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Abstract5

Microscopic features (e.g, pore shapes, sizes, and distribution) in porous material6

substantially affect the overall mechanical properties such as stiffness and strength.7

In turn, these material properties determine the macroscopic behaviors of fracture8

in the porous material. In certain cases, macroscopic properties can be derived9

from the porous skeleton and void ratio (i.e., porosity), but in many other cases,10

such derivation is a challenging task. This paper presents a numerical investiga-11

tion of microporosity and micropore shapes effect on the macrofracture behavior12

in porous amorphous silica. For this study, we extend the recently-proposed com-13

bined molecular dynamic (MD) and phase-field (PF) fracture modeling approach14

by including different pore shapes in the atomistic domain. In the MD simula-15

tions, we adopt ReaxFF to evaluate the material properties, where four different16

micropore cases are considered. Based on the material properties derived from17

MD simulations, the macrofracture propagation of porous media is studied using18

hybrid PF simulation. In the characterization of the pore structure, the concept19

of pore ligament is proposed to relate the pore shape and the critical energy re-20

lease rate. Two classical fracture problems were used to evaluate the effect of pore21

shape on the macrofracture behavior. The results of the case study show that22

although the micropore shapes change the macrofracture behaviors, these effects23

vary with the geometry and loading conditions of macroscopic boundary value24

problems. The case study also shows that the influence of micropore structure can25

be captured at the macroscopic level through the material properties derived from26

the MD simulations.27
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Highlights29

• Combine molecular dynamic and phase-field fracture modeling is extended30

to investigate the effect of underlying microstructure on the macrofracture31

behavior.32

• ReaxFF molecular dynamic simulation is used for material characterization33

at the atomistic level.34

• Higher-order parameters such as micropore shapes affect macrofracture be-35

havior.36

Keywords: Multi-scale, Heterogeneous porous materials, Molecular dynamics37

simulations, Hybrid phase field, Fracture mechanics38

1. Introduction39

Porous media/materials widely exist in substances in nature (e.g., bone, rock, soil,40

etc.) and in man-made materials (e.g., concrete, ceramic, foams, etc). These41

substances consist of matrix and open or close pore spaces that exhibit many42

promising properties such as lightweight, excellent heat conductivity, high perme-43

ability, and desirable interaction between matrix surface with fluid/gas within the44

pores. Therefore, porous media have been appealing to a variety of engineering45

and scientific fields [46] from material sciences to geosciences as well as from bio-46

sciences to bioengineering, etc. [28].47

48

Determining the mechanical properties of porous media is an essential aspect49

in predicting porous materials’ response to different external loading conditions.50

Many studies have highlighted how material properties (e.g., stiffness, strength,51

permeability) of porous media are impacted by the underlying micropore struc-52

tures 1 including pore shape, pore size, and pore network [49, 40, 81, 20, 65]. Also,53

the study [36] shows that the morphology of any porous media is completely de-54

terministic so studying the relation between pore structure and the mechanical55

properties of porous media is feasible.56

57

However, to the best of our knowledge, the effect of micropore structure (e.g.,58

pore shape) on the macrofracture behavior in porous media has not been fully59

1In this study, for convenience, from now, we refer to microscopic variables or quantities
related to nano pores as micro or microscopic. For instance, micropore, microscale, microfracture,
microscopic material properties, etc.
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investigated [18]. Particularly, the pore shape effect is rarely quantified in the60

characterization of macroscopic mechanical behaviors. Therefore, in this study,61

we are interested to estimate the material properties as a function of underlying62

pore structures and investigate their effect on the macrofracture behaviors.63

64

Even though for certain porous media, material properties can be characterized65

based on their micropore structure, it is often challenging to characterize properties66

such as elastic stiffness and fracture toughness of a heterogeneous porous media67

in terms of their microstructure [17, 22, 76, 66]. Recently, some researchers have68

investigated the impact of microstructure (pore size, pore distribution, and orien-69

tation) on the overall stiffness of porous media [89, 42, 79, 43, 90, 50, 44]. Vazic70

et al. [83] highlighted the role of pore structure on higher-order parameters even71

beyond the stiffness tensor. Other works established a relation between fracture72

toughness and micropore structure [44, 66, 20, 37, 33]. However, in these studies,73

the established relations are limited to certain types of pore structures or porous74

media [20, 15, 37], while many porous structures pose geometrical complexity. For75

instance, some porous structures are homogeneous but some are not, and some76

have complex hierarchical porous structures. Therefore, it is still a challenging77

task in the characterization of complex porous media.78

79

In the past decades, molecular dynamic (MD) simulation has demonstrated sig-80

nificant accuracy in obtaining material properties, and have been widely used81

to establish various properties such as elastic stiffness, fracture toughness, etc.82

[93, 85, 25, 45, 12, 72, 84, 41, 21]. In the same fashion, MD is also a powerfully83

numerical tool to characterize porous materials [45, 84, 21]. Furthermore, consid-84

ering that the variation of the pore sizes in some porous materials ranges from85

sub nanometer to hundreds of nanometers, MD is a great candidate to model such86

complex hierarchical structures.87

88

Due to the close relevance to the industrial needs, fracture in porous media has89

been the central focus in many fields. In the past decade, with the significant90

advancement of numerical methods for modeling fracture behavior in porous ma-91

terials, there has been an increasing amount of attention to investigate fracture92

mechanism in these complex systems [18, 33, 57, 94]. These methods include ex-93

tended finite element method (XFEM) [4, 58, 7, 59, 29, 78, 2], isogeometric analysis94

