
Internation
Macedonia
 

 

 

 
 

Num
heati
 

T. Sak
Tampere 
timo.saks

Abstr
Tradition
severe to
mechani
happen d
breakdow
bearing r

In the p
piezoele
model an
to the ro
approach
element 
represen
propertie
mechani
level. 

In the n
boundary
voltages
also by 
project r
factors in

Keyw
Piezoele

 

 

 

nal Society for R
an Association 

merical m
ing and

ksala 
University, T

sala@tuni.fi 

act 
nal comminu
ool wear. Th
ical breakage
directly, via 
wn channel 
rocks can be

present study
ctric actuatio
nd a solution
ock fracture 
h, a crack w

upon viola
nting the co
es describe t
ical equation

umerical exa
y condition 
 cracking is 
the piezoele
risk manage
nfluencing th

words 
ectric actuatio

Rock Mechanic
for Geotechnics

modellin
 piezoe

Tampere, Finla

ution and dri
his has spurre
e. One of the
Joule heatin
between ele

e actuated by 

y, a numeri
on of the qua
n scheme for

model, the 
with the norm
ation of the 
onstituent m
the rock hete
n of motion, 

amples, crac
is simulated
mainly due

ectric effect. 
ment by all
he electro-pu

on, Joule hea

ics and Rock E
cs 

ng of  c
lectric a

and 

illing of hard
ed intensive 
ese method u
ng, whereby a
ectrodes bre
the converse

ical model t
artz phase, is
r the underly
embedded d

mal parallel 
Rankine cr

minerals with
erogeneity. A

is applied i

cking of a h
d in axisymm
e to Joule he

Such a mod
owing nume

ulse based pr

ating, rock fr

Engineering 

cracking
actuatio

d rock, being
search for ad

uses high vol
a rapid rise o
eak the rock
e piezoelectr

to simulate 
s developed. 
ying coupled 
discontinuity
to the first p
riterion. Mo
h their resp

A staggered a
in solving th

heterogeneou
metric condi
eating while 
delling techn
erical investi
reconditionin

racture, nume

R

g in gran
on  

g based on m
dvanced prec
ltage electric
of the pressu
k. Alternativ
ric effect.  

both techniq
This task in
piezoelectro

y finite elem
principal dir
oreover, rand
pective mec
approach, wi
he coupled s

us granitic ro
itions. The r
at higher lev

nique is an a
igation of d

ng of rock ma

erical model

ISR

Risk Managem

 

nite due

mechanical br
conditioning
c pulses to fr
ure and temp
ely, the qua

ques, the Jo
volves devel

o-thermo-me
ments approa
rection is int
dom cluster
chanical, the
ith explicit t
system of eq

ock specimen
results demo
vel, 2.5 kV
asset that fa
ifferent phy
ass. 

ling, finite el

RM Regional Sy
Eur

ment in Rock E
Skopje, 1

e to Jou

reakage, suff
g methods to 
racture rock. 
erature in th
artz phase in

oule heating
loping a rock
chanical pro

ach is chosen
troduced into
rs of finite 
ermal and 
ime marchin

quations at th

n under high
onstrate that 
V, cracks are
acilitates geo
sical and op

lements. 

Symposium
rock 2026

Engineering
5-19 June

 

ule 

ffers from 
facilitate 
This can 

he electric 
n quartz-

g and the 
k fracture 

oblem. As 
n. In this 
o a finite 
elements 
electrical 

ng for the 
he global 

h voltage 
at lower 

e induced 
otechnical 
perational 

349

DOI: https://doi.org/10.68732/cd8fc2e65a999f46 ISBN: 978-9989-2053-6-1

https://doi.org/10.68732/cd8fc2e65a999f46


   Eurock 2026, Skopje, RN Macedonia 
 

 
 

1 Introduction 
Traditional drilling and mining operations are based on mechanical breakage, e.g. by percussion and 
rotary drilling methods. However, there techniques incur high costs via tool wear and low penetration 
in hard, say granitic, formations. These deficiencies have spurred intensive research for non-
conventional drilling methods where a non-mechanical agent, such as thermal jet (Rossi et al. 2018) or 
high-voltage electric pulse (Liu et al. 2023) assists or totally replaces the mechanical breakage action. 
Despite considerable advances, these methods are still at the research and development stage. The 
present study attempts to contribute to this research by a numerical study.   

The method exploiting high voltage electric pulses is based on the electrical breakdown phenomenon 
of the material via rapid increase of pressure and temperature in the breakdown (plasma) channel, 
leading to spalling of the rock surface. When the applied voltage is high enough, cracking may happen 
in granite via the converse piezoelectric effect in quartz mineral (Saksala et al. 2020). In the present 
study, these two phenomena are numerically studied. More precisely, a numerical code is developed to 
simulate these phenomena, i.e. Joule heating and the converse piezoelectric effect in numerical 
granitic rock. As the present study is of theoretical-speculative nature, no experimental validation is 
provided at this preliminary stage of research.    

