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Particle-based Modeling of Fracturing in Solids

BB « A~ RT A NI - B

Introduction

Over the recent decades, a variety of novel computational
methods have emerged for simulating complex multi-physics
processes. The particle-based, meshfree methods have received
increasing attention as alternatives to the classical, mesh-based
methods. These particle-based methods represent materials by
interacting points, which greatly ease the requirements on the
connectivity of elements in the mesh-based methods. They are
generally considered to be advantageous in modeling large
deformation and fracturing in solids, as well as fluids. The
peridynamics (PD) theory, as a non-local, meshfree, particle-
based method, was introduced approximately 20 years ago. The
method is considered a promising approach for simulating
complex fracturing processes in solid and has been applied in
modeling both brittle and ductile fractures in rock, ceramics,
glass, metals, and composite materials. The prefix peri means
“nearby” or “around” which describes the way the method
works — a material point interacts with others around it — not
only in the immediate vicinity but also further away (i.e., non-
locally). In the PD theory, a domain is discretized into material
points which interact through bonds. Each point possesses a
zone of influence named family as illustrated in Fig. 1. Material
behaviors are modeled by establishing proper constitutive laws
at the bonds. Fracture is simulated by breaking the bonds
continuously. The PD governing equation is formulated in an
integral form rather than spatial partial differentiation,
eliminating the need for the continuity of the material. This
feature makes the PD theory particularly advantageous in
modeling evolving discontinuities such as fracturing. In our
research, we endeavor to further develop the PD theory with an
aim to provide novel numerical tools for simulating and
predicting material behaviors where significant fracture is
involved. Recent work is introduced in this article.

Peridynamic

H, = family of x material point

Fig. 1 Peridynamic domain and point interaction zone.

ZHU Fan

Blasting-induced Fracturing

Blasting is commonly applied for excavation in rock mass.
Numerical modeling of blasting-induced fracturing in rock has
long been challenging owning to the complex physics involved
in blasting. The extreme pressure and strain rate near blasting
hole, the viscoplastic behavior of rock, together with the
evolving fractures all need to be considered.

We apply a special formulation of the PD theory, namely the
non-ordinary state-based PD, for modeling blasting-induced
fracturing of rock. This formulation allows implementation of
classical constitutive models in the PD framework. That is, the
bond level deformation is first used to construct a deformation
gradient tensor at each point. A constitutive model is then
applied to obtain the Cauchy stress tensor which is further
utilized to calculate bond level forces. To quantify material
behaviors under blasting, the JH-2 model, together with a
tension failure model, have been employed in the simulation.
The former is often used to describe brittle materials under
impact and can consider strain hardening, softening, and
viscoplastic response of rock under extreme impact. The latter
is used to model tensile radial cracks in rock. The tensile
strength of rock is set to be a function of the strain rate, where
higher strain rate is associated with higher tensile strength. To
be rigorous, the blasting load is applied by modeling the
detonation process of explosives with a JWL equation of state.
Fig. 2 illustrates the simulated wave propagation in a rock
specimen where blasting starts at the middle drillhole. The
simulated fracture pattern is illustrated in Fig. 3. The simulation
is able to capture both the fragmentation of rock near the
blasting hole, the radial cracking, as well as some small local
cracks. Both the peak stresses and fracture pattern compare

reasonably well with relevant lab experiment. The work will be

;
o
Velocity (m/s)

Fig. 2 Propagation of blasting induced wave in rock.

—



112

[7] ERFFELAM - IR DB

Fig. 3 Simulated rock fractures due to blasting.

Fig. 4 Peridynamic simulation of water column collapsing.

further extended to study engineering blasting operations where
detonation is set at multiple holes with time lag in a large scale,
3D, heterogeneous rock mass.

Hydraulic Fracturing

Fluid-driven fracturing is a typical physical process in many
engineering operations, such as hydraulic fracking technique
used in the petroleum industry. Rigorous simulation of such
process requires the assessment of solid deformation, fracturing,
fluid flow, and interplays between fluid and solid. The diffusion
of fluid in porous solid further complicates the problem.

It is worth noting that the PD theory also offers a potential
way to simulate fluid flow. In contrast to the traditional, total-
Lagrangian theory which is usually applied to solids with small
deformation, a semi-Lagrangian formulation of the PD (SLPD)
theory was recently developed. The feature of the SLPD is that
the next-step stress in the material is decided by the current-step
deformation of the material. The theory adapts to large
deformation of solid materials (for example, soft matter) as well
as fluid. Fig. 4 illustrates a simulation of a water column
collapsing problem which compares reasonably well with
relevant experiment. The SLPD is similar to the smoothed
particle hydrodynamics (SPH) method that they both simulate
fluid with interacting points and an integral-type goveming
equation is employed. Nonetheless, the SLPD, when coupled

£
™ Fluid Fluid
Injection
Fracture
Propagation
(a) Solid
14
—— Analytical solution
121 = PD simulation
£
£ 10
£ 8
{=)]
3
o ]
p=1
o 4
o
L
2,
0 : : : :
20 40 80 80 100
(b) Injection time, ¢ (mm)

Fig. 5 Simulation of hydraulic fracturing. (a): fluid injection and

fracture propagation; (b): Comparison with analytical solution.

with the traditional PD theory, offers a promising way to model
fluid-driven fractures. This is however more complex and
requires a proper fluid-solid interaction (FSI) model. Here a
“fictitious point” model is applied for the FSI. The model
assumes that some solid material points close to the fluid-solid
interface to be fictitious fluid points, so that interactions are
established between the real fluid points and those solid points
near the interface. [llustrated in Fig. 5 is a simulation of a typical
hydraulic fracturing problem where water is continuously
injected into an existing crack in an impermeable solid domain
(the KGD model). The simulated fracture propagation is found
to match with the analytical solution.

Remarks

The PD theory, as one of the particle-based methods, serves
as an important alternative to the traditional mesh-based
methods in handling problems with discontinuities. It
eliminates the need of remeshing in mesh-based methods. The
theory, nonetheless, remains at its infancy that significant future
development can be expected. Implementing multi-physics
modeling in the PD framework will greatly enhance the
capacity of the tool in simulating many natural and industrial
processes that involve fracturing under coupled mechanical,
hydro, thermal, chemical, electric loads and more. Moreover,
coupling the PD theory with other meshfree or mesh-based
methods may offer solutions to simulating more sophisticated
problems with multiscale material behaviors.
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