[64, 9, 14], damage gradient method [19, 70], and phase-field (PF) fracture mod-95

eling [55, 56, 54, 34, 88, 51].96

97

Because of the promising features of phase-field (PF) framework, PF has been98

adopted in a series of fracture investigations in porous media [56, 54, 34, 88, 86,99
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91, 94, 24, 77]. One such feature is the introduction of diffusive variables that100

is used to regularize the sharp crack zone to a diffusive zone based on Griffith’s101

theory [27]. The crack propagates as the surface energy reaches a threshold value102

where the PF variable takes the value of one within the broken domain and it is103

zero in the unbroken domain, with smooth transition between these two regions.104

Using this method, fracture discontinuity can be avoided in numerical modeling.105

Furthermore, the fracture path does not need to be pre-defined with any special106

treatments in the discretization step.107

108

In the PF framework for porous media, the fracture threshold value (usually crit-109

ical energy release rate Gc), Young’s modulus, and Poisson’s ratio are required as110

the material properties. These properties are generally obtained from experiments111

[91, 56, 54, 11]. However, these experimental measurements are typically based112

on the macroscopic behavior while the variation of micropore structures is usually113

ignored. Therefore, the pore structure effect is difficult to be captured in such114

experimental measurements. Some recent studies [33, 5] propose to use numerical115

homogenization to obtain material elastic properties for PF fracture modeling in116

porous media so that the effect of the micropore can be considered. However, the117

effect of micropores on critical energy release rate is not considered in these works.118

119

To account for the multiscale nature within PF fracture modeling, several papers120

proposed to use combined MD and PF technique [30, 68, 67]. The basic idea is to121

derive the material properties from MD simulation and subsequently implement122

them in the PF fracture model. Due to the promising feature of this multi-scale123

approach, we adopt similar method in this study. However, we use reactive force124

field (ReaxFF) for the first time in MD-informed PF modeling. We also explicitly125

model different pore structures at the atomistic level. Furthermore, in those stud-126

ies, the framework was limited to simple fracture models (e.g., single (double) edge127

plate under tension) with comparable size in microscale and macroscales, but we128

extend this framework by reforming the critical length scale from the MD-based129

material properties so that the extended PF-MD framework can be applied to130

complex fracture problems at the macroscale, which may not be available by using131

either compuatational intesive MD or literature-proposed approaches [30, 68, 67].132

It should be noted that amorphous silica is a common material in many engineer-133

ing application and thus our study focuses on amorphous silica. However, this134

framework is applicable to other porous materials as well.135

136

The rest of the paper is organized as follows. The PF fracture technique, ReaxFF137

MD, and combined MD and PF modeling approach are introduced in the second,138

third, and fourth sections, respectively. The evaluation of MD simulation associ-139
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ated with derived material properties is presented in the fifth section. In the sixth140

section, two fracture models are used to analyze the pore morphology. Finally, we141

will wrap up with the conclusion sections.142

2. Phase-field fracture modeling143

2.1. Brief introduction of phase field fracture modeling144

Phase-field fracture modeling is a promising method to study macro fracture be-145

haviors, which has been extensively developed for brittle and ductile fracture146

[53, 61, 33, 95, 6, 57, 35, 1, 48, 47]. A comprehensive review can be found in147

[87]. The essential idea in PF is to use a diffusive phase-field variable, φ, to regu-148

larize the sharp crack that equals to zero if the material is unbroken and equal to149

one if it is totally broken (physically, the crack is not a discrete phenomenon and150

crack width is approximately zero) [19]:151

φ(x, t) :

{
1 as x = 0

0 as x −→ ±∞
, (1)

where the length parameter, l0 controls the size of the diffusive area.152

153

The concept of the diffusive zone is shown in Figure 1, where the red region is the154

diffusive zone defined by the phase-field variable.155

156

Figure 1: Schematic of (a) sharp crack, (b) diffusive zone of crack [32].
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In the PF framework, the potential energy in a fractured solid body is equal to157

the sum of the bulk energy ψu associated with the unbroken solids and dissipated158

fracture energy ψφ during the fracture propagation:159

ψ = ψu + ψφ. (2)

There exist a couple of different theories explaining the fracture propagation driv-160

ing force in the PF framework. The detailed discussion of fracture evolution theory161

is available in the literature [8, 3, 87]. In this study, we use so called AT2 fracture162

model [63], where the strain energy is split into compressive and tensile energy, and163

the crack propagation is driven by tensile strain energy, as illustrated in Equation164

3 [51],165

166

div(σ) + b = 0,

Gc

(
1
l0
φ− l0∆φ

)
− 2(1− φ)ψ+

0 (ε) = 0,

σ • n = t on ∂Ωt,
∇φ • n = 0 on ∂Ω,

(3)

where σ, ε, b, and t are the Cauchy stress, strain tensor, volume forces applied to167

the solid, and traction, respectively. Gc is the critical energy release rate; ψ+
0 is the168

positive elastic energy [53]; and l0 is the critical length scale; ∆ is the Laplace oper-169

ator; ∇ is the gradient operator. Neumann-type boundary ∂Ωt, and Dirichlet-type170

boundary ∂Ωu are also shown in Figure 1, and n is the normal vector on the bound-171

ary. It should be noted that in our case studies, the volume force is not considered.172

173

It should be noted that splitting the strain energy leads to an anisotropicity in174

the PF governing equation (Equation 3), where the stiffness only degrades in175

the direction orthogonal to the crack. Therefore, the load in the other direction176

can still be sustained by the fully broken region [38]. In this study, considering177

the computational cost and accurate stiffness degradation for complex loads, the178

hybrid formulations of the PF framework are used.179

2.2. Hybrid formulations of phase-field fracture modeling180

The hybrid formulation of the PF fracture modeling was initially proposed by181

Ambati, et al. [3]. In this framework, the strain energy is updated by the linear182

momentum equation (Equation 4a), and the fracture propagation is driven by the183

positive strain energy (Equation 4b). To avoid the interpenetration of fracture184

under compression load, a constraint described in Equation 4c is imposed to the185
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system. Thus the anisotropic formulations read:186 
σ(u, φ) = (1− φ)2

∂(ψ0(ε))

∂ε
,

−l20∆φ+ φ =
2l0
Gc

(1− φ)H+,

∀x : ψ+
0 < ψ−0 → φ ≡ 0.

