises primarily from 
the limitations of many AE localization algorithms, which 
often rely on simplifying assumptions that do not reflect the 
highly heterogeneous wave velocity fields present in rock. 
These velocity heterogeneities result from internal defects, 
grain-scale heterogeneities, and mineral inclusions (Weng 
et al. 2023). Moreover, constructing an accurate wave veloc-
ity model is inherently difficult due to the invisible nature of 
internal discontinuities and the complexity of their spatial 
distribution.

In this work, the 3D-GBM was employed to simulate AE 
behavior during the loading of rock specimens, based on 
moment tensor theory (Hazzard and Young 2000, 2004). 
Unlike conventional experimental methods, this numeri-
cal approach benefits from precisely defined microcrack 

locations, offering a distinct advantage in the localization 
accuracy of AE events. The spatial localization of AE events 
in modelled SCB selenite samples with varying degrees of 
weathering was investigated using the 3D-GBM (Fig. 10). 
At early loading stages, such as 80% of the pre-peak load, 
AE events are concentrated near the notch tip. As loading 
progresses toward the peak, AE activity propagates upward 
in the direction of the loading point. By the 50% post-peak 
stage, AE events become widely distributed within a three-
dimensional region along the maximum tensile stress plane, 
which extends from the notch tip toward the loading point 
(Fig. 10). Mechanically, under mode I loading conditions, 
fractures tend to initiate at the notch tip and propagate 
linearly toward the load application point, following the 
direction of maximum tangential stress (Wei et al. 2017; 
Alneasan and Behnia 2021). With increasing weathering, 
the spatial distribution of AE events becomes progressively 
more dispersed. This trend is closely linked to the changing 

Fig. 9   Influence of weathering degree on the force chain distribution. 
a SWS; b MWS; c HWS. For visualization purposes, the force chain 
distribution is shown only from the x–z plane view. Note: thicker and 

redder lines represent larger contact forces, while thinner and bluer 
lines indicate smaller contact forces
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internal force chain distributions within the samples (Fig. 9). 
In the SWS sample, AE events are largely confined to a well-
defined fracture plane oriented approximately parallel to the 
z-axis (Fig. 10a). These numerical results are consistent with 
experimental observations in fresh or slightly weathered 
rocks (Guo and Zhao 2022; Wang et al. 2024b). By con-
trast, in the HWS sample, AE events are scattered irregularly 
throughout the region between the notch tip and the loading 
point, making it difficult to distinguish a clear fracture sur-
face (Fig. 10c). This behavior resembles the failure patterns 
observed in fresh granite SCB samples, where grain bound-
ary heterogeneity significantly influences fracture develop-
ment under mode I loading (Hu et al. 2024a).

The presence of numerous pre-existing microcracks, 
pores, and other microstructural defects in highly weath-
ered crystalline rocks makes it substantially more diffi-
cult to construct an accurate wave velocity field than in 
fresh, intact specimens. Consequently, experimental AE 
localization becomes increasingly unreliable under such 

conditions. In this context, the 3D-GBM approach pre-
sented in this work provides a valuable alternative. By 
realistically capturing the microstructural characteristics 
of weathered crystalline rocks, it offers a robust and accu-
rate framework for analyzing AE event localization and 
the associated fracture evolution.

Based on the above analysis, the spatial localization of AE 
events in selenite SCB samples varies significantly with the 
degree of weathering. As a non-parametric statistical tool, 
kernel density estimation (KDE) is capable of constructing 
the probability density function of AE event distributions 
within a given sample. This method has been widely adopted 
to investigate the localization characteristics of AE events 
in brittle materials (Lopez-Comino et al. 2017; Teng et al. 
2023; Yu et al. 2024). In this study, KDE was employed to 
generate contour maps of AE event distributions for weath-
ered selenite samples at different loading stages (Fig. 11). 
All AE events were visualized using a Gaussian kernel func-
tion, where regions of higher event density are indicated by 

Fig. 10   Localization of AE events of selenite SCB samples under mode I loading. a SWS; b MWS; c HWS



	 X. Hu et al.

deep pink, and areas of lower density are marked by lime 
green. The KDE maps illustrate the probability density of 
AE events projected onto the x–z plane, highlighting their 
spatial evolution across samples with varying weathering 
degrees.

