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 A B S T R A C T

The fracture behavior of open-porous materials is governed by a complex interplay between microstructural 
architecture and crack propagation mechanisms, necessitating systematic investigation to ensure their reliable 
use in structural, biomedical, and thermal insulation applications. Quantifying fracture toughness and strain 
energy release rates is essential for optimizing mechanical stability under stress. This study presents a 
computational framework based on Laguerre-Voronoi tessellation to model the intricate cellular architecture 
of open-porous solids. Under tensile loading, the model reproduces the classical scaling relations proposed 
by Maiti, Gibson, and Ashby. The effective elastic modulus exhibits a nearly quadratic dependence on the 
solid fraction, while the normalized fracture behavior follows a square-root function of the solid fraction. 
The model prediction for the normalized fracture toughness shows good agreement with experimental data 
reported in the literature. This consistency confirms the capability of Voronoi-based microstructures to 
capture established power laws, while also revealing deviations associated with pronounced heterogeneity. 
Subsequently, the key microstructural parameters, including solid fraction, pore size and pore-wall thickness, 
as well as the macroscopic crack geometric features, such as crack depth-to-height ratio and crack orientation, 
are systematically varied to assess their influence on fracture resistance. The results reveal critical dependence 
of crack propagation and energy dissipation on microstructural features, demonstrating how porosity and 
pore size distribution can be tuned to tailor the mechanical response. These findings contribute to a deeper 
understanding of fracture mechanics in porous systems and underscore the need for microstructure-informed 
material design to enhance mechanical performance.
. Introduction

Open-porous materials, defined by a continuous solid framework 
nterwoven with interconnected voids, represent a distinct class of 
ultifunctional materials with outstanding performance characteris-
ics. Their high porosity and interconnected pore architecture enable 
fficient fluid flow, mass transport, and energy dissipation, making 
hem highly suitable for a wide range of applications. Owing to their 
avorable combination of mechanical resilience, thermal insulation, 
nd transport properties, these materials find broad use in sectors 
uch as energy storage, filtration, aerospace, automotive, biomedical 
ngineering, and construction. Notable examples include metallic and 
olymeric foams, which exhibit low density, high specific strength, 
nd excellent energy absorption capabilities (Ensarioglu et al., 2022). 
olymeric foams, such as polyurethane and polyvinyl chloride, are 
idely employed as core materials in sandwich structures for the auto-
otive and aerospace sectors, providing impact resistance and energy 
bsorption in crash scenarios (Kabir et al., 2006). Ceramic foams, with 
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their high-temperature stability and chemical resistance, are pivotal 
in filtration processes and catalytic substrates (Twigg and Richardson, 
2002). Additionally, porous materials offer remarkable thermal and 
acoustic insulation properties, making them vital for construction and 
refrigeration applications (Rashidi et al., 2018). In biomedical appli-
cations, porous scaffolds fabricated from biodegradable polymers or 
ceramics have been utilized to mimic the extracellular matrix, promot-
ing cell growth and tissue regeneration (Freyman et al., 2001). At the 
nanoscale, materials such as aerogels and zeolites exhibit extraordinary 
properties, including ultralow density, high surface area, and excellent 
thermal insulation. Among many applications, aerogels are predomi-
nantly used as lightweight insulation in aerospace applications (Khan 
et al., 2024), while zeolites are critical components in catalysis and 
molecular sieving processes (Kianfar and Mahler, 2020; Zhao et al., 
2018). 

Despite their broad range of applications and advances in syn-
thesis and characterization techniques, the mechanical and fracture 
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Nomenclature

𝜙 Porosity
𝜙𝑠 Solid fraction
𝜌 Envelope density
𝜌𝑠 Skeletal density
𝑑 Pore-wall thickness
𝑙 Pore-wall length
𝐸 Young’s modulus of bulk material
𝐸𝑠 Young’s modulus of pore-wall material
𝑃 (∙) Pore-size distribution
𝑛 Total number of pore-width intervals
𝐷 Pore-width
𝑓1(∙) Volume of pores (explicit function)
𝑓2(∙) Type of distribution (explicit function)
𝑎 Crack depth
𝛼 Crack angle
𝐾𝐼𝐶 Fracture toughness (Mode I)
𝐺 Strain energy release rate
𝐸
𝐸𝑠

Relative elastic/Young modulus
𝐾𝐼 Stress intensity factor (Mode I)
𝜎𝑓 Macroscopic critical strain at fracture
𝜎𝑓 Macroscopic critical stress at fracture
𝜎𝑓𝑠 Fracture strength of pore-wall material
𝐾𝐼𝐶

𝜎𝑓𝑠
√

𝜋𝑙
Normalized fracture toughness

𝛾𝑠 Surface energy
𝐹𝐼 Geometric correction factor (Mode I)
𝐹𝑊 Width factor
𝐹𝑁 Crack shape factor
𝜆1 Notch singularity exponent
𝑎
ℎ Crack depth-to-length ratio
𝐶1, 𝑛 Constants for elastic moduls–density scaling
𝑐, 𝑚 Constants for fracture toughness–density 

scaling
𝑐1, 𝑚1 Constants for strain–energy release rate–

density scaling

behavior of open-porous materials remains a subject of ongoing inves-
tigation. The ability to tailor these materials for specific performance 
requirements – such as high mechanical strength, low weight, fracture 
toughness, and thermal efficiency – relies critically on precise control 
of their microstructural features during fabrication. Key structural pa-
rameters, including pore size, shape, distribution, and wall thickness, 
play a decisive role in governing both functional and mechanical 
properties. For instance, in filtration and separation systems, pore size 
directly influences selectivity, whereas in load-bearing applications, 
the connectivity and thickness of pore walls predominantly determine 
stiffness, strength, and fracture resistance. In cellular-like materials, 
the deformation fields differ substantially from those in homogeneous 
solids due to their intrinsic structural complexity introduced by an 
interconnected pore network. This architecture alters the internal force 
distribution and profoundly affects the mechanical behavior under 
tensile and compressive loading. The lower relative density of the 
microstructure further amplifies deviations from classical homogeneous 
continuum behavior, owing to its stochastic nature (Chen et al., 2022). 
Therefore, a fundamental understanding of how microstructural char-
acteristics, such as porosity, pore size distribution (PSD), and wall 
geometry, influence macroscopic mechanical responses is essential for 
the rational design and optimization of open-porous materials across 
diverse application domains.
2 
Various micromechanical models have been developed to predict 
the mechanical behavior of cellular-like materials and to analyze the 
deformation and failure mechanisms of pore walls under applied loads. 
These models provide critical insights into key aspects, such as the de-
pendence of effective elastic stiffness and failure properties on relative 
density and the failure modes of individual cells (Ashby and Gibson, 
1997). For low-density open-porous materials, the pore-wall geometry, 
such as the cross-section diameter (𝑑) and length (𝑙), can be correlated 
to the relative density (𝜌∕𝜌𝑠) using the following relation (Gibson and 
Ashby, 1982; Oliveira, 2005), 
𝜌
𝜌𝑠

≅
(𝑑
𝑙

)2
, (1)

where 𝜌 and 𝜌𝑠 denote the envelope and skeletal densities, respectively. 
The relative density is also expressed in terms of the solid fraction (𝜙𝑠), 
i.e., 𝜌∕𝜌𝑠 = 𝜙𝑠 = 1 − 𝜙, where 𝜙 represents the porosity.