(4a)

(4b)

(4c)
187

where H+ is a history variable defined to prevent the reversibility issue of fracture,188

∆ is the Laplace operator, and u is the displacement vector.189

190

Compared to the classical anisotropic PF formulation [55], the hybrid form avoids191

the unrealistic fracture pattern under mixed tension and compression cases, in192

which anisotropic formulation only degrade the stiffness orthogonal to the crack.193

Another benefit from the hybrid form is its lower computation cost as it avoids194

the unsymmetrical stiffness in the finite element implementation [3, 38, 87]. The195

study by Ambati, et al. [3] showed how the hybrid approach is several times faster196

than the classical anisotropic method.197

2.3. Verification of numerical implementation198

Considering the above advantage of hybrid formulation, in this study, we adopted199

and implemented it in our research code. To verify the correct implementation of200

the hybrid formulation, we used two fracture models: the single-edge notched shear201

model reported in [23] as shown in Figure 2, and notched rectangular specimen202

with three openings reported in [61] and shown in Figure 5.203

2.3.1. Single edge-notched shear model204

The single edge-notched shear model is widely used to verify the PF fracture re-205

sults by many researchers [53, 23, 60, 61]. The dimension of the plate is 1×1 mm2
206

with a pre-existing crack located in the middle of the left edge as shown in Figure207

2. The crack is 0.5 mm long and the bottom edge of the square is fixed while a208

displacement load is applied to the top edge.209

210

To illustrate the mesh convergence, the area right behind the preexisting crack in211

the model is discretized with three different meshes size, h=0.0035 mm, 0.0017212

mm, and 0.0011 mm. They have 16560, 24630, and 37582 quadrilateral elements213

respectively. A prescribed displacement is applied with a 0.00001 mm increment214

that is the same as the reference model reported in [23]. Material properties used215

in this study are the same as [23], specifically, these parameters are: Young’s216

modulus, E=210 GPa, Poisson ratio ν=0.3, critical energy release rate Gc=0.0027217

KN/mm, and critical length scale L0=0.0075 mm. The reaction force of three218
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Figure 2: Schematic of single edge notched fracture model.

Figure 3: Reaction force plot of three different meshes.

models are plotted in Figure 3 while Figure 4 shows the fracture path in the ref-219

erence model and our newly-implemented model.220

221

From Figure 3, one can see that the force-displacement associated with all three222

different meshes are almost identical. This indicates that sufficiently small size223

meshes were selected in all these cases and thus guarantee that the converged224
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Figure 4: Comparison of (a) reference fracture path [23], (b) fracture path in our simulation
(h=0.0017 mm).

solutions were obtained. Also, the max reaction force is similar to the reference225

result as illustrated in Figure 3, where the reference plot is digitized from Figure226

18 in [23] (The small discrepancy can be attributed to the different discretiza-227

tion between reference model and our model.). Moreover, Figure 4 (b) shows the228

fracture paths obtained from our simulation is quite comparable with the fracture229

path reported in 4 (a).230

2.3.2. Notched rectangular specimen with three openings231

The tensile test for a notched rectangular specimen with three openings was in-232

troduced by Msekh et al. [61]. In this model, a notch is located at the left edge of233

the plate and three holes are horizontally placed at 20 mm above the notch. The234

bottom of the plate is fixed and a pull-up displacement is applied to the top edge.235

The dimension of the plate is 150×200 mm2. The three holes are 40 mm apart.236

The schematic of this fracture problem is illustrated in Figure 5. The model is237

discretized by 13,960 quadrilateral elements with an average element size of 0.2238

mm.239

240

The prescribed tensile displacement at the top of the domain is 0.45 mm and the241

increment load is 0.0004 mm (the increment size is not specified in the reference242

model). Since the increment size affects the simulation result, we performed sensi-243

tivity analysis and selected the increment size of 0.0004 mm as the optimal value244

where the fracture pattern is no longer influenced by smaller increment sizes. The245

total number of increments in each simulation is 1,500 increments. In reference246

[61], the material properties used for this model is not detailed. In our model,247

we use Young’s modulus E=18 GPa, Poisson’s ratio ν=0.2, critical energy release248
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rate Gc=0.002 KN/mm, and critical length scale L0=0.1 mm. The fracture path249

is illustrated in Figure 6 (b).250

251

Figure 5: Schematic of notched rectangular specimen with three openings.

Comparing Figure 6 (a) and (b), one can see the fracture path in our simulation252

is quite similar to the fracture path in the reference model while the some small253

differences is observed. For example, the initial crack path is straight in Figure 6254

(b) but slightly curved in Figure 6 (a). Also, the penetration location of fracture255

in the middle circle edge is different. These discrepancy might be due to the dif-256

ference in material properties and increment size.257

258

However, the similar fracture paths in these two models indicates that we have259

properly implemented the hybrid formulation introduced above. Therefore, we260

will use the verified hybrid formulation to study the underlying micropore shape261

effect on the macrofracture behavior of porous media. Specifically, above single262

edge-notched shear model and notched rectangular specimen with three openings263

model will be reused as case study in section 6.264

10



Figure 6: (a) reference fracture path [61], (b) fracture path in our simulation.