The AE events exhibit a certain degree of aggregation and 
spatial regularity. The location of the maximum density, as 
determined by KDE, is generally considered indicative of 
the most rapidly developing crack zone (Teng et al. 2023). 
In the modelled SWS sample, the maximum density point 
progressively shifts from the notch tip toward the loading 
point as the load increases, reflecting crack propagation 
under increasing stress (Fig. 11a-c). These maximum den-
sity points are primarily aligned within a plane parallel to 
the z-axis, a feature typical of brittle failure. At the 50% 
post-peak loading stage, AE events are more uniformly 
distributed within a concentrated failure zone. The maxi-
mum density region continues to propagate forward from 
the notch tip, forming a well-defined damage accumulation 

zone (Fig. 11c). Notably, the region from x =  − 5 mm to 
x =  + 5 mm is almost entirely covered by a large soft red 
density field, reflecting the progressive accumulation of 
micro-damage. This distribution correlates well with the 
macroscopic fracture propagation observed in both numeri-
cal and experimental results (Fig. 4). The evolution of den-
sity fields and the movement of maximum density points 
provide a clear visual representation of damage development 
in the SWS sample and closely correspond to the observed 
crack growth path.

In contrast, the KDE distributions for the MWS and 
HWS samples (Fig. 11d and e) are markedly different. AE 
events in these samples are dispersed across a wider area in 
the x–z plane, indicating the formation of multiple second-
ary micro-fracture planes. These dispersed fracture planes 
coalesce to form a broader damage zone, which ultimately 
leads to specimen failure. This behavior is characteristic of 
ductile failure modes. Both the accurate 3D localization of 
AE events (Fig. 10) and the KDE distributions in the x–z 

Fig. 11   The kernel density estimation of AE events. a SWS at 80% pre-peak loading; b SWS at peak loading; c SWS at 50% post-peak loading; 
d MWS at 50% post-peak loading; e HWS at 50% post-peak loading
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plane (Fig. 11) clearly demonstrate the significant influence 
of weathering on the spatial characteristics of AE activity 
in selenite samples under mode I loading. The results reveal 
a consistent transition from brittle failure, dominated by a 
single planar fracture (Figs. 10a and 11c), to ductile failure, 
marked by the development of multiple interacting fracture 
planes forming a damage zone (Figs. 10b, c, 11d and e), as 
the weathering degree increases. This transition highlights 
critical changes in the mechanical behavior of weathered 
crystalline rocks and underscores the need for spatially 
resolved AE analysis in laboratory testing.

For laboratory-scale investigations, these findings under-
score the importance of integrating 3D AE localization with 
statistical density analysis to better capture the complex 
fracture processes associated with rock weathering. Addi-
tionally, they highlight the limitations of traditional AE 
localization techniques in highly weathered rocks, where 
strong internal heterogeneity violates assumptions of mate-
rial homogeneity and simple fracture propagation paths. 
In this context, advanced numerical modeling approaches, 
such as grain-based simulations, provide a powerful tool for 
replicating and analyzing the progressive damage processes 
observed in naturally weathered rock masses. These models 
are particularly valuable in situations where conventional 
continuum-based methods are unable to capture the complex 
and evolving failure mechanisms of heterogeneous materials.

3.3.2 � Magnitude and b‑Value

The magnitude M reflects the rupture strength and energy 
released during an AE event. It is important to note that 
the moment magnitude formulation used here (Eq.  (5)) 
is derived from the moment magnitude scale commonly 
applied in seismology. This uniform magnitude model is 
well suited for the statistical analysis of various magnitude 
scales and is widely employed to characterize the fracture 
strength of AE events at the laboratory scale (Hazzard and 
Young 2000, 2004).

