
Internation
Macedonia
 

 

 

 
 

Tens
DIC 

L. Jaco
Departme
lars.jacob
       0000

L. Bra
Raw Mat

J. Sand
Surface S

Abstr
The frac
microcra
after exp
coarse-g
determin
loading 
propagat
smoothe
from the
fracture 
crack op
of the p
40 mm i
results in
was dete
displacem
on the c
crack pa
mainly f

Keyw
Wedge s
Digital im

nal Society for R
an Association 

ile fract
and thi

obsson &
ent of Chemis
bsson@ri.se 

0-0003-4526-4

ander 
terial Supply, S

dström 
Ships, Saab Na

act 
cture mechan
acks and por
periments. W
grained grani
ne fracture m
by displacem
ting crack w

er with almo
e displaceme
process zon

pening displa
process zone 
n the granite
n literature, 
ermined by th
ments yieldi

crack path an
ath in the g
found in feld

words 
splitting test,
mage correla

Rock Mechanic
for Geotechnics

turing i
in sectio

& M. Flan
try and Applie

4061 

Swerock AB, 

aval, Karlskro

nics propertie
res. The aim 

Wedge splittin
ite and a fin

mechanics da
ment field m

was meanderi
ost no branch
ent field in 

ne data. A fu
acement was 

was 10 mm
e and 2–3 mm
whereas no 
he change of
ing the same
nd showed o
neiss with a
spar and larg

 Crystalline 
ation (DIC). 

ics and Rock E
cs 

n grani
ons 

nsbjer 
ed Mechanics

Göteborg, Sw

ona, Sweden 

es in crystal
was to visua

ng tests were
nely medium
ata under ten
measurement
ng and branc
hing in the g
a small ban

ully develope
about 6.5–2

m initially an
m in the gnei
previous res

f the crack m
e result. The 
occasionally
a small amp
ge quartz gra

rock, Mode 

Engineering 

ite and g

s, RISE Resear

weden 

line rocks de
alize and qua
e conducted 
m-grained gn
nsile loading
ts obtained f
ching in the 
gneiss. The 
nd enclosing
ed crack, i.e
0 μm in the g

nd increasing
iss. The resu
sults on gne

mouth openin
thin section

y several par
plitude and l
ains. Several 

I fracture me

R

gneiss i

rch Institutes 

epend on the
antify tensile
on two quas

neiss, to stud
. The propag
from digital 
granite, whe
crack openin

g the crack p
e.  no cohesi
granite and ≤
g to 15 mm 
ults on granit
iss were fou
ng stiffness a
n analyses co
rallel crack p
long wavele
of the used m

echanics, Fra

ISR

Risk Managem
S

 

investig

of Sweden, Bo

e microstruc
e fracturing p
si-brittle rock
dy the fractu
gating crack 

image corr
ereas the cra
ng displacem
path and wa
ive force, wa
≤ 6.5 μm in t

when the c
e are in line 

und. The ons
and compare
onfirmed me
paths in the 
ength. Intrag
methods are 

acture proces

RM Regional Sy
Eur

ment in Rock E
Skopje, 15-19 

gated by

orås 

ture, and pre
properties du
k types, a me
ure processe
was followe
elation analy
ck was straig
ment was de
as used to d
as obtained w
the gneiss. T
crack length 
with the few

set of crack 
ed with crack
entioned obs

granite, but
granular frac
novel. 

ss zone (FPZ

Symposium
rock 2026

Engineering
September

 

y 

esence of 
uring and 
edium- to 
es and to 
ed during 
ysis. The 
ghter and 
etermined 
determine 
when the 
he length 
was 30–

w existing 
initiation 

k opening 
ervations 
t a single 
ctures are 

Z), 

535

DOI: https://doi.org/10.68732/2f2a6c4f050c932b ISBN: 978-9989-2053-6-1

https://doi.org/10.68732/2f2a6c4f050c932b


 

 

1 Int
The frac
microstr
microcra
grain bo
direction
occasion

The con
visualize
notch (F
stage 1. 
force is 
propagatሺ𝐶𝑂𝐷ሻ a
vanishes
cohesiveሺ𝐿୊୔୞ሻ c
studied e

The frac
linear ela
raised ab
linear na
violate t
experime

This pap
gneiss. T
using di
Jacobsso

Fig. 1 (a) E
initiation, 
(b) Crack 

2 Ex
One stru
migmati
foliation
coarse-g
flexural 
Splitting
mechani
150 mm 
“blunt” n
crack mo
measure
(GN-A, 
effect of

troductio
cture mecha
ructure, such 
acks and por
oundaries. So
n is favourab
nally crack br

ceptual mod
ed by a case

Fig. 1a). Elast
In stage 2, t
further incr

te with no re
along a crack
s when 𝐶𝑂𝐷 
e force can b
can be deter
e.g. Kobayas

cture mechan
astic fracture
bout the suita
ature of the 
the foundati
ental simplic

per focusses 
The aim is to
fferent meth

on and Brand

Example figure
(2) systematic c
opening displac

xperimen
ucturally isot
tic and recry

n layers of a
grained leuc

strength and
g Tests (WST
ics propertie

(height × w
notch in sha
outh opening
d. The grani
GN-B and G

f anisotropy (

on 
anics proper
as grain size

res. Conside
ome pass als
ble and the g
ranching occ

del of the pro
e when a not
tic deformati
there will be 
reased. Fina
emaining coh
k with length