3. ReaxFF MD simulation and material properties characterization265

Molecular dynamic simulation solves Newton’s equations of motion for a set of266

interacting particles at the atomic scale. The interactions among particles are267

governed by an interatomic potential. Therefore, by using MD simulation, we268

could derive some important material properties (e.g., energy release rate) that269

are impossible in other numerical approaches [33]. However, one challenge in MD270

simulations is the selection of an appropriate force field that can be extended to271

different compositions. This limitation exists in some classical MD force fields, e.g.272

Beest-Kramer-van Staten (BKS) [82], Tersoff [62], Stillinger-Weber (SW) [75], and273

Pedone [69], which have been discussed by Rimsza et al. [73]. For instance, in274

these methods, force fields are rarely designed to simulate high strain conditions275

and do not represent varying compositions to identify the role of network modifiers276

and formers on crack growth. These limitations become critical when modeling277

fracture dynamics of silica glass [73], which is the base material used in this study.278

3.1. Reactive force field molecular dynamics (ReaxFF)279

To overcome the above-mentioned challenges, the state-of-the-art reactive force280

field (ReaxFF) is proposed [82]. ReaxFF is a reactive bond-order based force field281

and usually derived by fitting against a training set comprising both quantum me-282

chanics and experimental data. In Reaxff, the total energy of the system includes283
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ten energy terms as:284

Etotal = Ebond+Eover+Eunder+Elp+Eval+Epen+Etors+Econj+EvdW+Ecoul. (5)

Ebond is a term describing the energy of single, double, and triple bonds, Eover and285

Eunder represent the energy terms of complex interactions, which cause a specific286

atom type to have over and under coordination with other atom types, respec-287

tively. Elp is the energy term modeling the lone electron pairs, Eval is the energy288

term related to the valence angle, which is created by over/under the coordination289

and lone electron pair energy term. Epen is an additional energy term that takes290

into account the penalty coming from the cumulative double bonds in a partic-291

ular valency angle. Etors is the energy term that describes all different torsional292

configurations, Econj is the energy contribution representing the conjugated double293

bonds effect. EvdW is the energy term accounting for non-bonded interactions and294

Ecoul is the energy contribution due to the electrostatic interactions.295

296

In this study, MD simulations are carried out using LAMMPS, an open-source297

code developed at Sandia National Laboratories [71]. The time step was set to298

0.25 fs, which is similar to other studies [31, 52]. All the interaction and reaction299

parameters in the amorphous silica (a-SiO2) model were obtained from literature300

[26].301

3.2. MD-based material properties characterization302

The MD-based material characterization is a critical step in combined molecular303

dynamics and PF fracture modeling. Two scales are linked by deriving four ma-304

terial properties (i.e., Young’s modulus E, Poisson’s ratio ν, and critical strain305

energy release rate GC) from the MD simulations, and subsequently using these306

MD-based material properties to construct the fracture behaviors modeled by PF307

fracture technique. The approach for deriving these material parameters is briefly308

discussed below. For the detailed discussion, readers are referred to our previous309

work by Vo et al. [84].310

311

Young’s modulus E is determined from the slope of the initial linear region (up tp312

5% strain) of the stress-strain curve, where stress is calculated using virial stress313

as presented in [80].314

σkl = − 1

V

(
N∑
i

miuik ⊗ uil +
1

2

N∑
i

Nc∑
j 6=i

rijk ⊗ Fijl

)
. (6)

The first and second terms on the right-hand side of Equation 6 denote the kinetic315

and virial contributions, respectively. k and l are the components regarding the316
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Cartesian coordinate system, mi is the mass of the particle i, uik and uil are the317

velocity components of the particle i along with the directions k and l, respec-318

tively, where the bias velocity due to deformation is removed. N and Nc are the319

numbers of particles in the system and within the cutoff radius around particle320

i, respectively. The term rijk is the distance vector component along direction k321

between the two particles i and j, and Fijl is the inter-molecular force exerted on322

particle i by particle j along the direction l. V is the volume of the system.323

324

The Poisson’s ratio, ν, is calculated as:325

ν = −dεy
dεx

, (7)

where dεy and dεx are the strain in the y- and x-directions, respectively. The326

calculation of critical energy release rate, GIC, is based on the approach proposed327

by Brochard et al [10], where GIC is the stored mechanical energy released upon328

crack is formed. The equation read:329

GC =
LyLz
∆A

∫ Lc
x

Lx

σxxdLx, (8)

where Lx indicates initial dimension of sample in X direction, as shown in Figure330

9(b). Lcx is the ultimate dimension when the sample is totally broken. Ly, and Lz331

are the dimension of sample in Y and Z respectively.σxx is the average stress at332

the left and right side of sample. ∆A is the total area of a newly created crack.333

While the focus of our study is on mode I fracture, according to Brochard et al334

[10], this method also applies to mode II fracture.335

4. Combined MD and PF fracture modeling approach336

The combined MD-PF approach consists of two steps: 1) deriving the material337

properties from MD simulations of the molecular systems and 2) replacing the cor-338

responding parameters in the macrofracture simulation using the PF framework.339

The potential of this multi-scale fracture modeling approach has been previously340

demonstrated in the works by Hansen-Dörr et al., [30], Patil, et al. [68, 67], and341

Satake, et al. [74].342

343

In this multi-scale framework, the material properties obtained from the discrete344

atomic simulations capture the physics of the material closely and the measured345

MD-based parameters are more accurate comparing to the empirical values. More-346

over, this approach enables us to look into the intrinsic defects or microaspects347

from the atomistic scale. In the PF fracture modeling, material parameters are348

informed by the material properties obtained from the MD simulations, and as349
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a result, the microscopic structural effect on the overall fracture behavior of the350

material will be considered. Thus, we believe, the MD-informed PF modeling351

approach is a physics-driven method providing an effective way to link the mi-352

crostructures variations to the fracture behavior in the continuum scale [68]. In353

these studies, two comparable fracture models, the molecular dynamic model, and354

this cross-scale PF fracture model show a good agreement in terms of fracture355

pattern, reaction force, energy dissipation, etc.356

357

Inspired by the existing MD-PF works available in the literature, we extended358

this two-scale modeling framework to a more general form, where the MD and PF359

models are not necessary to be the same model in the same length scales. In the360