Figure 12 illustrates the spatial distribution of AE events 
and their corresponding magnitudes in the x–z plane for 
the three modelled selenite samples with different degrees 
of weathering. Differences in the localization patterns of 
AE events among these samples have been discussed pre-
viously (Figs. 10, 11). More notably, the AE magnitudes 
also vary significantly, reflecting distinct levels of energy 
release during fracturing in each sample. For example, in 
the SWS sample, a cluster of high-magnitude AE events is 
concentrated near x = 0 mm, with several events reaching a 
maximum magnitude of approximately − 6.56 (Fig. 12a). 
This indicates intense energy release associated with the 
catastrophic failure observed in the SWS sample. In con-
trast, the MWS and HWS samples exhibit a more dispersed 
distribution of lower-magnitude AE events, with maximum 

magnitudes near − 7.00 (Fig. 12b and c). These variations 
in magnitude distribution correspond closely with the 
load–displacement behavior of the samples, where the 
SWS shows brittle failure characteristics, while the MWS 
and HWS display ductile failure features (Fig. 6).

The distinction in failure behavior among the weathered 
selenite samples is further illustrated by the load–displace-
ment and magnitude–displacement curves (Fig. 13). In the 
SWS sample, the pre-peak stage is characterized by sporadic 
AE events of low to moderate magnitude (M <  − 6.8). How-
ever, at peak and post-peak loading stages, a rapid succes-
sion of AE events occurs, including several high-magnitude 
events (Fig. 13a). This reflects a significant release of energy 
associated with catastrophic failure. In contrast, the MWS 
and HWS samples exhibit abundant low-magnitude AE 
events distributed over approximately 50% of both pre-peak 
and post-peak stages, indicative of a failure process domi-
nated by numerous low-energy fracturing events, consistent 
with ductile failure behaviour (Fig. 13b and c).

To further clarify the influence of weathering on mag-
nitude distribution, a homogeneous selenite (HS) sample 
was introduced for comparison. This model assumes fully 
bonded contacts without pre-existing microcracks, repre-
senting fresh and intact selenite. All other micro-parame-
ters were kept consistent with the SWS model (Table 1). 
The magnitude distribution of AE events in the HS sample 
is distinctly different from those in the weathered samples 
(Fig. 13d). The HS sample generates fewer AE events over-
all, but with generally higher magnitudes, reaching a maxi-
mum magnitude of approximately − 5.45, which is substan-
tially greater than the maxima observed in the weathered 
samples. Conversely, the weathered samples show progres-
sively lower maximum and average magnitudes with increas-
ing weathering degree, reflecting a reduction in failure inten-
sity. Furthermore, AE events were classified into tensile, 
shear, and implosive types based on Eq. (7) (Fig. 13a-c). 
Tensile events dominate all samples, consistent with the pre-
dominance of tensile microcracking in selenite under mode 
I loading. Shear events occur less frequently, likely due to 
the layered mineral structure of gypsum, which inhibits fric-
tional sliding. Implosive events, although the least common, 
provide important insight into internal collapse mechanisms. 
Notably, implosive events in the SWS sample appear exclu-
sively in the post-peak stage, indicating their association 
with rapid structural failure and localized compaction fol-
lowing macrocrack propagation. In the PFC modeling frame-
work, implosive events primarily consist of micro tensile 
cracks, but the surrounding particles move inward to fill the 
voids created by tensile cracking (Hazzard and Young 2000, 
2004). This explains why most implosive events occur in the 
post-peak stage for the SWS sample, where macro tensile 
cracks cause inward particle displacement to compensate 
for volume changes (Ma et al. 2020).
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In contrast, the MWS and HWS samples, which con-
tain more and wider pre-existing microcracks modeled 
by unbonded contacts within the flat-joint model (Fig. 5), 

exhibit implosive events during both pre-peak and post-
peak stages (Fig. 13b and c). The earlier onset and increased 
frequency of implosive events in these samples can be 

Fig. 12   Localization of AE 
events at the x–z plane and their 
corresponding magnitudes. a 
SWS; b MWS; c HWS. Note: 
histograms showing the number 
of AE events along the x and z 
directions are displayed above 
and to the right of the subplots, 
respectively
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attributed to greater microstructural degradation caused by 
weathering, which facilitates progressive pore closure and 
internal collapse under loading.