The mechanical behavior of porous materials under tension and 
compression has been systematically described by Gibson and Ashby 
(1982) using a foundational scaling relationship, correlating the rela-
tive Young modulus (𝐸∕𝐸𝑠) to the relative density, expressed as
𝐸
𝐸𝑠

= 𝐶1

(

𝜌
𝜌𝑠

)𝑛
, with 𝑛 = 2, (2)

where 𝐸 and 𝐸𝑠 denote the Young’s modulus of the porous material 
and the solid (pore-wall) material, respectively, and 𝐶1 denotes a 
dimensionless constant that depends on the microstructural geometry, 
including the topology and regularity of the pore network. For an 
idealized uniform pore structure, 𝐶1 = 1. The underlying physics is 
that the relative density scales with the cross-sectional area, while the 
stiffness scales with the second moment of the cross-sectional area, 
leading to the quadratic dependence of the relative Young’s modulus on 
the solid fraction/relative density. Recently, a similar scaling exponent 
of 2 was experimentally observed by Shalchy et al. (2020) for hier-
archical porosity in additively manufactured bioengineering scaffolds. 
Likewise, Chandrasekaran et al. (2021) reported a scaling exponent of 
1.81 ± 0.05 for 𝜅-carrageenan aerogels under experimental investiga-
tion. Based on the principal mechanisms of linear-elastic deformation 
(i.e., pore wall bending and axial deformation), Menges and Knipschild 
(1975) also proposed the relationship between 𝐸∕𝐸𝑠 and 𝜌∕𝜌𝑠 as 
𝐸
𝐸𝑠

=
𝐶1(𝜌∕𝜌𝑠)2

𝜌∕𝜌𝑠 + 𝐶2
, (3)

with 𝐶1 = 0.65 and 𝐶2 = 0.23, determined for rigid PUR. Aney et al. 
(2025) studied the influence of the pore-wall morphology within the 
framework of Gibson–Ashby open-cell model, showing that particle-
neck sizes significantly affect the bulk stiffness. They also highlighted 
that the scaling exponent depends on the network connectivity: for 
silica aerogels, an exponent of 3.6 is observed due to the random 
spatial arrangement of particles and dangling mass, whereas biopoly-
mer or nanofibrous aerogels exhibits an exponent close 2 due to fully 
interconnected network morphology, reflecting efficient load transfer 
through the network (Chandrasekaran et al., 2021; Deuber et al., 2017). 
Further studies by Aney and Rege (2023) and Chandrasekaran et al. 
(2025) demonstrate the underlying dependence of the effective stiffness 
on pore-size distribution, in addition to solid fraction or pore-wall 
thickness, emphasizing the critical role of microstructural heterogeneity 
in determining the macroscopic mechanical response.

Ashby and Gibson (1997) modeled the plastic yield, elastic buckling, 
and brittle fracture of cellular structures under multiaxial loading, 
providing approximate expressions for failure, which were validated 
against experimental data (Gibson et al., 1989; Triantafillou et al., 
1989). They assumed that cracks initiate at the midpoint of the pore 
wall and propagate discretely along the pore width (Ashby and Gib-
son, 1997). The fracture toughness of cellular materials is commonly 
expressed as a function of fracture strength of the pore-wall material 
(𝜎𝑓𝑠), relative density (𝜌∕𝜌𝑠) and pore-wall length. Under tensile load-
ing, pore walls deform elastically in Mode I, transmitting load through 
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discrete forces and moments. Based on this assumption, Maiti et al. 
(1984) proposed a relationship between normalized fracture toughness 
(𝐾𝐼𝐶∕𝜎𝑓𝑠

√

𝜋𝑙), and relative density using the following power-law: 
𝐾𝐼𝐶

𝜎𝑓𝑠
√

𝜋𝑙
= 𝑐

(

𝜌
𝜌𝑠

)𝑚
, with 𝑚 = 1.5 and 𝑐 = 0.65, (4)

where 𝑚 denotes the scaling exponent and 𝑐 serves as a proportion-
ality constant. Maiti et al. validated Eq. (4) against the experimental 
data of commercial polymethacrylimide foams of varying densities, 
determining 𝑐 = 0.65. Huang and Gibson (1991b) concluded based 
on finite element study that Eq. (4) is only valid for 𝑑∕𝑙 < 0.2 and 
with crack depth greater than 7 times the pore wall length. Green 
(1985) derived a correlation similar to Eq. (4), determining 𝑐 = 0.28
and 𝑚 = 1.3 for 0.05 < 𝜌∕𝜌𝑠 < 0.30. Choi and Lakes (1996) also 
proposed similar relation between 𝐾𝐼𝐶 and 𝜌∕𝜌𝑠, with 𝑐 = 0.2 and 𝑚 =
1.0, for tetrakaidecahedron cell. Huang and Gibson (1991b,a) further 
emphasized two critical assumptions underlying classical models:(i) the 
crack must be large relative to the cell size, and (ii) the pore-wall 
fracture strength is constant. They introduced a reduction factor for 
effective fracture toughness in the case of short cracks and highlighted 
the dependence of fracture resistance on the Weibull modulus of the 
pore-wall material.

In addition to the classical studies, more recent research has broadly 
expanded the understanding of fracture in open-porous cellular-like 
materials (Shahbazian and Mirsayar, 2023). Fleck and Qiu (2007) 
analyzed several 2-d elastic–brittle lattice topologies–including trian-
gular, hexagonal honeycomb, and kagome lattices–using finite element 
models. They demonstrated strong dependence of Mode I fracture 
toughness on relative density, while the kagome lattice exhibited supe-
rior toughness. Gu et al. (2018) experimentally showed that the fracture 
toughness and crack path in 2-d triangular lattices depend on the load-
ing direction. Mirsayar (2022) investigated mixed-mode brittle fracture 
in 2-d periodic lattices fabricated using additive manufacturing, in-
corporating material anisotropy associated with build orientation, and 
proposed a continuum-based fracture criteria to predict crack initiation 
and propagation. Chen et al. (2022) numerically analyzed fracture 
trajectories in brittle porous solids with different relative densities un-
der various mixed-mode loading conditions, using a phase-field theory 
combined with 2-d Voronoi-based model for brittle fracture. Accord-
ingly, in low-density materials, crack paths are governed by weak 
links in the microstructure and therefore appear stochastic. In con-
trast, materials with higher densities behave more like continuous 
solids, where crack trajectories are predominantly controlled by the 
remote global load. Several studies have also examined fracture in 3-
d architected structures, particularly truss-based lattices, relevant to 
different engineering applications. O’Masta et al. (2017) studied the 
fracture behavior of 3-d octet-truss lattice structures and showed that 
the fracture toughness increases linearly with relative density and the 
square root of the cell size. Gu et al. (2019) also evaluated brittle 
fracture of 3-d octet-truss lattices with straight and curved cracks, and 
reported strong dependence of fracture toughness on the orientation 
and size of the crack. Their findings further confirmed that linear elastic 
fracture mechanics (LEFM) is valid only for straight (linear) cracks and 
is not suitable for predicting fracture behavior in lattices with curved 
cracks. Wei et al. (2018) experimentally and numerically characterized 
3-d Kagome lattices produced via selective laser melting, while Xu 
et al. (2019) studied the influence of printing-direction on deformation 
and fracture in additively manufactured lattices. At smaller length 
scales, Patil et al. (2020) analyzed the fracture behavior of graphene 
aerogels using molecular dynamics and reported that fracture strength 
decreases with increasing crack length-to-height ratio at the onset of 
crack propagation, following a power-law dependence on density with 
a scaling exponent of 1.41 ± 0.04. For silica aerogels, Patil et al. (2018) 
reported scaling exponents of 2.02 ± 0.05 for Mode I fracture toughness 
and 1.16 ± 0.04 for strain energy release rate, while Phalippou et al. 
(1989) experimentally observed an exponent of 1.6 ± 0.2 for fracture 
3 
toughness using single edge notched beam tests in three point bending. 
These recent studies collectively underline the increasing research em-
phasis on fracture phenomena in open-porous materials and highlight 
the need for systematic modeling frameworks capable of capturing the 
combined effects of heterogeneous pore morphology, relative density, 
and crack characteristics–gaps that the present work aims to address.