MD simulations, the fracture models are in a microscale subject to simple tensile361

loading (i.e., mode I fracture), while PF models are in macroscale and subject to362

complex loading scenarios (e.g., combined tension and compression loads, etc.),363

which may be a challenging work in MD modeling.364

365

Furthermore, in obtaining material properties via MD simulations, we adopt the366

state-of-the-art ReaxFF that has been proven to be able to predict the material367

mechanical properties more accurately than other force fields [82]. In MD models368

with ReaxFF, we introduce micropores to capture the influence of pore shape in369

measured material properties [84] and subsequently in PF fracture modeling.370

371

With this extension, we can investigate fracture models that have complex geome-372

tries and may not be possible in MD modeling. However, this extension requires373

reforming the critical length scale in PF to remediate the scale difference, because374

the methods of estimating length scale proposed in literature [30, 68] is not appli-375

cable to fracture models with complex geometries as discussed in section 6.3. To376

resolve this issue, we adopt the macroscopic material properties-based approach377

proposed by Zhang et al. [92].378

5. Material properties characterization of a-SiO2 samples379

As mentioned above, this study focuses on a-SiO2 as the material of choice. The380

details of the material characterization are presented below.381

5.1. Material development and tensile loading models382

In the MD simulations, a-SiO2 was created through a melt-and-quench procedure383

starting with a simulation box of 4.95×4.95×1.53 nm3 of β-cristobalite. A detailed384

description of the sample development processes was presented in our previous385

study [84]. The comparison of the final structure of a-SiO2 with the experimental386

data shows an excellent agreement. Therefore, we believe that our a-SiO2 model387
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can be used for further investigation of the shape effect of micropore on macrofrac-388

ture behaviors.389

390

In this MD model, the tensile loads are applied to two opposite sides of the a-SiO2391

sample as illustrated in Figure 9b. Four different sample models are created: (1)392

without a pore, (2) with a circular pore, (3) with a triangular pore, and (4) with393

a square pore, as shown in Figure 7. Each pore is located at the center of the394

simulation box. The dimensions of all models are 29.41× 29.41×1.51 nm3, which395

was made by replicating a 6×6×1 nm3 sample in all three directions [84]. The size396

of each pore was decided based on 2.27% porosity which remains constant for all397

cases regardless of the pore shape. A strain-controlled periodic boundary condi-398

tions were applied to the sample as shown in Figure 7a and the tensile displacement399

is applied in the x-direction with a strain rate of 8×109 s−1. This strain rate is400

within the linear regime [13], where Young’s modulus from the MD simulations is401

in good agreement with experimental data. Moreover, other researchers Vo et al.402

[84], Chowdhury et al. [13? ] NPT ensemble was used to control the temperature403

and pressure of the system at 300 K and 1 atm, respectively.404

405

Figure 7: (a) Schematic diagram of a MD simulation of tensile loading of a-SiO2. (b)-(e) Four
MD samples will be employed in this study. Specifically, a bulk a-SiO2 (b) without any void, (c)
with a circle pore, (d) with a triangle pore, and (e) with a square pore.

The major parameters including the sample size, particle amount, and microp-406

orosity for each sample are summarized in Table 1. Among the four micro models,407

the case without micropore (i.e., zero porosity) is used as the reference case.408

15



Table 1: Dimensions, number of atoms, and porosity of MD models applied in this study.

MD model Without pore Circular pore Triangular pore Square pore
Dimension (nm3) 29.41×29.41×1.51 29.41×29.41×1.51 29.41×29.41×1.51 29.41×29.41×1.51
Number of atoms 86,400 84,462 84,442 84,462

Porosity (%) NA 2.27 2.27 2.27
Pore ligament (nm) NA 12.50 11.64 12.79

From the molecular simulations of these four microscopic models, Young’s modulus409

E, Poisson’s ratio ν, and energy release rate Gc are directly calculated according410

to the approaches described in Section 3.2. The crack diffusive length L0 for PF411

fracture modeling is calculated indirectly, and critical stress is obtained from the412

available literature.413

5.2. Derivation of material properties based on MD simulations414

The method of evaluating Young’s modulus, Poisson’s ratio, and the critical energy415

release rate has been introduced in Section 3.2. In the following, the approach to416

calculating the length scale is carefully discussed.417

418

The critical length scale is an important parameter in the PF fracture modeling
and it was evaluated differently in the work published by Patil et al. [68, 67]
and Hasnsen-Dorr et al. [30]. In the former, the length scale is calculated as a
function of density concentration that correlates with the crack transition zone
in the MD simulation. In the latter, an arbitrary value in the same order as the
distance between the atoms is selected to conduct the PF simulation. They also
proposed to initially estimate a length scale using a method proposed in [92] and
continuously correct it based on the MD results. A common limitation for these
two approaches is that the MD model and PF model need to have comparable
geometry and loading conditions. This imposes a restriction on combining the
MD and PF frameworks. In our study, since the crack phase transition in MD has
been upgraded to the macrolevel by energy release rate, we postulate that the MD-
based macroscopic material properties considered the scale difference. Therefore,
the critical length scale can be estimated from the macroscopic material properties
based on Equation 9 proposed in [92]:

L0 =
27EGc

256σ2
cr

(9)

where L0 is the critical length scale, E is Young’s modulus, Gc is the critical energy419

release rate, and σcr is the critical tensile strength. From the macroscopic point420

of view, Equation 9 reveals the connection of critical length scale with material421

properties so it provides an approach to properly estimate the critical length scale422
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without knowing the nano transition zone.423