In summary, the degree of weathering exerts a signifi-
cant influence on the spatiotemporal characteristics of AE 
events, including their magnitude distribution and source 
mechanisms. Slightly weathered selenite (e.g., SWS sam-
ple) exhibits brittle and localized failure, characterized 
by concentrated high-magnitude AE events and post-peak 
implosive activity along a dominant fracture plane. In 
contrast, moderately and highly weathered samples (e.g., 
MWS and HWS samples) display ductile and distributed 
deformation, marked by lower, more uniformly distributed 
AE magnitudes and a wider temporal range of implosive 

events. These results underscore the critical role of micro-
structural degradation in governing the macroscopic 
mechanical behavior of weathered crystalline rocks.

The b-value quantifies the relative frequency of low- 
versus high-magnitude AE events and is derived from the 
Gutenberg-Richter relationship (Gutenberg and Richter 
1944). Its magnitude is closely linked to the stress state 
at the AE source and the scale of crack rupture (Lockner 
1993; Liu et al. 2020; Sun et al. 2025b). A decreasing 
b-value indicates a lower proportion of small-magnitude 
AE events and a relative increase in the frequency of 
larger events, often associated with the development of 
more severe fractures. Conversely, an increasing b-value 
reflects a predominance of smaller events, suggesting that 

Fig. 13   Load–displacement curve and corresponding magnitude-dis-
placement distribution. a SWS; b MWS; c HWS; d Magnitude distri-
butions of AE events for four modeled selenite samples under mode I 

loading. The color of the pentagrams in (a), (b), and (c) indicates the 
source types of the AE events
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the rock fracture process is dominated by micro- to meso-
scale cracking.

In this work, b-value computation begins from the 50th 
recorded AE event, with each subsequent value calculated 
cumulatively by incorporating all AE events generated up 
to that point. The overall b-values for the SWS, MWS, and 
HWS samples are 2.01, 2.91, and 3.22, respectively. The 
detailed temporal evolution of the b-values is presented in 
Fig. 14a-c. Although the three weathered selenite models 
were all developed using the same 3D-GBM and share 
identical grain-size distributions and mineral compositions 
(Fig. 3), they differ in the density and width of pre-existing 
microcracks, represented by unbonded contacts within the 
flat-joint model (Fig. 5). These differences result in hetero-
geneous deformation responses among the samples, leading 
to variations in fracture scale under loading.

The HWS model, which contains a greater number of 
pre-existing microcracks, tends to generate a higher pro-
portion of small-scale fractures. This is reflected in the AE 
magnitude distribution, where numerous low-magnitude 
events are observed (Fig. 13c). In contrast, the SWS sample, 
which contains fewer and narrower microcracks, maintains 
a stronger overall bonding framework and shows a greater 
tendency toward larger-scale fractures, resulting in fewer but 
higher-magnitude AE events (Fig. 13a). Consequently, the 

b-value is highest in the HWS sample, followed by MWS, 
and lowest in SWS.

All three samples exhibit a sharp drop in b-value near 
the peak load, a transition that is highlighted in Fig. 14 by a 
solid blue arrow indicating the onset and a solid red arrow 
marking the end of this critical stage. This trend suggests 
that a declining b-value may serve as a reliable precursor 
to impending catastrophic failure in weathered selenite. 
Such behavior is consistent with observations from numer-
ous experimental rock studies (Lei et al. 2004; Goebel et al. 
2013; Muñoz-Ibáñez et al. 2021; Liu et al. 2020; Sun et al. 
2025b).