Analyzing cellular materials under different loading conditions of-
ten requires significant computational effort. To reduce this effort, 
homogenization methods are commonly used, where the heteroge-
neous structure is replaced by a homogeneous equivalent medium 
(HEM) (Iltchev et al., 2015; Somnic and Jo, 2022). In this approach, 
the properties of the material are estimated by analyzing a small repre-
sentative model, called the representative volume element (RVE) (Hill, 
1963). Several homogenization techniques have been developed for 
cellular materials, including beam theory (Ashby and Gibson, 1997; 
Cartraud and Messager, 2006; Gibson and Ashby, 1982), asymptotic 
homogenization (Craster et al., 2010), micropolar theory (Dos Reis 
and Ganghoffer, 2012), strain energy equivalence (Gad and Gao, 2021; 
Staszak et al., 2021), multiscale methods (Vigliotti and Pasini, 2012), 
constitutive modeling (Rege et al., 2016; Rege, 2021) and more re-
cently, machine learning approaches (Bishara et al., 2023; Klawonn 
et al., 2025). Despite the recent advances, most prior studies have 
focused on structures with idealiZed or uniform pore morphology 
(i.e., shape and size) (Thiyagasundaram et al., 2011; Linul and Marsav-
ina, 2011; Linul et al., 2018; Jelitto and Schneider, 2018). To ad-
dress this limitation, Chandrasekaran et al. (2021) advanced this field 
of reconstructing 3-d pore morphology of biopolymer aerogel using 
Laguerre-Voronoi tessellation (LVT) based on a random closed packing 
of polydisperse spheres (RCPPS). This modeling framework exhibits a 
power-law dependence of the macroscopic stiffness on the solid fraction 
under compression, consistent with Eq. (2). Recently, the model was 
applied to study inelastic effects under large deformations in open-
porous cellular materials and was validated against the experimental 
results from polymeric and metallic foams as well as aerogels (Chan-
drasekaran et al., 2025). The modeling approach was also recently 
extended by means of a network decomposition concept to study the 
solid and gaseous thermal conductivity in such materials (Aney and 
Rege, 2025). The recent studies demonstrate the effectiveness of this 
modeling approach in capturing the behavior of open-porous materials, 
and based on these insights the present study investigates the fracture 
behavior of open-porous materials with heterogeneous pore shapes and 
sizes, with high porosity (i.e., 𝜙 ≥ 0.9). Using computational modeling 
with LVT and RCPPS, scaling relationships and predictive models are 
established to provide deeper insights into optimizing next-generation 
open-porous materials for advanced engineering applications.

2. Methods

An open-porous microstructure with a random PSD can be accu-
rately modeled using a combination of RCPPS and LVT, as demon-
strated and validated by Chandrasekaran et al. (2021). The RCPPS 
method facilitates precise control over the microstructure to achieve a 
targeted PSD, while the LVT algorithm constructs a network of fully in-
terconnected pore walls enclosing the pore space defined by the RCPPS 
configuration. This combined approach enables the computational gen-
eration of open-porous microstructures with customizable PSDs and 
solid fractions. In this study, a series of such microstructures were 
generated using PSDs derived from the probability density function 
(PDF) of a prescribed distribution, using the following expression, 

𝑃 (𝐷𝑖) =
𝑓1(𝐷𝑖)𝑓2(𝐷𝑖)

∑𝑛
𝑗=1 𝑓1(𝐷𝑗 )𝑓2(𝐷𝑗 )

, (5)

where 𝑃 (𝐷𝑖) denotes the PSD associated with each pore-size 𝐷𝑖 with 𝑖 =
1, 2, 3,… , 𝑛, and 𝑛 being the number of pore-size intervals. The function, 
𝑓1 describes the volume of the pore model (e.g., spherical or cylindrical 
pores) and 𝑓  represents the chosen statistical PDF (e.g., normal, beta 
2
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Table 1
Material properties of the pore-wall.
 Skeletal density (𝜌𝑠) 1200 kg/m3 
 Young’s modulus (𝐸𝑠) 3600 MPa  
 Fracture strength (𝜎𝑓𝑠) 360 MPa  

Fig. 1. Double-notched microstructure.

or log-normal). A detailed description of the methodology is provided 
in Chandrasekaran et al. (2025). In the present study, a spherical pore 
model combined with a normal distribution is used consistently for all 
generated microstructures.

A finite element (FE) analysis was performed to investigate the ef-
fects of microstructural properties and crack types on fracture behavior. 
The microstructure generated using LVT was transformed into a cube-
shaped representative volume element (RVE) with periodic boundary 
conditions (PBCs). The FE model of the notched microstructure is 
illustrated in Fig.  1. Pore walls were discretized using Hughes–Liu 
corotational beam formulation, which supports large displacements and 
rotations within an updated Lagrangian framework. This formulation is 
well suited for bending-dominated pore-wall kinematics in open-porous 
materials, where large geometric rotations occur even when local beam 
strains remain small. The pore-wall length and diameter vary within 
each pore due to the irregular topology of the microstructure. To take 
it into account, each pore-wall was meshed such that the element aspect 
ratio (diameter-to-length) remained close to unity, thereby minimizing 
mesh-size sensitivity and ensuring a reliable structural response. Beam-
to-beam interactions were captured using automatic general contact 
algorithm in LS-DYNA. This approach modeling the macroscopic re-
sponse of open-porous networks under large compressive strains has 
been validated in our previous study (Chandrasekaran et al., 2025).

The pore-wall behavior was modeled using a linear isotropic elastic 
material model characterized by the elastic modulus (𝐸𝑠) and fracture 
strength (𝜎𝑓𝑠). The material properties of polymethacrylimide, reported 
by Maiti et al. (1984), were adopted to describe the mechanical be-
havior of the pore walls in the generated microstructures and are 
summarized in Table  1. Open-porous cellular solids do not fail solely 
due to principal tensile stress acting on an individual pore-wall; instead, 
the pore walls experience bending, rotation, axial loading, and shear 
simultaneously, resulting in a highly multiaxial stress state. For this 
reason, the von Mises equivalent stress is used as a surrogate measure of 
the combined stress state within each pore-wall (Lim et al., 2008). Con-
sequently, brittle failure was simulated using element erosion triggered 
by the von Mises stress criterion.