424

As one can see from Equation 9, the critical tensile strength is needed. In this425

study, the characterization of material properties is based on the mode I fracture426

of microsamples subjected to the tensile load so the critical tensile strength can427

be estimated based on the MD simulations. However, as discussed in [12], the428

critical tensile strength estimated based on an MD simulation is much higher than429

the theoretical limits as well as experimental value at the continuum scale. This430

overestimation is caused by the high-strain rate of loading in the MD simulation431

and ignore the role of defects at macrolevel. To properly calculate L0, we obtain432

the tensile strength of a sample without micropore based on the available data in433

the literature [39]. This value will be modified for the samples with pores accord-434

ing to the ratio of their ultimate strain value to the ultimate strain of the sample435

without pores.436

437

Based on the above-mentioned approaches, the material properties of each mi-438

croscopic sample are derived and summarized in Table 2. In the next section,439

these material properties will be applied to the PF fracture models to study how440

micropore structure affects macrofracture behaviors of a-SiO2 plates.441

Table 2: The mechanical properties including Young’s modulus E, Poisson’s ratio ν, and critical
energy release rate GIC) that were obtained from MD simulations.

MD model Without pore Circular pore Triangular pore Square pore
E (GPa) 72.83 68.23 66.45 67.76

ν 0.34 0.37 0.38 0.37
Gc (J/m2) 17.41 12.57 10.13 12.75
σcr (MPa) 150.00 89.35 71.26 104.86
 L0 (10−3m) 0.06×10−1 0.11×10−1 0.14×10−1 0.08×10−1

5.3. Energy release rate and microporous structure442

In porous media, the porosity is an important quantity in characterizing the stiff-443

ness of the media, as a large number of studies show their close relationship444

[15, 33, 37, 20]. Our MD-based material characterization reveals a similar trend445

as illustrated in Table 2. Specifically, the introduction of a porosity value of 2.27%446

leads to lower estimated Young’s modulus values compared with a case with zero447

porosity (i.e., 72.83 GPa). This drop in Young’s modulus value is independent of448

the pore shape and the average Young’s modulus for all these cases is 7% lower449

than the case without pore. However, a closer look at Young’s modulus values re-450

ported in Table 2 shows that the pore shape has an influence on Young’s modulus.451

452

17



To the best of our knowledge, the effect of pore shape on the fracture is still not453

fully investigated. Even though there exists some research discussing the pore size454

and distribution impact [37, 79, 43, 16, 20], there is no work which discusses the455

role of pore from the atomic scale onto continuum scale. However, our recent study456

[84] illustrated that the material properties at the atomic scale vary along with457

the change in the pore shape, where we have used the concept of ligament length458

to correlate the pore shapes and the energy release rate for cases with single pore.459

Here, we discuss this concept in more detail as we are building our new upscaling460

approach.461

462

In our molecular dynamics simulations, we primarily focus on porous materials463

with a single closed pore with periodic boundary conditions subject to tensile464

loading, where the middle section experiences the largest strain. Therefore, the465

crack usually initiates from the centerline of the sample perpendicular to the load-466

ing direction as illustrated in Figure 8. As one can see from this figure, the crack467

propagation patterns are similar for all cases, since each pore is positioned at the468

center of the simulation box.469

470

Figure 8: Example of crack propagation pattern for the cases with (a) circular pore, (b) triangular
pore, and (c) square pore.

The evaluation of the energy release rate is based on the fracture surface as dis-471

cussed in Equation 8, where the energy release rate is the integral of strain energy472

along the fracture surface, from Lx to Lcx. Therefore, accurate measurement of473

the fracture surface (shown in Figure 9) in the MD simulation is critical for the474

dissipated energy during fracture propagation.475

476

Since each case has the same thickness, the distance from the pore boundary to the477

edge of the simulation box is closely related to the Gc value. Roughly speaking, a478

longer distance results in a higher release of fracture energy, which means higher479

Gc. However, in complex pore geometries such as the oval, circular, triangular,480

and/or any irregular pore shapes, the distance from the pore boundary to the edge481

of the simulation box is not usually uniform. To universally quantify the impact of482
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Figure 9: Schematic of (a) fracture surface, (b) loading condition and pore ligament, (c) ligament
of circular pore, (d) ligament of triangular pore, (e) ligament of square pore.

this distance, a projection or ligament length defined as the shortest length from483

the pore boundary to the simulation boundary can be used. In Figures 9b,c, d, the484

red lines represent the ligament lengths for each case with a different pore shape.485

The ligament length of each case is listed in Table 1. Moreover, the energy release486

rates of each case obtained from the MD simulations are also listed in Table 2.487

From this table, one can see that the value of Gc increases with an increase in the488

ligament length.489

6. ReaxFF-informed PF: Case studies490

In this section, two classical fracture models from the verification study in section491

2.3 are used to illustrate how the structure of micropore influences the macrofrac-492

ture behaviors. These two models have relatively complex geometries and loading493

conditions and are suitable to show whether the underlying structure of the mi-494

cropore would have any impacts on the macrofracture behavior.495

6.1. Case Study I: Single-edge notched shear test496

As discussed above, the material parameters of the single-edge notched shear model497

are obtained from different MD simulations of a-SiO2 with different pore shapes as498
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summarized in Table 2. The mesh discretization (L=0.0017 mm), boundary con-499

ditions, and loading conditions are the same for all models as discussed in Section500

2.3. Specifically, each model has 24,630 quadrilateral elements with the average el-501

ement size along the fracture path equal to 0.0017 mm. A prescribed displacement502

of 0.002 mm increment is applied to each case. The reaction force-displacement for503

each model is shown in Figure 10, while Figure 11 shows the fracture propagation504

path for each case at displacement values of 0.45 × 10−3 mm, 0.55 × 10−3 mm,505

0.75 ×10−3 mm, and 0.85 × 10−3 mm, respectively.506

507

Figure 10: Comparison of displacement vs force for four different samples.