3.3.3 � Source Mechanism

The source mechanisms of AE events were analyzed 
using the Hudson diagram (Hudson et al. 1989), in which 
each moment tensor is transformed into the dimension-
less parameters T and k (ranging from − 1 to 1) based on 
Eq. (8) and Eq. (9). These parameters characterize the shear 
and volumetric components of the corresponding failure 
mechanisms. The Hudson diagram facilitates the statisti-
cal interpretation of dynamic cracking behavior across a 
large number of fracture events (Sun et al. 2023). The inver-
sion results for AE events generated in the three modelled 

Fig. 14   Evolution of b-value for 
three weathered selenite SCB 
samples under mode I loading. 
a SWS; b MWS; c HWS. Note: 
the blue solid arrow and the red 
solid arrow indicate the start 
and end points of the rapid drop 
in b-value, respectively
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weathered selenite samples under mode I loading conditions 
are presented in Fig. 15.

The results show that all three samples exhibit broadly 
similar distributions of AE source mechanisms, with most 
events clustering in the upper-left quadrant of the Hudson 
diagram. This region corresponds to tensile cracking with 
a positive LVD ( +), which is consistent with the nature of 
mode I loading that predominantly induces opening-mode 
fractures. These observations indicate that tensile failure 
remains the dominant rupture mechanism across all weath-
ering degrees. Interestingly, the SWS sample displays a more 
dispersed distribution of AE events compared to the MWS 
and HWS samples (Fig. 15a). While the majority of its AE 
events are still located within the LVD ( +) region, several 
are positioned near the double-couple (DC) region and even 
extend toward the LVD ( −) and CLVD ( −) zones. This 
dispersion suggests the potential occurrence of localized 
shear or volumetric collapse events, possibly resulting from 
intrinsic microstructural heterogeneity or stress redistribu-
tion effects during crack propagation. In contrast, AE events 
in the MWS and HWS samples are more tightly concentrated 
within the tensile region, with only minor deviations toward 

other mechanism types (Fig. 15b and c). This pattern implies 
that, despite the presence of pre-existing microcracks and 
larger crack apertures in the more weathered rocks, the dom-
inant fracture mechanism under pure tensile loading remains 
tensile in nature. It is also notable that, in the SWS sample, 
a small number of high-magnitude AE events are located 
near the DC region. This may be attributed to the modeling 
framework used in this work. The 3D-GBM explicitly incor-
porates grain boundaries and their mechanical interactions. 
Under heterogeneous stress fields (Fig. 9), these boundaries 
may serve as preferential zones for localized shear failure. 
When such failures involve higher energy release, their 
moment tensor solutions may project toward the DC region 
in the Hudson diagram.

Overall, the results suggest that AE source mechanisms 
in selenite under mode I loading are predominantly gov-
erned by the external loading configuration rather than the 
degree of internal degradation. While weathering clearly 
affects spatial AE localization, magnitude distribution, 
and b-value evolution, it does not appear to substantially 
alter the overall failure mode as determined from Hudson 
analysis under tensile loading conditions. However, under 

Fig. 15   Hudson diagram of AE events of three weathered selenite SCB samples under mode I loading. a SWS; b MWS; c HWS
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more complex loading regimes such as uniaxial or triaxial 
compression, the degree of weathering is likely to exert a 
more pronounced influence on the resulting source mecha-
nisms. Previous studies on rocks such as granite and sand-
stone have demonstrated that variations in microstructure 
can significantly impact AE source mechanisms under such 
stress states (Raziperchikolaee et al. 2021).