To evaluate fracture behavior, double-notched microstructures with 
varying notch (crack) parameters, such as crack depth 𝑎 and crack 
angle 𝛼◦ (as shown in Fig.  1), were subjected to tensile loading ap-
plied perpendicular to the crack direction, corresponding to Mode I 
(i.e., opening mode) loading. The simulations were performed using 
LS-DYNA implicit solver (version R13.0). In this study, we focus on 
predicting the Mode I fracture toughness and strain–energy release rate 
using LEFM, which is strictly valid for linear cracks (Gu et al., 2019). 
Fracture is initiated when the critical stress of the pore walls 𝜎  is 
𝑓𝑠

4 
Table 2
Numerical values of 𝐹𝑁 for different 𝛼◦ (Savruk and Kazberuk, 2017).
 𝛼◦ 0◦ 30◦ 60◦ 90◦ 120◦ 150◦  
 𝐹𝑁 1.1215 1.133 1.186 1.3081 1.515 1.753 

reached, leading to sudden rupture. 𝐾𝐼  is called the stress intensity 
factor, which is the crack driving force, and its critical value, known 
as fracture toughness (𝐾𝐼𝐶 ), is a material property that quantifies the 
resistance to crack extension. The general form of 𝐾𝐼𝐶 for the opening 
mode I is given by Chen (1994) as 

𝐾𝐼𝐶 = 𝐹𝐼𝜎𝑓
√

𝜋𝑎𝑝1 , (6)

where 𝜎𝑓  denotes the critical stress at fracture and 𝐹𝐼  serves as the 
dimensionless geometric correction factor of Mode I loading. The pa-
rameter 𝑝1 = 1 − 𝜆1, with 𝜆1 being the notch singularity exponent 
and approximated by Lou et al. (2020) using a simplified closed-form 
equation: 

𝜆1 ≈ 0.5
[

1 +
( 𝛼◦

180◦
)3.6]

. (7)

The correction function 𝐹𝐼  is defined as a product of the specimen 
width factor (𝐹𝑊 ) and the crack shape factor (𝐹𝑁 ), according to Lou 
et al. (2020), and is expressed as, 

𝐹𝐼 = 𝐹𝑊 𝐹𝑁 , (8)

where 

𝐹𝑊 =
𝐹 (𝑎∕ℎ)
1.1215

(9)

with 

𝐹 (𝑎∕ℎ) =
(

1 + 0.122 cos4 𝜋𝑎
ℎ

)

√

ℎ
𝜋𝑎

tan 𝜋𝑎
ℎ
, (10)

and

𝐹𝑁 =
√

2 + 5.0576𝑝1 − 23.027(𝑝1)2 + 41.218(𝑝1)3 − 35.472(𝑝1)4, (11)

where 𝑎∕ℎ represents the crack depth-to-height ratio.
Using the numerical values of 𝐹𝑁  for different 𝛼 as provided in 

Table  2 (Savruk and Kazberuk, 2017, 2007), 𝐹𝐼  was calculated for 
different 𝑎∕ℎ and 𝛼 and plotted in Fig.  2(a). Additionally, Eq. (10) is 
compared to empirical correction functions proposed by Brown (1966) 
and Benthem and Koiter (1973), with 𝐹𝑁 = 1 (i.e., excluding the crack 
angle dependence) in Fig.  2(a). Among these models, the formulation 
by Tada et al. (1973) demonstrates the highest accuracy, achieving a 
deviation of only 0.5% across the entire range of 𝑎∕ℎ (Lou et al., 2020). 
Consequently, this formulation is used in this study. In contrast, the 
empirical functions proposed by Brown (for 𝑎∕ℎ < 0.35) and Benthem 
(for any 𝑎∕ℎ) exhibit deviation up to approximately 2% (Tada et al., 
1973).

According to the fundamental principles of fracture mechanics, the 
growth of a crack in a stressed plate leads to a reduction in the 
system’s potential energy, while simultaneously increasing the surface 
energy (Griffith, 1921). The decrease in potential energy is associated 
with the release of stored energy and the work done by external loads. 
On the other hand, the increase in surface energy is due to the creation 
of new crack surfaces, where the atoms are in a non-equilibrium state. 
Therefore, the surface energy (𝛾𝑠) is given by Perez (2004) as 

𝛾𝑠 =
1
2

(

𝐹𝐼𝜎2𝑓𝜋𝑎

𝐸

)

. (12)

When the strain–energy release rate (𝐺) exceeds the fracture toughness, 
rapid crack growth occurs. Griffith’s energy balance for brittle fracture 
assumes that external and internal energies are entirely converted 
into surface energy, neglecting dissipation and kinetic energy (Griffith, 
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Fig. 2. (a) Comparison of geometric correction function (𝐹𝐼 ) calculated using various empirical functions for different 𝑎∕ℎ and 𝛼. Relations identified for unnotched 
microstructure having different pore counts: (b) 𝜙𝑠 vs. 𝑑∕𝑙 and (c) 𝐸 vs. 𝜙𝑠 under tension, plotted on a log–log scale. (d) Stress–strain response of microstructure 
with different 𝜙𝑠 and having a crack with 𝑎∕ℎ = 0.2 & 𝛼 = 0◦ subjected to tension, and corresponding fracture properties: (e) 𝐾𝐼𝐶

𝜎𝑓𝑠
√

𝜋𝑙
 and (f) 𝐺 plotted against 𝜙𝑠

in log–log scale.
1921), expressed as 𝐺 = 2𝛾𝑠. Herein, 𝐺 can be related to 𝐾𝐼𝐶 by 
combining Eqs.  (6) and (12), as follows 

𝐺 = 2𝛾𝑠 = 𝑎(1−2𝑝1)
𝐾2

𝐼𝐶
𝐸

. (13)

For 𝛼 = 0◦, we get 𝐺 = 𝐾2
𝐼𝐶∕𝐸, with 𝑝1 = 0.5 using Eq. (7).

3. Results and discussion

The representativeness of the RVE with respect to the number of 
pores was examined in a previous study (Chandrasekaran et al., 2025), 
which concluded that reliable prediction of geometric and mechanical 
properties can be achieved as long as the full PSD is adequately 
captured, regardless of the total pore count. Accordingly, the present 
study investigates the variation in the elastic modulus of unnotched and 
the fracture properties of double-notched microstructures under tensile 
loading across different pore counts. To this end, microstructures were 
generated using a normal distribution with a mean pore diameter 𝜇 =
30 nm and standard deviation 𝑠 = 7, resulting in RVE sizes of 255 nm, 
292 nm, 322 nm, 346 nm, and 400 nm for pore counts of 𝑁 = 1000, 
1500, 2000, 2500 and 4000, respectively. The results in Fig.  2 show 
the representativeness of the RVE, and therefore the minimal size of 
the RVE was used further in this study, for computational efficiency. 
Despite variations in pore count and RVE size, all microstructures 
exhibit a similar average pore-wall length of 𝑙 = 11.580 ± 0.065 nm. 
Pore-wall diameters were computed following a diameter-distribution 
approach for different 𝜙𝑠 as outlined by Chandrasekaran et al. (2025). 
Fig.  2(b) depicts the relationship between 𝜙𝑠 and the average 𝑑∕𝑙 ratio 
for microstructures with varying pore counts. The results indicate that 
the average 𝑑∕𝑙 ratio across microstructure with different pore counts 
remains consistent for any given 𝜙𝑠. A quadratic relationship between 
𝜙𝑠 and 𝑑∕𝑙 is expressed as 

𝜙𝑠 = 𝐷
(𝑑
𝑙

)2
, with 𝐷 = 0.86. (14)