The force-displacement curves in Figure 10 clearly shows the differences among508

each model. In another word, one can see not only the influence of the porosity509

(first-order parameter) but also the influence of pore shape (higher-order param-510

eter) on the overall load-displacement curve. The case without a micropore has511

zero porosity, therefore, it has the largest critical strength and highest stiffness.512

In the cases with circular, triangular, and square pores, the critical strength and513

stiffness reduce gradually, even though they have the same porosity. These results514

were expected as they follow a similar trend observed in the material properties515

presented in Table 2, where the case without micropore has the highest energy516

release rate, while cases with circular and square pores have similar energy release517

rate values, followed by the triangular pore with the lowest value of energy release518

rate. Thus, as it can be seen from Figure 10, the fracture initiates first in the519

triangular case as it has the lowest critical energy release rate. A similar trend can520

be found in terms of the time to failure. However, it is noteworthy that the case521
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with square pore has a similar energy release rate but relatively lower stiffness522

compared to the case with circular pore, therefore, its failure occurs at a later523

time compared to the circular case. Essentially, the material with higher stiffness524

and strength consumes more energy for the fracture to propagate. It is also worth525

mentioning that at the failure point in each case, the reaction force drops sharply526

as shown in Figure 10.527

528

W
ith

ou
t 

Po
re

Ci
rc

ul
ar

 
Po

re
Tr

ia
ng

ul
ar

 
Po

re
Sq

ua
re

Po
re

(a) (b) (c) (d)

Figure 11: Crack pattern for a-SiO2 for different pore morphologies at different displacement
values (u):

(a) u=0.45e−3 mm, (b) u=0.55e−3 mm, (c) u=0.75−3 mm, (d) u=0.85e−3 mm,.

From Figure 11, one can see that there are no significant differences in terms of529

the crack paths among the four cases. However, the crack is different at prescribed530

displacements of 0.45 × 10−3 mm, 0.55 × 10−3 mm, 0.75 × 10−3 mm, and 0.85 ×531

10−3 mm. In the triangular case, the crack initiates sooner than any other cases.532

It also propagates much faster than other cases leading to a much sooner failure.533

Moreover, the crack width, in this case, is also wider than in other cases. This534

behavior was expected as the triangular pore has the lowest Young’s modulus,535

energy release rate, and critical tensile strength but highest length scale among all536
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other cases. Although circular and square cases have similar Young’s modulus and537

energy release rates, the square case has higher tensile strength and lower length538

scale. Therefore, fracture in circular case propagates faster with a relatively wider539

crack width compared to the square case. As anticipated, the case without pore540

has the slowest propagation with the narrowest crack zone.541

542

This example illustrates that the variations of underlying pore structure in porous543

media will lead to different fracture responses, and the effect of micropore structure544

can be transmitted to the PF models by integrating the macroscopic material545

properties evaluated based on MD simulations.546

6.2. Case Study II: notched rectangular with three openings547

This fracture example has been selected as it has been shown by other researchers548

[61] that the fracture path is sensitive to the distance of the holes from the initial549

crack. However, we suspect that the fracture response is also sensitive to the550

underlying porous structure. The geometry, loading and boundary conditions,551

and discretization are discussed in section 2.3. The material properties used in552

this example are listed in Table 1. As the fracture path is a major concern for this553

example, we primarily focus on the variation of fracture path in each case (i.e.,554

without pore, circular, square, and triangular pore). Figure 12 shows the load-555

displacement curve associated with each case, while Figure 13 highlights the crack556

path corresponding to two distinct points of max fracture strength and ultimate557

failure for each case.558

Figure 12: Displacement vs force in four cases.
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Figure 13: Crack path in the a-SiO2 model for cases without pore, with circular pore, with square
pore, and with triangular pores at points (a) and (b) shown in Figure 12.

559

Similar to the case study I, the clear differences (e.g., stiffness, max fracture560

strength, propagation speed, etc.) between each load-displacement curve can be561

explained based on the differences in material properties derived from the MD562

simulations. In this case study, we would like to focus on the crack pattern for563

each pore structure as shown in Figure 12. We primarily compare the fracture564

pattern at the point of max fracture strength and ultimate failure. These two565

points correspond to point (a) and (b) shown in Figure 12. Figure 13 shows the566

fracture path along these points for different pore structures.567

568

From the displacement-reaction force shown in Figure 12, one can see a similar569

pattern among all cases. This similarity further translates to the overall crack pat-570

tern in each case as shown in Figure 13. However, a careful comparison of these571

plots shows that the fracture pattern varies among all four cases. For example,572

after the fracture initiates, there is a drop in the peak force values followed by an573

increase in the reaction force. A closer look in Figure 13 shows that although this574

trend is similar among all cases, the magnitude and corresponding displacement575

at which the crack initiates varies in each case. Specifically, cases with circular576

and square pore show a slightly smooth fracture path, while cases without pore577

and with triangular pore show a sharp-curved fracture path.578

579

Furthermore, the difference from point (a) to (b) in Figure 12 also indicates that580
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the fracture path varies among all four cases. As shown in Figure 13, one can581

see that in cases without pore and with triangular pore, secondary crack initiates582

on the left side of the middle circle which does not appear in the cases with583

circular and square pore structures. Overall, such differences in crack initiation584

and propagation are due to the variation in the underlying morphology that has585

been captured through MD simulations.586

6.3. Results and Discussions587

The application of micromechanics in porous media has significantly advanced our588

understanding of the connection between material properties and the micropore589

structure [15, 81, 40]. However, we are still facing some challenges to upgrade590

certain material properties such as energy release rate from the microscale. Par-591

ticularly, the proper quantities describing the micropore morphology on material592

behaviors (e.g., fracture) are not available. ReaxFF has been proven to be one593

of the best force fields with the ability not only to capture the chemical reactions594

but also to predict the mechanical properties of materials. [21, 84, 11]. ReaxFF595

also enables us to capture the fluid-solid interaction or chemical reaction within596

the porous network. Therefore, in this study, for the first time, we explored its597

potential in predicting macrofracture behavior of porous materials with variations598

in their micropore structure. We applied the MD-based characterization to the599

cases containing micropores, and implemented a combined MD and PF framework600

to investigate the effect of underlying micropore shape in the macrofracture in the601

porous material.602

603

In porous media, as the first-order factor, porosity remains the dominant param-604

eter in dictating the material properties, but the influence of the higher-order605

parameters cannot be ignored in engineering and scientific applications [15, 33].606