2 Rock Fracture Model 
Rock fracture is described by the embedded discontinuity finite element approach (Saksala et al. 
2015). Accordingly, if the stress in a finite element exceeds the first principal stress, a displacement 
discontinuity (crack) with the normal parallel to the first principal direction is embedded in that 
element. Then, for a 3-node triangle element with a discontinuity, the displacement and strain fields 
are written as   𝐮(𝐱) = 𝑁௜(𝐱)𝐮௜௘ + 𝑀୻೏(𝐱)𝛂ௗwith 𝑀୻೏(𝐱) = 𝐻୻೏(𝐱) − 𝜑(𝐱) (1) 𝛆(𝐱) = (∇𝑁௜ ⊗ 𝐮௜௘)௦௬௠ − (∇𝜑(𝐱) ⊗ 𝛂ௗ)௦௬௠ + 𝛿୻೏(𝐧 ⊗ 𝛂ௗ)௦௬௠ (2) 

  
where 𝑁௜ and 𝐮௜௘ are the standard interpolation functions and nodal displacements (i = 1,2,3 with 
summation on repeated indices), respectively, and the displacement jump is denoted by 𝛂ௗ. Moreover, 𝐻୻೏ and 𝛿୻೏ are the Heaviside function and its gradient, the Dirac delta function at a discontinuity. 
Furthermore, the usual assumption with low order elements that ∇𝛂ௗ ≡ 𝟎 was made in arriving atEq. 
(2). This displacement jump is thus elementwise constant, similarly to the ordinary strain for a CST 
element.  

The task of function 𝑀௰೏in (1) is to restrict the effect of 𝛂ௗ inside the corresponding finite element, 
facilitating the handling of the essential boundary conditions. Function 𝜑 appearing in 𝑀௰೏ is chosen 
so that its gradient is as parallel as possible to the crack normal 𝐧ௗ by the following criterion: 𝜑 =arg max௞ୀଵ,ଶห∑௜ୀଵ௞ ∇𝑁௜ ∙ 𝐧ௗห/ฮ∑௜ୀଵ௞ ∇𝑁௜ฮ. The traction vector in the present approach is calculated by the 
Cauchy expression defining also the stress-strain relation 𝐭௰೏ = 𝛔 ∙ 𝐧ௗ = ൫𝐂ୣ: (𝛆ො − (∇𝜑(𝐱) ⊗ 𝛂ௗ)௦௬௠) − 𝛆୮ୣ − 𝛆ఏ൯ ∙ 𝐧ௗ (3) 

  
where𝐂e is the elasticity tensor, 𝛆ො = (∇𝑁௜ ⊗ 𝐮௜௘)௦௬௠, and 𝛆pe = 𝐝 ∙ 𝐄 is the piezoelectric strain with d 
and E being, respectively, the piezoelectric constants tensor and the electric field vector. Moreover, 𝛆ఏ = 𝛼∆𝜃𝐈 is the thermal strain, with 𝛼, ∆𝜃, 𝐈 being the thermal expansion coefficient, temperature 
increment and the second order identity tensor, respectively. 

Next, a model for solving the crack opening vector and updating the relevant variables as well as the 
traction vector is needed. For this end, a computational plasticity inspired model presented by Saksala 
et al. (2015) is employed. The relevant model components, i.e. the loading functions, softening rules 
and evolution laws are defined as  𝜙୲൫𝐭୻೏, 𝜅, 𝜅ሶ൯ = 𝐧ௗ ∙ 𝐭୻೏ − ൫𝜎୲ + 𝑞(𝜅, 𝜅ሶ)൯ 𝜙ୱ൫𝐭୻೏, 𝜅, 𝜅ሶ൯ = ห𝐦ௗ ∙ 𝐭୻೏ห − ቆ𝜎ୱ + ఙ౩ఙ౪𝑞(𝜅, 𝜅ሶ)ቇ 𝑞 = ℎ𝜅 + 𝑠𝜅ሶ , ℎ = −𝑔𝜎୲ exp(−𝑔𝜅) , 𝑔 = ఙ౪ீ౅ౙ 

(4) 
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𝐭ሶ୻೏ = −𝐂: (∇(𝐱) ⊗ 𝛂ሶ ௗ) ∙ 𝐧ௗ 𝛂ሶ ௗ = 𝛂ሶ ୍ + 𝛂ሶ ୍୍ = 𝜆ሶ୲ 𝜕𝜙୲𝜕𝐭୻೏ + 𝜆ሶୱ 𝜕𝜙ୱ𝜕𝐭୻೏ , 𝜅ሶ = −𝜆ሶ୲ 𝜕𝜙୲𝜕𝑞 − 𝜆ሶୱ 𝜕𝜙ୱ𝜕𝑞  𝜆ሶ௜ ≥ 0,   𝜙௜ ≤ 0, 𝜆ሶ௜𝜙௜ = 0 (𝑖 = t, s)
 
where 𝐦ௗ denotes the unit tangent of a discontinuity,𝜅, 𝜅ሶare the internal variable and its rate related to 
the softening law for a discontinuity,and t  and sare the tensile and shear strength, respectively. 
Moreover, parameter ℎ is the softening modulus of the exponential softening rule while parameter 𝑔 
controls the initial slope of the softening curve and is calibrated by the mode I fracture energy GIc. 
Moreover, the Koiter’s rule for bi-surface plasticity is applied in Eq. (4) where the total displacement 
jump is a sum of the contributions from mode I and mode II increments, while 𝜆ሶ୲, 𝜆ሶୱ  are the 
corresponding crack opening and sliding increments. Furthermore, rate-sensitivity is accommodated 
by adding a constant viscosity term, with s being the viscosity modulus, to the stress-like internal 
parameter q. The final equations in Eq. (4) are the consistency conditions.  