A similar relation was proposed by Gibson and Ashby (1982) for 3-
d square-shaped cellular structures, with 𝐷 ≈ 1 (Oliveira, 2005). Choi 
5 
and Lakes (1996) reported 𝐷 = 1.06 for a regular tetrakaidecahedron 
cell, while this study exhibits 𝐷 = 0.86 for a highly heterogeneous 
microstructure. On the other hand, the scaling exponent of 2 remains 
consistent, irrespective of the pore shape. The elastic properties of 
unnotched microstructures were evaluated under tensile loading, with 
𝐸∕𝐸𝑠 plotted against 𝜙𝑠 (using 𝐸𝑠 = 3600 MPa) in Fig.  2(c). The 
findings reveal that the elastic response remains unaffected by the 
pore count across the entire range of 𝜙𝑠. The relationship between 
𝐸∕𝐸𝑠 and 𝜙𝑠 adheres to a power-law relationship, as expressed in 
Eq. (2), with coefficients 𝐶1 = 0.38 and 𝑛 = 1.8. The observed scaling 
exponent aligns closely with 𝑛 = 2, as proposed by  Gibson and Ashby 
(1982). For Eq. (2), 𝑛 = 2 and 𝐶1 = 0.75 are identified in this study 
for widely dispersed pore sizes and shapes. Moreover, Eq. (3), with 
𝐶1 = 0.12 and 𝐶2 = 0.13, demonstrates a strong correlation with the 
results obtained in this study. The fracture behavior of microstructures, 
incorporating double-notched cracks with 𝑎∕ℎ = 0.2 and 𝛼 = 0◦, 
was investigated under tensile loading. Stress–strain responses for mi-
crostructures with 4000 pores, evaluated for various 𝜙𝑠 are presented in 
Fig.  2(d). It is observed that the fracture stress increases with 𝜙𝑠, while 
the strain at fracture decreases. An increase in solid fraction results 
in larger pore-wall diameters, exhibiting higher axial load bearing 
capacity and bending resistance, thereby contributing to an increased 
fracture strength. However, these thicker pore-walls tend to reach their 
maximum fracture strength at lower strain levels. Figs.  2(e) & (f) 
illustrate the 𝐾𝐼𝐶∕𝜎𝑓𝑠

√

𝜋𝑙 (with 𝜎𝑓𝑠 = 360 MPa), and 𝐺 as functions 
of 𝜙𝑠, respectively. The normalized fracture toughness follows a power-
law relation, as described in Eq. (4), with parameters 𝑐 = 0.37±0.15 and 
𝑚 = 1.43 ± 0.15. This scaling exponent is approximately equal to the 
theoretical value of 𝑚 = 1.5 proposed by Maiti et al. (1984). A linear 
relation between 𝐺 and 𝜙𝑠 is observed by substituting Eqs. (2) & (4) 
in Eq. (13), as formulated in Eq. (16). Similarly, 𝐺 demonstrates an 
approximately linear dependence on 𝜙𝑠, with 𝑐1 ≈ 0.5 and 𝑚1 = 1.07 in 
the present study.

𝐺 = 𝑎(1−2𝑝1)
𝑐2𝜎2𝑓𝜋𝑙 𝜙𝑠, (15)

𝐶1𝐸𝑠
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Table 3
𝑙 & 𝑑 for different 𝜙𝑠 and 𝑠. 
 𝑠 𝑙 𝑑 [nm]
 [nm] 𝜙𝑠 = 0.01 0.015 0.02 0.03 0.05 0.07 0.1  
 0.65 14.67 1.56 1.91 2.20 2.70 3.49 4.12 4.93 
 3.5 14.70 1.57 1.93 2.23 2.73 3.52 4.17 4.98 
 7 15.22 1.62 1.99 2.29 2.81 3.63 4.29 5.13 
 14 16.38 1.79 2.19 2.53 3.10 4.00 4.73 5.66 
 21 18.18 2.02 2.48 2.86 3.50 4.52 5.35 6.39 

⇒ 𝐺 = 𝑐1𝜙
𝑚1
𝑠 with 𝑚1 = 1.0. (16)

Slight variations in 𝐾𝐼𝐶∕𝜎𝑓𝑠
√

𝜋𝑙 and 𝐺, observed across microstruc-
tures with different pore counts, lie within the 95% confidence in-
terval of the fitted functions. These results demonstrate that the RVE 
accurately captures microstructural properties and thus confirm the 
reliability of the proposed model in predicting the macroscopic Young 
modulus and fracture properties in open-porous microstructures. The 
study establishes a robust framework for further investigations into the 
effect of microstructure and crack configurations on fracture behavior.

3.1. Influence of PSD

In this section, the geometric (𝑑∕𝑙), mechanical (𝐸∕𝐸𝑠), and frac-
ture (𝐾𝐼𝐶 & 𝐺) properties of microstructures with different PSDs are 
analyzed. This is achieved by varying the coefficient of variation (CV=
𝑠∕𝜇), specifically the parameters (𝜇 and 𝑠) of the normal distribution. 
All structures are generated with double notches having 𝑎∕ℎ = 0.2 and 
𝛼 = 0◦.

3.1.1. Variation in 𝑠
Microstructures are generated using the normal distribution with 

𝜇 = 40 nm and varying 𝑠 = 0.65, 3.5, 7, 14 and 21. The average length 
of the microstructure and the average pore-wall diameter for different 
𝜙𝑠 are summarized in Table  3 for different values of 𝑠. Although 𝑙
and 𝑑 increase with 𝑠, the average 𝑑∕𝑙 ratio of these microstructures 
remains consistent for different 𝜙𝑠. The dependence of 𝜙𝑠 on 𝑑∕𝑙 ratio 
follows a scaling law (as in Eq. (14)) with 𝐷 = 0.86 ± 0.05 and a 
scaling exponent of 2.0. Unnotched microstructures exhibit a similar 
relationship between 𝐸∕𝐸𝑠 and 𝜙𝑠 for varying 𝑠, as described in Eq. (2) 
with 𝐶1 = 0.37 ± 0.03 and 𝑛 = 1.80 ± 0.03.

In Figs.  3(a) & (b), 𝐾𝐼𝐶∕𝜎𝑓𝑠
√

𝜋𝑙 and 𝐺 are plotted versus the solid 
fraction 𝜙𝑠 for varying 𝑠, following Eqs.  (4) and (16), respectively. The 
constants 𝑐, 𝑚, 𝑐1, and 𝑚1 associated with these equations decrease 
with increasing 𝑠, as reported in Table  4. As seen in Fig.  3(b), for 
𝜙𝑠 = 0.01, the value of G deviates below the fitting function, while for 
𝜙𝑠 > 0.01, it aligns well with the proposed relationship. It is observed 
that 𝐺 increases with increasing 𝑠, which can be attributed to the 
uniformity of the pore sizes. For lower 𝑠, the pores are nearly uniform, 
resulting in a more homogeneous load distribution among the pore 
walls. Consequently, fracture initiation is more controlled (Chen et al., 
2022), leading to a lower strain energy release per unit crack growth. In 
contrast, for higher 𝑠, the pore sizes vary significantly, producing pore 
walls lengths and thicknesses with high variation. This heterogeneity 
creates weaker, highly stressed regions, allowing cracks to propagate 
more easily along these paths and resulting in a higher strain energy 
release per crack extension.