Our numerical case studies highlighted that the pore shape would indeed influence607

the fracture behaviors (e.g., fracture strength, propagation speed, crack surface,608

crack growth path) as discussed above. Moreover, the extent of these effects varies609

based on the macroscopic boundary value problem. For example, in the notched610

rectangular specimen with three openings, we can see that the fracture pattern611

varies among all four cases. However, the same influence is not observed in the612

single-edge notched shear test. Although the porosity plays an influential role in613

porous materials [33], the pore shape effect is not negligible as it may change the614

crack path in an unexpected approach. Therefore, it is important to understand615

the effect of the structure of micropore on the macro behavior of porous materials,616

particularly in the design of nano material or metamaterials.617

618

Due to the lack of proper quantities to directly upgrade the pore shape effect, in619

our investigation, we use the material property to indirectly incarnate the pore620
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shape effect on the macrofracture behaviors. However, we suspect that there may621

be some information that cannot be transmitted, for example, the tensile strength622

(the max stress before failure in the tensile test). In our study, the tensile strength623

values were obtained from the literature and are proportioned based on the ulti-624

mate strain ratio of each MD sample. In this estimation, the pore effect may not625

have been comprehensively considered due to the difference between experimental626

and theoretical values. Our MD-based tensile strength values are higher than the627

experimental value which could be due to the fact that defects in materials were628

not considered in our MD simulations [11]. Finding an appropriate approach to629

upgrade the tensile strength from the MD simulations to macroscopic continuum630

simulation is still a challenging task. In the absence of such information, the pore631

effect may not be completely upgraded from microscale to the macroscale in the632

combined MD-PF framework. However, the investigation of two examples in this633

study indicates that the pore effect can be considered in the extended MD-PF634

framework, although more rigorous studies are still needed.635

636

It should be noted that the critical length scale is an important parameter in PF637

fracture modeling [53, 68, 30] as it represents the diffusive size of the fracture path638

and corresponds to the broken zone in the material. In MD simulations, the critical639

length scale corresponds to the molecular transition zone or the zone with broken640

bonds [30, 68]. Thus, Patil, et al. [68] and Hasnsen-Dorr, et al [30] proposed to de-641

termine the critical length scale from MD simulations. However, one precondition642

for this method is that the PF model should be comparable to the MD model in643

terms of domain size, geometry, loading patterns, etc. If the fracture model is too644

complex, this modeling approach would not be realistic. In our study, we adopted645

the method proposed in [92], where the length scale is estimated purely based on646

the macroscopic material properties. As the characterization of materiel proper-647

ties already consider the microscopic structure, we postulate that the derivation648

of the critical length scale from the material properties at the macroscale is more649

suitable for the combined MD-PF method. However, quantitative studies may be650

still needed to verify this assumption but it is beyond the scope of this study.651

7. Conclusion652

Considering that the structure of micropore affects the mechanical behavior of653

porous media [84], in this study, we explored the role of micropore morphology654

on the macrofracture behaviors in a porous material. To achieve this goal, we655

extended the combined MD-PF framework to account for micropore structures at656

the atomic scale using state-of-the-art ReaxFF. Together with a critical length657

scale based on the macroscopic material properties, this extension allowed us to658
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investigate the role of micropore morphology on the macrofracture behavior.659

660

Two fracture problems used by the PF fracture community were adopted to in-661

vestigate the role of different micropores on the macrofracture behavior. In each662

problem, we looked at four micropore structures: without pore, with circular, tri-663

angular, and square pores. MD simulations was performed at the microscale and664

properties were extracted to be used in the macro PF models. The result of these665

two examples demonstrated that, although it is commonly known that the poros-666

ity has a substantial influence on the macro fracture behaviors of porous media667

[33, 19], micropore shape also affects the fracture response. Specifically, among668

the four different pore shapes, fracture in the triangular case initiates and reaches669

the failure sooner than other cases, although triangular has the same porosity as670

the circular and square cases. This trend is observed in both single-edge notched671

shear and rectangular notched with three openings problems. Furthermore, in the672

notched rectangular with three openings problem, we found that the micropore673

shape influences the crack pattern as well. For example, in the case of a triangular674

pore, the fracture path at the points of max reaction force and ultimate failure is675

different from the fracture path of the circular and square pore. The same trend676

is not observed in the single-edge notched shear problem. This difference indicates677

that the extent of micropore effect varies depending on the fracture problems.678

679

These findings enhance our understanding of the correlation between the structure680

of micropore and the macrofracture behaviors in porous media and demonstrate681

the importance of considering the micropore shapes in material design and man-682

ufacturing. Specifically, such knowledge can assist us to create materials with683

controllable micropore structures to achieve desirable macroscopic behavior.684

685

This work is based on our previous study [84], where we noticed that for given686

porosity, the pore orientation is not influential factor to the material properties.687

That is saying the orientating effects of pore and load is negligible for given poros-688

ity. As a result, the pore orientation is not considered. However, the pore ori-689

entation may play an important role for mixed pore network. Investigating this690

effect will be our future research direction. The future work will also focus on the691

validation of the fracture response in porous media evaluated by the combined MD692

and PF modeling framework.693
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