3 Coupled piezoelectro-thermo-mechanical problem 
While the constitutive equation in Eq. (3) couples the mechanical, electrical and temperature fields at 
the material point level, system (global) level equations are needed to solve for the primary field 
variables, which are the displacement, u, the electric potential, 𝛟, and the temperature, 𝛉. The finite 
element discretized version of these equations are  𝐌𝐮ሷ ௧ + 𝐟௧୧୬୲(𝐮௧, 𝐮ሶ ௧, 𝛉௧, 𝛟௧) = 𝟎 𝐊ம୳𝐮௧ + 𝐊ம𝛟௧ = 𝟎 𝐂ఏ𝛉ሶ ௧ + 𝐊ఏ𝛉௧ = 𝐟௧ఏ (5) 

where 𝐟௧୧୬୲ = 𝐀ୣୀଵ୒౛ න 𝐁୳ୣ,୘௏౛ 𝛔ୣ(𝐮௧, 𝐮ሶ ௧, 𝛉௧, 𝛟௧)d𝑉, 𝐌 = 𝐀ୣୀଵ୒౛ න 𝜌𝐍ୣ୘𝐍ୣ௏౛ d𝑉 𝐂஘ = 𝐀ୣୀଵ୒౛ න 𝜌𝑐𝐍஘ୣ,୘𝐍஘ୣd𝑉,௏౛  𝐊஘ = 𝐀ୣୀଵ୒౛ න 𝑘𝐁஘ୣ,୘𝐁஘ୣd𝑉௏౛  𝐊୳ம = 𝐀ୣୀଵ୒౛ න 𝐁୳ୣ,୘𝐞𝐁மୣd𝑉௏౛ , 𝐊ம୳ = 𝐊୳ம୘, 𝐊ம = 𝐀ୣୀଵ୒౛ౢ න 𝐁மୣ,୘𝛆𝐁மୣd𝑉௏౛  𝐟஘ = 𝐀ୣୀଵ୒౛ න 𝑄௝𝐍஘ୣ,୘௏౛ d𝑉 

(6) 

  
where the notations are: A is the finite element assembly operator; 𝐁ϕe  (𝐁஘ୣ = 𝐁மୣ, 𝐄 = 𝐁மୣ𝛟௘, 𝛉 = 𝐁஘ୣ𝛉௘) is 
the gradient of the electric potential interpolation matrix 𝐍மୣ (𝐍஘ୣ = 𝐍மୣ), (analogously to 𝐁୳ୣ which is 
the gradient of displacement interpolation matrix 𝐍୳ୣ); M is the mass matrix with  being the density; 
is the dielectric constant matrix; 𝐞 = 𝐝𝐂ୣ is the piezoelectric coupling matrix; 𝐂ఏ is capacitance matrix 
with c being the heat capacity; 𝐊ఏ is the conductivity matrix with k being the thermal conductivity; 𝐟int 
is the internal force vector; 𝐟஘ is the vector of thermal loading; 𝑄௝ = 𝜎௜‖𝐄‖ଶis the Joule (Ohmic) 
heating source (flux) with 𝜎௜ being the electric conductivity for each phase in rock.Equation system in 
Eq. (5) is solved in a staggered manner so that, first, the temperature field, 𝛉, is solved by the explicit 
(forward) Euler scheme. Then, the mechanical response Eq. (5)1 is explicitly advanced in time (also 
with the Euler scheme), and, finally, the electric potential, 𝛟, is solved from the electrostatic balance 
equation Eq. (5)2. Cracking affects the electrical properties so that the piezoelectric coupling term 
approaches zero as a crack in the quartz (being the only piezoelectric phase) opens, while the isotropic 
permittivity of all mineral phases approaches that of vacuum. Mathematically this is achieved by  𝐞 = exp(−𝑔‖𝛂ௗ‖)𝐝𝐂ୣ,    = 𝜀଴(1 + exp (−𝑔‖𝛂ௗ‖)(𝜀௥ − 1))𝐈 (7) 
 
where𝜀𝑟 is the relative permittivity of the mineral, while 𝑔 is as in Eq. (1), and ‖𝛂𝑑‖ is the norm of the 
crack opening vector. 

It should be noted that material properties depend on temperature and deteriorate when the material 
undergoes damage by microcracking. However, these effects are ignored in this preliminary study, 
save the key property, i.e. the electric conductivity. As for the dielectric constant of granite as a bulk, it 
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