3.1.2. Variation in 𝜇
The microstructures are generated using the normal distribution 

with a variation of 𝜇 = 20, 30, 40, 50 nm and a constant 𝑠 = 7. The 
corresponding structural parameters, 𝑙 and 𝑑, for different 𝜙𝑠 and 𝜇 are 
presented in Table  5. The dependence of the 𝑑∕𝑙 ratio and 𝐸∕𝐸𝑠 on 𝜙𝑠
remains consistent for varying 𝜇, following Eqs. (1) & (2), respectively. 
In Figs.  3(c); (d) & (e), 𝐾 ∕𝜎

√

𝜋𝑙, 𝐺 and 𝜎 & 𝜖  are plotted against 
𝐼𝐶 𝑓𝑠 𝑓 𝑓
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Table 4
Constants in Eqs. (4) & (16), for varying 𝑠. 
 𝑠 𝑐 𝑚 𝑐1 𝑚1  
 0.65 0.34 1.45 0.5030 1.106  
 3.5 0.31 1.42 0.4203 1.028  
 7 0.30 1.39 0.4360 0.9770 
 14 0.25 1.35 0.3213 0.9055 
 21 0.24 1.32 0.3415 0.8727 

Table 5
𝑙 & 𝑑 for different 𝜙𝑠 and 𝜇.
 𝜇 𝑙 𝑑 [nm]
 [nm] 𝜙𝑠 = 0.01 0.02 0.03 0.05 0.07 0.1  
 20 8.22 0.89 1.26 1.55 2.00 2.36 2.82 
 30 11.63 1.25 1.77 2.16 2.79 3.31 3.95 
 40 15.22 1.62 2.29 2.81 3.63 4.29 5.13 
 50 18.39 2.00 2.83 3.46 4.47 5.29 6.32 

𝜙𝑠 for different 𝜇, respectively. It is observed from the figures that 
the fracture stress (𝜎𝑓 ) decreases with increasing 𝜇, while 𝐺 increases. 
A similar trend is reported for porous ceramics, where larger pores 
lead to lower fracture stress but higher fracture energy (Yoshida et al., 
2008). In the context of fracture mechanics, pores act as inherent flaws, 
and the characteristic flaw size scales with the pore-size (Woignier 
et al., 2015). Since each RVE maintains a constant pore count, an 
increase in 𝜇 directly results in a larger RVE volume characterized by 
larger pores and longer pore walls. These factors increase the effective 
flaw size and consequently reduce 𝜎𝑓 . Furtherore, crack propagation in 
porous microstructures is strongly influenced by the spatial distribution 
of pore size. Several studies report that cracks tend to curve toward 
and propagate through regions containing the largest pores rather 
than following a planar path (Jelitto and Schneider, 2018; Zhang and 
Shen, 2023). Larger pores create weaker local zones, making them 
preferential targets for crack extension. Simultaneously, the longer pore 
walls associated with larger pores exhibit increased bending and axial 
compliance, allowing them to store more elastic strain energy prior to 
fracture. When the crack propagates, this stored energy is released, 
contributing to the observed increase in 𝐺. Therefore, the increase 
in 𝐺 is intrinsically linked to the volume/size of the microstructure. 
In contrast, the fracture strain shown in Fig.  3(e) does not exhibit 
a clear trend with variations in 𝜇, which is attributed to the het-
erogeneous distribution of pore sizes and pore-wall geometries across 
microstructures.

The experimental data for the normalized fracture-toughness of 
Polymethacrylimide (PMI-E) foam (Maiti et al., 1984) and Polyurethane 
(PUR) foams (McIntyre and Anderton, 1979), plotted in Fig.  3(c), were 
taken from Jelitto and Schneider (2019). These data provide strong 
validation for the model, which closely reproduces the experimentally 
observed trends. The micromechanical model proposed by Maiti et al. 
(1984) and Green (1985) corresponding to Eq. (4) is plotted for com-
parison in Fig.  3(c). The constants 𝑐 and 𝑚 in Eq. (4), and 𝑐1 and 𝑚1
in Eq. (16), for varying 𝜇, are summarized in Table  6. Analysis of the 
scaling exponents and proportionality constants, provided in Tables 
4 & 6 for Eq. (4), reveals that the model proposed by Maiti et al. 
(𝑐 = 0.65 & 𝑚 = 1.5) is particularly well suited for microstructure 
with smaller pore size or standard deviation, representing uniform PSD, 
while Green’s model (𝑐 = 0.28 & 𝑚 = 1.3) seems to be better suited 
for microstructure with large pore size or standard deviation, reflecting 
more broadly dispersed pore sizes.

3.2. Influence of 𝑙 & 𝑑

The influence of pore-wall length and diameter on fracture behavior 
was examined by generating two distinct microstructural configura-
tions. In the constant diameter configuration, the distribution of 𝑙 was 
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Fig. 3. (a) 𝐾𝐼𝐶∕𝜎𝑓𝑠
√

𝜋𝑙 and (b) 𝐺 vs. 𝜙𝑠 for varying 𝑠, (c) 𝐾𝐼𝐶∕𝜎𝑓𝑠
√

𝜋𝑙 and (d) 𝐺 vs. 𝜙𝑠 for varying 𝜇, on a log–log scale, (e) 𝜎𝑓  and 𝜖𝑓  vs. 𝜙𝑠 for varying 𝜇. 
Comparison between constant diameter and length configurations for (f) 𝐸∕𝐸𝑠, (g) 𝐾𝐼𝐶 , (h) 𝐺 and 𝐾𝐼𝐶

𝜎𝑓𝑠
√

𝜋𝑙
 plotted against 𝜙𝑠 on a log–log scale.
Table 6
Constants in Eqs. (4) & (16), for varying 𝜇.
 𝜇 𝑐 𝑚 𝑐1 𝑚1  
 20 0.44 1.48 0.48 1.20 
 30 0.37 1.45 0.47 1.10 
 40 0.30 1.39 0.44 0.98 
 50 0.27 1.35 0.41 0.92 

varied while keeping 𝑑 constant across the microstructure. On the other 
hand, 𝑑 was varied by maintaining a fixed distribution of 𝑙 in the con-
stant length configuration. For the constant diameter configuration, 
microstructures with varying mean pore widths were generated. For 
this purpose, the normal distribution with 𝜇 = 30, 40, 50, 60, 70, 80,90 
and 100, and constant 𝑠 = 7 was used to maintain the consistent shape 
of the PSD for different mean pore widths. Both ℎ and average 𝑙 increase 
with 𝜇 for a given pore count (𝑁 = 1000). A constant diameter of 
𝑑 = 4 nm was defined for all the pore walls, resulting in variations in 
𝜙𝑠 of the microstructures. Table  7 summarizes the structural properties, 
including the mean pore width, RVE size, average pore-wall length, 
average 𝑑∕𝑙 ratio, and 𝜙𝑠. In the constant length configuration, a 
microstructure was generated based on a normal distribution having 
𝜇 = 30 and 𝑠 = 7, with ℎ = 255.28 nm and average 𝑙 = 11.63 nm. Dif-
ferent values of 𝜙  across the microstructures are obtained by varying 
𝑠

7 
Table 7
Structural properties of microstructures with varying 𝑙 and constant diameter 
of 𝑑 = 4 nm.
 Mean pore ℎ 𝑙 (𝑑∕𝑙) 𝜙𝑠
 Width, 𝜇 [nm] [nm] [nm] [–] [–]

 30 255.28 11.63 0.3476 0.1015 
 40 332.78 15.22 0.2652 0.0605 
 50 411.38 18.39 0.2157 0.0399 
 60 490.73 22.65 0.1766 0.0281 
 70 570.30 25.87 0.1546 0.0209 
 80 650.20 29.96 0.1381 0.0161 
 90 730.20 32.65 0.1225 0.0128 
 100 810.35 32.65 0.1090 0.0104 

𝑑 (defined uniformly to all pore walls in the microstructure). Table  8 
lists the structural properties for this configuration, including pore-wall 
diameter 𝑑, the average 𝑑∕𝑙 ratio, and the corresponding 𝜙𝑠.