4 � Discussion

Rock weathering is a multifactorial geological process 
that arises from the continuous interaction between physi-
cal and chemical mechanisms over geological timescales. 
Physically, processes such as repeated wetting–drying 
cycles, freeze–thaw action, and thermal fluctuations lead 
to mechanical breakdown through stress accumulation and 
microcrack development. Chemically, reactions including 
oxidation, hydrolysis, carbonation, and mineral dissolu-
tion progressively alter the mineralogical composition and 
weaken the cementation at grain boundaries. The combined 
action of these mechanisms not only modifies the micro-
structure and porosity of the rock matrix but also degrades 
its mechanical integrity, leading to progressive deteriora-
tion of strength and stiffness. These processes substantially 
influence the mechanical, lithological, and pore structure 
characteristics of rocks, forming an intricately coupled sys-
tem (Nicholson 2001). Weathering can alter key physical 
properties such as density and porosity, as well as mechani-
cal behaviors including strength, deformability, and failure 
modes (Gupta and Rao 2000). Stone cultural relics, which 
have been exposed to natural environments over centuries, 
are particularly vulnerable to environmental factors such as 
acid rain and temperature cycling (Lin et al. 2024; Liu et al. 
2025; Sun et al. 2025a). As a result, these relics often exhibit 
varying degrees and types of weathering, ultimately com-
promising their long-term structural stability.

In this work, a 3D-GBM was employed to investigate the 
influence of weathering degree on the nonlinear deformation 
behavior and AE characteristics of a crystalline rock, sele-
nite. The rock microstructure was realistically modeled using 
3D Voronoi tessellation, while pre-existing microcracks 
induced by weathering were simulated through unbonded 
contacts within a flat-joint model. The results clearly show 
that the degree of weathering significantly affects both the 
deformation behavior and mode I fracture toughness of sel-
enite. More importantly, distinct AE characteristics emerge 
as the weathering degree increases. Specifically, a higher 
degree of weathering corresponds to a progressive reduc-
tion in mode I fracture toughness (Fig. 16). Under mode I 
loading in SCB samples, the AE response also evolves with 
increasing weathering, including a higher b-value, a longer 
foreshock stage, reduced maximum AE magnitudes, and a 

shift in AE event spatial distribution from clustered to dis-
persed patterns (Fig. 16).

According to the results of this work, rock weathering 
leads to a notable increase in both the number and width of 
pre-existing microcracks, which substantially degrades the 
macroscopic mechanical behavior and strength of crystalline 
rocks. This underscores the fundamental role of microscale 
weakening, especially within mineral grain interiors and 
along grain boundaries, in controlling macroscopic defor-
mation processes such as strain hardening, strain softening, 
and ultimate failure. The progressive deterioration of these 
microstructural features directly translates into reduced frac-
ture resistance and mechanical stability at the macroscale. 
These findings offer mechanistic insight into the degradation 
of mechanical properties in weathered crystalline rocks and 
provide a basis for evaluating their structural integrity under 
natural or engineered loading conditions.

Importantly, the results of this work also carry impli-
cations for the preservation and structural assessment of 
stone-based cultural heritage. In southern China, especially 
in regions such as Sichuan and Chongqing, naturally occur-
ring rainfall and groundwater are often weakly acidic. This 
chemical environment accelerates the dissolution of cement-
ing agents between mineral grains in sandstone, weakening 
the cohesion and leading to a gradual decline in its load-
bearing capacity (Lin et al. 2024). Additionally, the presence 
of clay minerals in such rocks introduces further vulnerabil-
ity. When hydrated, these minerals swell, causing internal 
stress and microstructural degradation, which further com-
promise the stiffness and strength of rocks (Montes et al. 
2004). These effects are particularly relevant for the pro-
tection of historical stone relics in southern China, such as 
grotto temples, stone steles, and carved rock facades, many 
of which have experienced prolonged exposure to weather-
ing and environmental loading (Liu et al. 2025; Sun et al. 
2025a). Given these vulnerabilities, the use of AE monitor-
ing in heritage conservation requires region-specific calibra-
tion to account for local weathering conditions. AE signals 
must be interpreted in the context of weathering-induced 
heterogeneity in order to accurately assess the health status 
and damage evolution of stone monuments. This approach 
enhances the precision of early-warning systems and informs 
more targeted conservation strategies. Similar challenges are 
encountered in Europe. For example, the Garisenda Tower 
in Bologna, Italy, has recently exhibited signs of structural 
instability due to progressive weathering of its selenite-
based foundation materials (Dallavalle et al. 2022). Uneven 
deterioration accumulated over centuries has made the base 
of the tower susceptible to differential settlement and tilting. 
In such cases, AE monitoring that accounts for the spatial 
distribution and severity of weathering damage can serve 
as an effective diagnostic tool, enabling timely preservation 
efforts and well-informed structural interventions.
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In conclusion, the integration of high-resolution numeri-
cal simulations with AE-based structural health monitor-
ing, when calibrated against degrees of weathering, offers 
a robust framework for assessing the stability and deterio-
ration of weathered rocks. This interdisciplinary approach 
is not only crucial for geotechnical and rock engineering 
applications but also plays an increasingly vital role in the 
conservation of culturally and historically significant stone 
structures. Collaboration among geomechanics researchers, 
heritage conservation experts, and monitoring engineers is 
essential to develop tailored solutions for long-term stability 
and risk mitigation in both natural and built environments.

Although the flat-joint model implemented within 
3D-GBM in PFC has been employed to investigate the frac-
ture processes in this work, several limitations remain. First, 
in the present work, only the presence of pre-existing micro-
cracks resulting from physical weathering in weathered sel-
enite rocks was considered. However, crystalline selenite 
rocks also undergo chemical weathering processes that alter 
mineral grains and lead to nonlinear mechanical responses. 
For example, the primary mineral in the selenite studied here 
is gypsum (CaSO4·2H2O), which undergoes notable miner-
alogical changes under chemical weathering. The observed 
color change of selenite from gray to white is attributed 
to the formation of a mosaic of bassanite (semi-hydrate, 
2CaSO4·H2O) and soluble anhydrite (CaSO4) microcrys-
tals (Dallavalle et al. 2022). These sulfate phases are highly 
unstable and tend to rehydrate rapidly back into gypsum 

by absorbing moisture and capillary water, ultimately form-
ing an alabastrine texture. These mineral transformations 
are accompanied by significant volume changes, which can 
profoundly influence the rock microstructure and mechani-
cal behavior. However, the current 3D-GBM framework 
does not account for such mineralogical alterations induced 
by chemical weathering. Second, the geometry of grains in 
GBMs is typically generated through Voronoi tessellation or 
similar schemes, resulting in idealized polyhedral particles 
that do not fully capture the irregular morphology, crystal-
lographic features, and inclusions present in natural miner-
als. With the aid of high-resolution computed tomography 
(CT), it is now possible to capture the actual 3D geometry of 
mineral grains, as well as discontinuities such as voids and 
dissolution features that develop during weathering (Zhou 
et al. 2025). By integrating such CT-derived data with the 
3D-GBM approach incorporating pre-existing microcracks, 
a more accurate and realistic model of weathered selenite 
can be constructed. Additionally, in recent years, a newer 
bond model has been implemented in PFC based on the 
work of Rasmussen (2022), namely the spring network 
model and the sub-spring network model. This approach 
has been shown to provide a more accurate representation 
of rock failure processes compared to previous contact mod-
els (Rasmussen and Min 2024; Potyondy et al. 2025). In 
future studies, applying these new bond models to investi-
gate the microcracking behavior and AE characteristics of 
weathered selenite will be essential. Finally, the calibration 