Both configurations exhibit similar dependence of 𝐸∕𝐸𝑠 on 𝜙𝑠, 
as illustrated in Fig.  3(f). Fracture analysis was performed using the 
double-notched microstructures with crack geometries characterized by 
𝑎∕ℎ = 0.2 and 𝛼 = 0◦. As shown in Fig.  3(g), the power-law scaling 
exponent between 𝐾𝐼𝐶 and 𝜙𝑠 is lower for the constant diameter config-
uration compared to the constant length configuration, consistent with 
previous findings (Choi and Sankar, 2005). A similar trend is observed 
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Fig. 4. (a) Stress vs. strain for varying 𝑎∕ℎ with constant 𝜙𝑠 = 0.05 and (b) 𝐾𝐼𝐶 plotted against 𝑎∕ℎ for different 𝜙𝑠, (c) 𝐾𝐼𝐶 plotted against 𝑎∕ℎ for different 𝛼, 
Fracture properties: (d) 𝜎𝑓 , (e) 𝐾𝐼𝐶 and (f) 𝐺 plotted against 𝛼 for different 𝑎∕ℎ, having constant 𝜙𝑠.
Table 8
Structural properties of microstructures with varying 𝑑 and constant 𝑙 =
11.63 nm.
 𝜙𝑠 𝑑 (𝑑∕𝑙)
 [–] [nm] [–]

 0.0100 1.26 0.1091 
 0.0150 1.54 0.1336 
 0.0200 1.76 0.1543 
 0.0283 2.11 0.1837 
 0.0442 2.64 0.2293 
 0.0583 3.03 0.2636 
 0.1033 4.04 0.3508 

in the scaling relationship between 𝐺 and 𝜙𝑠, as illustrated in Fig.  3(h). 
However, 𝐾𝐼𝐶∕𝜎𝑓𝑠

√

𝜋𝑙 remains comparable for both configurations, 
with only slight variation in 𝑚, as presented in Fig.  3(i).

Choi and Sankar (2005) reported that 𝐾𝐼𝐶 is independent of pore 
size or pore-wall length at low relative density or solid fraction (0.01 ≤
𝜙𝑠 ≤ 0.04) and that thicker pore walls yield higher 𝐾𝐼𝐶 at higher 
densities. However, Fig.  3(g) demonstrates significant differences in 
𝐾𝐼𝐶 between the two configurations at lower 𝜙𝑠, with these differences 
diminishing at higher 𝜙𝑠. For instance, at 𝜙𝑠 = 0.01, the constant 
diameter configuration (characterized by 𝑙 = 32.65 nm and 𝑑 = 4 nm) 
exhibits a higher 𝐾𝐼𝐶 than the constant length configuration (with 
𝑙 = 11.63 nm and 𝑑 = 1.26 nm). These findings align with Choi et al.’s 
observations, indicating that pore walls with smaller diameters exhibit 
reduced fracture strength, leading to lower 𝐾𝐼𝐶 , independent of 𝜙𝑠. On 
the other hand, 𝐾𝐼𝐶∕𝜎𝑓𝑠

√

𝜋𝑙 exhibits minimal variation at 𝜙𝑠 = 0.01
compared to 𝐾𝐼𝐶 , emphasizing the influence of pore-wall length on 
𝐾𝐼𝐶 and 𝐺. Pore walls store elastic energy during deformation, which is 
released during fracture. Consequently, longer and thicker pore walls 
lead to higher 𝐾𝐼𝐶 and 𝐺. These results highlight the critical role of 
pore-wall geometry – both diameter and length – in determining the 
fracture properties of open-porous microstructures. To accurately study 
the dependence of 𝐾  on 𝜙 , 𝜙  should be varied by adjusting 𝑑 while 
𝐼𝐶 𝑠 𝑠
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maintaining a constitent shape of PSD (i.e., constant length approach) 
rather than varying the pore-wall length (i.e., constant diameter ap-
proach). This is due to the fact that the constant length approach yields 
a scaling exponent consistent with Eqs.  (4) and (16), as inferred from 
Figs.  3(g) & (h).

3.3. Influence of crack geometry

In this section, the influence of crack configuration, specifically 
the crack depth-to-height ratio and the crack angle, on the fracture 
properties is investigated. To this end, microstructures with different 
crack configurations, based on a PSD described by a normal PDF with 
𝜇 = 30 and 𝑠 = 7, were generated and subjected to tensile loading. The 
contour plots presented in Fig.  5 show the resulting von Mises effective 
stress distribution for different crack configurations, highlighting the 
predicted crack propagation path through the microstructure.

3.3.1. Effect of 𝑎∕ℎ
Fig.  4(a) illustrates the stress–strain behavior of microstructures 

with 𝜙𝑠 = 0.05 and 𝑎∕ℎ ratios varying between 0.05 and 0.45 while 
maintaining a constant 𝛼 = 0◦ and RVE size. The response is pre-
dominantly linear up to the fracture strength, consistent with behavior 
observed in aerogel and foam materials (Patil et al., 2018; Kabir et al., 
2006). As the crack depth increases, the number of effective load-
bearing pore walls decreases, leading to a reduction in both the stiffness 
and fracture strength. For crack depths in the range 0.1 ≤ 𝑎∕ℎ ≤ 0.35, 
the strain at fracture remains relatively constant as the microstructure 
still contains sufficient intact pore-walls to redistribute local stresses. 
Therefore, the crack propagates along a partially tortuous path, al-
lowing some energy dissipation through local bending and stretching 
of pore walls, which results in similar fracture strain despite reduced 
strength. In contrast, early fracture is observed for larger cracks, where 
very few pore walls are available to redistribute stress effectively.

The relationship between 𝐾𝐼𝐶 and 𝑎∕ℎ for different 𝜙𝑠 = 0.01, 0.025,
0.05 & 0.1, is depicted in Fig.  4(b). For a highly porous microstructure, 
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Fig. 5. Crack path in microstructure with 𝜙𝑠 = 0.05 having, 𝛼 = 0◦ with (a) 𝑎∕ℎ = 0.05, (b) 𝑎∕ℎ = 0.1 & (c) 𝑎∕ℎ = 0.2, and 𝑎∕ℎ = 0.05 with (d) 𝛼 = 30◦, (e) 𝛼 = 90◦

& (f) 𝛼 = 150◦.
i.e., 𝜙𝑠 = 0.01, the 𝐾𝐼𝐶 is constant for all 𝑎∕ℎ values. However, for 
lower porosity, 𝐾𝐼𝐶 increases with crack depth for 𝑎∕ℎ values up to 
0.15, consistent with observations in silica aerogels (Patil et al., 2018) 
and brittle honeycombs (Huang and Gibson, 1991b). However, for 
𝑎∕ℎ values beyond 0.15, 𝐾𝐼𝐶 stabilizes and exhibits nearly constant 
magnitude, as illustrated by a linear fit in Fig.  4(b). This behavior aligns 
with the findings of Choi and Sankar (2005), who reported that fracture 
toughness is independent of crack depth at higher 𝑎∕ℎ ratios.

The crack path in the microstructure with crack configurations, 
𝛼 = 0◦ and 𝑎∕ℎ = 0.05, 0.1 and 0.2, is shown in Figs.  5(a), (b) & (c), 
respectively. For very shallow cracks (𝑎∕ℎ = 0.05), the crack has min-
imal influence on the overall load-bearing capacity. The crack path is 
highly tortuous, forcing interaction with surrounding pore walls, which 
increases energy dissipation through microcrack deflection and local 
bending. This leads to higher fracture strength and strain compared 
to deeper cracks. Whereas, microstructure with 𝑎∕ℎ = 0.3 exhibit a 
straight crack path, typical of brittle failure, indicating lower fracture 
strength and strain. All microstructures with 𝑎∕ℎ > 0.2 show fracture 
behavior with a straight crack path.