Fig. 16   Evolution trends of 
mechanical properties and AE 
characteristics of selenite SCB 
samples with three different 
weathering degrees under mode 
I loading
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of microparameters in the flat-joint model suffers from non-
uniqueness, as different parameter sets can reproduce similar 
macroscopic responses while producing markedly different 
microcracking patterns. This limitation raises concerns 
about the robustness and physical fidelity of the simulated 
failure processes. Therefore, future research should focus on 
developing more rigorous calibration strategies that mini-
mize non-uniqueness and establish a more reliable linkage 
between microparameters and macroscopic rock behavior. 
Improvements addressing these limitations will provide new 
approaches for investigating the deformation behavior and 
AE characteristics of rocks with varying degrees of weather-
ing. Ultimately, it will offer valuable insights and technical 
support for developing more effective conservation strategies 
for stone cultural relics affected by long-term weathering.

5 � Conclusions

This work investigates the influence of weathering degree 
on the mechanical response, nonlinear deformation behav-
ior, and AE characteristics of weathered selenite samples 
subjected to mode I loading. To accurately represent pre-
existing microcracks in weathered selenite, a flat-joint model 
incorporating unbonded contacts was employed. Addition-
ally, a 3D-GBM using 3D Voronoi tessellation was applied 
to simulate the heterogeneous crystalline microstructure of 
selenite. Slightly weathered selenite samples collected from 
the Garisenda Tower in the Bologna region were used to 
calibrate the microparameters of the 3D-GBM. Based on 
this calibration, numerical models for moderately and highly 
weathered selenite were developed by increasing the number 
and width of pre-existing microcracks. The main findings are 
summarized as follows:

(1) The extended 3D-GBM coupled with the flat-joint 
model successfully captures the nonlinear deformation 
behavior of weathered selenite, including both strain-
softening and strain-hardening stages. With increasing 
weathering degree, the initial nonlinear compaction stage 
in the load–displacement curve becomes more pronounced, 
accompanied by an increase in failure displacement. Mean-
while, the mode I fracture toughness of weathered selenite 
decreases significantly, from 0.181 MPa·m1/2 in the SWS 
sample to 0.052 MPa·m1/2 in the HWS sample.

(2) The spatial distribution of force chains undergoes 
significant changes with increasing weathering. It becomes 
increasingly heterogeneous, with a small number of contacts 
bearing most of the applied load in HWS samples. This leads 
to more dispersed nucleation of microcracks. Such hetero-
geneous force chain distribution facilitates the propagation 
and coalescence of microcracks, as they tend to initiate in 
zones of high stress concentration.

(3) Under mode I loading, selenite samples at different 
weathering stages exhibit distinct AE characteristics. As 
weathering intensifies, AE event localization shifts from 
being concentrated on a single plane to a more random dis-
tribution across a larger region. Concurrently, the maximum 
AE magnitude decreases while the b-value increases, rising 
from 2.01 in slightly weathered samples to 3.22 in highly 
weathered ones. These trends indicate a transition in fail-
ure mode from brittle failure dominated by a single fracture 
surface to ductile failure involving multiple secondary frac-
tures. A sudden drop in the b-value serves as a precursor to 
catastrophic failure in weathered selenite.

(4) For stone cultural heritage exposed to natural envi-
ronments, a zoning-based monitoring strategy informed 
by weathering degree, combined with AE monitoring, can 
enhance the development of refined structural health assess-
ment models. This approach offers valuable new insights 
for evaluating the long-term stability of stone-built heritage 
structures.

Overall, this work provides important insights into the 
effects of weathering-induced microstructural changes on 
the mechanical behavior, microcracking evolution, force 
chain distribution, and AE characteristics of selenite rocks. 
The numerical findings highlight the critical role of accu-
rately modeling pre-existing microcracks and the heteroge-
neous crystalline microstructure in capturing the complex 
nonlinear deformation and failure mechanisms of weathered 
rocks. Furthermore, the combined use of advanced microme-
chanical modeling and AE monitoring demonstrates signifi-
cant potential for improving the structural health assessment 
and preservation strategies of stone cultural heritage exposed 
to natural weathering processes.
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