3.3.2. Effect of 𝛼
The influence of crack angle (varying from 0◦ to 150◦) on frac-

ture stress and toughness, for different 𝑎∕ℎ = 0.05, 0.1, 0.15, 0.2, 0.25, 
is shown in Figs.  4(d) & (e), respectively. It is observed that 𝜎𝑓  is 
independent of the crack angle for a given 𝑎∕ℎ ratio, and decreases with 
increasing 𝑎∕ℎ. In highly porous microstructures, the effect of crack 
angle is minimal due to the presence of pores (i.e., inherent flaws) 
throughout the microstructure (Keleş et al., 2014). The local strength at 
the crack tip is primarily governed by the geometry of the surrounding 
pore walls rather than the orientation of the crack itself.

For crack angles 𝛼 ≤ 60◦, both 𝐾𝐼𝐶 and 𝐺 remain nearly constant. 
This behavior can be attributed to the fact that the crack remains 
predominantly under Mode I loading, where the applied tensile stress 
acts perpendicular to the local crack plane. Beyond 𝛼 = 90◦, 𝐾𝐼𝐶
decreases while 𝐺 increases. This corresponds to a transition from 
pure Mode I to a mixed-mode fracture, where the crack experiences 
significant Mode II fracture. This trend is consistent across all 𝑎∕ℎ
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values, highlighting that the effect is primarily due to orientation rather 
than crack size. For a fixed crack angle, 𝐾𝐼𝐶 and 𝐺 increase with 𝑎∕ℎ, 
as shown in Figs.  4(c) & (f), is consistent with LEFM, where larger 
cracks result in higher stress intensity factors for the same applied load. 
The geometric correction function and parameter 𝑝1 account for the 
influence of crack size, orientation, and specimen geometry, providing 
a quantitative explanation for the variation of 𝐾𝐼𝐶 and 𝐺 even when 
𝜎𝑓  remains constant for all angles (refer to Eqs. (11) & (13)). The crack 
path in the microstructure with crack configurations, 𝑎∕ℎ = 0.05 and 
𝛼 = 30◦, 90◦ and 150◦, is shown in Figs.  5(d), (e) & (f), respectively. All 
microstructures show tortuous crack paths, irrespective of crack angle.

4. Conclusion

This study systematically investigates the influence of microstruc-
tural features, specifically the PSD and 𝜙𝑠, on the fracture behavior of 
open-porous materials. RVEs were found to effectively capture the geo-
metric and mechanical characteristics of microstructures across varying 
pore counts, provided the complete PSD is adequately represented.

The effective Young modulus of the unnotched microstructures 
exhibits a power-law dependence on 𝜙𝑠, with a scaling exponent 𝑛 =
1.8, closely aligning with the classical theoretical prediction of 𝑛 =
2 (Gibson and Ashby, 1982). The elastic response was found to be 
unaffected by PSD, while the proportionality constant (𝐶1) depends on 
pore structure regularity. In this study, 𝐶1 ≈ 0.38 was determined for 
highly heterogeneous pore networks. This relationship can be expressed 
as 
𝐸
𝐸𝑠

= 𝐶1𝜙
𝑛
𝑠 with 𝑛 = 1.80 ± 0.06. (17)

Normalized fracture toughness and strain energy release rate also fol-
lowed power-law relationships with respect to 𝜙𝑠, as follows 
𝐾𝐼𝐶

𝜎𝑓𝑠
√

𝜋𝑙
∝ 𝜙𝑚

𝑠 with 𝑚 = 1.40 ± 0.08 (18)

and 
𝐺 ∝ 𝜙𝑚1 with 𝑚 = 1.00 ± 0.15. (19)
𝑠 1
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Deviations in the scaling exponent 𝑚 were attributed to PSD variations, 
highlighting the significant role of PSD in affecting the fracture behav-
ior of open-porous materials having polydisperse pore sizes. A more 
uniform distribution yields scaling exponents of 𝑚 = 1.48 and 𝑚1 = 1, 
closely matching the theoretical prediction.

The agreement of the model with both the experimental data and 
the classical scaling relations proposed by Maiti, Gibson, and Ashby 
for cellular solids (Gibson and Ashby, 1982; Maiti et al., 1984) demon-
strates that Voronoi-based microstructures can reliably predict both 
the elastic and fracture responses under tension. Several observations 
have been made from this study regarding the fracture behavior of 
open-porous materials. Variations in the PSD, specifically the standard 
deviation (𝑠) and mean (𝜇), were found to significantly influence frac-
ture behavior. Increasing 𝑠, which corresponds to more heterogeneous 
pores, leads to higher strain energy release rates (𝐺) due to stress 
concentrations at weaker pore walls. Larger mean pore sizes (𝜇) reduce 
fracture stress (𝜎𝑓 ) while increasing 𝐺, due to large pores acting as 
inherent flaws. Pore-wall geometry also plays a critical role, with 
longer and thicker pore walls storing more elastic energy, resulting 
in higher fracture toughness (𝐾𝐼𝐶 and 𝐺). Fracture strength and stiff-
ness decrease with increasing crack depth, whereas the fracture stress 
remains largely insensitive to crack angle, likely because the stress 
fields are governed primarily by the surrounding pore architecture. 
However, in the absence of comprehensive experimental studies to sub-
stantiate this observation, a detailed investigation into the influence of 
crack angle on the fracture stress of open-porous materials is required. 
These findings demonstrate the strong interplay between microstruc-
tural features and macroscopic properties and highlight the potential of 
microstructure-based modeling to predict and optimize the mechanical 
performance of open-porous materials. A key advantage of the model 
proposed in this work is that it does not require any parameter fit-
ting: the physical microstructure properties and mechanical properties 
measured in experiments can be directly used as input to predict the 
macroscopic response. This modeling framework can also be used to 
guide the design of microstructural properties before fabricating real 
materials. Although this study focused on Gaussian PSDs, the model 
can be extended to non-Gaussian distributions (e.g., beta or bimodal). 
Preliminary analysis indicates minimal influence of the specific distri-
bution type; thus, only the mean pore size and standard deviation of 
Gaussian distributions were examined here. The present study also lays 
the groundwork for integrating advanced machine learning techniques, 
such as deep symbolic regression, to refine the relationships between 
microstructure and fracture properties, incorporating the effects of PSD 
and pore-wall geometry for more efficient and accurate material design.

It is important to note that the present study assumes isotropic 
behavior of the microstructures; although a heterogeneous PSD is 
accounted for, the spherical pore-size assumption leads to an effec-
tively isotropic response (Chandrasekaran et al., 2021). Investigation of 
anisotropic effects, including shear dominated (Mode II) fracture will be 
addressed in future work. Additionally, the present fracture framework 
employs linear elastic fracture mechanics, and a linear elastic pore-
wall material model is used consistently in this approach. While this 
is appropriate for capturing the brittle failure at small-strain regime, it 
does not account for a non-linear mechanical behavior of the pore walls 
that can arise at large strains. Such non-linearities, including the elasto-
plastic pore-wall response under compression reported in our previous 
study (Chandrasekaran et al., 2025), are therefore beyond the scope of 
the current work. Incorporating these material-level nonlinear effects 
in future studies would enable extending the framework to materials 
where pore-wall yielding or other non-linear deformation mechanisms 
become relevant, for example in large strain tensile behavior of ductile 
foams.
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