reaches 𝐶𝑂𝐷
be seen if th
rmined (Fig.
shi and Fourn

nics properti
e mechanics 
ability to use
response of

ions in LEF
city as compa

on the frac
o visualize a
hods. A full 
der (2025).Th

e showing force
crack initiation
cement along th

nts 
tropic mediu
ystallized ort
a finely med
cosome. Pet
d rupture ene
T), cf. Brühw
es. The WST
width × thic

ape of a bore
g displaceme
ite was tested
GN-C) had a 
(Fig 2b). Thr

rties in crys
e, grain shap
ring fracturi

so through th
grain size larg
curs (Kobaya

ogressive ten
tched specim
ions and occ
systematic c

ally in stage
hesive force 

h 𝑎, there are𝐷ୡ୰ and are z
he 𝐶𝑂𝐷 alon
. 1b).There 
ney (1978), L

ies in a rock
(LEFM) and

e LEFM and
f rocks and 
FM (e.g. Zh
ared to using

cture process
nd quantify
description o
he figures, so

e versus displac
n with a partially
he crack. 

um- to coarse
thogneiss we
dium-grained
trographic c
ergy tests we
wiler and Wi
T specimens 
ckness) man
ehole, or a sa
ent,𝐶𝑀𝑂𝐷, o
d with a shar
blunt notch 

ree specimen

 

stalline rock
pe, shape and
ing under ten
he grains, e.g
ge enough (K
ashi and Fou

nsile fracturin
men is subjec
casional crack
crack initiati
 3, a fully 
in its tail. B

e cohesive fo
zero above t
ng the crack
are few stud

Labuz et al. (

k are often d
d determined
standard fra
small ligam

hu and Joyc
g non-linear f

s, i.e. initiati
tensile fractu
of the study
ome modifie

ement and stag
y developed FP

e-grained ign
ere selected f
d mesosome 
characterizati
ere conducted
ittmann (199
are blocks 

nufactured w
awn square-s
of 15 μm/mi
rp (GR-N) an
and were sp

ns of each typ

ks depend o
d crystallogra
nsile loading
g. feldspars 
Krantz 1983
rney 1978).

ng of a rock
cted to a for
k initiation ta
ion in a zone
developed c

By looking a
orces in the fr
this value (B
k extension i
dies where 
(1985, 1987)

described by 
d by standard
acture mecha
ent lengths 

ce 2012). LE
fracture mec

ion and prop
uring proper
 was reporte

ed, are obtain

es during tensil
PZ, and (3) fully

neous granite
for this study

(70%–90% 
ions and u
d to determin
90), were con
with the dim

with two type
shaped notch
in was appli
nd blunt (GR

plit in three d
pe were teste

Eurock 2026

on its miner
aphic orienta
g, many of t
or biotite, if
, Brander et 

k can be desc
ce yielding a
ake place in 
e surroundin
crack has fo
at the crack o
fracture proce
Barenblatt 19
is studied an
the FPZ in 
) and Maji an

the fracture
d tests. There
anics tests on
in the stand
EFM is wid

chanics. 

pagation, in 
rties during a
ed by Jacobs
ned from thes

le fracturing: (1
y developed FPZ

e and one str
y. The gneiss

of the rock
uniaxial com
ne mechanic
nducted to d
mensions 20
es of notch 
h (Fig. 2a). A
ied and the s
R-H) notch. T
directions A, 
ed, i.e. 15 spe

6, Skopje, RN 

ral composi
ation, and pre
the cracks pa
f the crystall
al. 2014). M

cribed by thr
a tensile stre
the notch are

ng the notch 
ormed and s
opening disp
ess zone (FP
59). The effe
nd length of 
crystalline r

nd Wang (19

e toughness 𝐾
e have been q
n rock due to
dard tests wh
dely used du

one granite 
and after exp
sson et al (2
se publicatio

 
1) occasional cr
Z and crack pro

ructurally an
s consisted o
k) and a me
mpression, B
cal properties
determine the
00 mm × 20

geometries:
A constant ra
splitting forc
The gneiss sp
B and C to 

ecimens in to

Macedonia 
 

ition and 
esence of 
ass along 
lographic 

Moreover, 

ree stages 
ess in the 
ea during 
when the 
started to 
placement 
PZ) which 
ect of the 

f the FPZ 
rock was 

992). 𝐾୍ୡ using 
questions 

o the non-
hich both 
ue to its 

and one 
periments 
2025) and 
ons. 

rack 
opagation; 

nisotropic 
of parallel 
edium- to 
Brazilian, 
s. Wedge 
e fracture 
00 mm × 
 either a 
ate of the 
ce 𝐹ୱ was 
pecimens 
study the 
otal. 

536



 

 

The disp
propagat
with 204
surface. 
was mea
crack pa
length o
operation

Fig. 2 (a) S
for the gne

3 Re
The split
and 4. A
decrease
at the loa

Fig. 3Left

Fig. 4 Left

load (Fig𝐾େ୑୓ୈ-c
0.78±0.0
specimen
(type A a

placement f
ting crack us
48 × 2048 pi
The calibrat

asured along
ath. Thin sec
f fractures. T
ns. By this, f

Specimen dime
eiss. The red lin

esults 
tting force 𝐹ୱ

A non-linearit
e at the post-
ading part an

: Splitting force

ft: Splitting forc

g. 4). The on
curves chang
01 for the no
ns in the resp
and B) and 0

field was m
sing Digital 
ixels resoluti
ed measurem
 the main cr
ctions were 
The blocks w
fractures, mi

ensions (mm), 𝐹
nes with labels A

𝐹ୱand the crac
ty at the load
-peak part of
nd its brittlen

e versus CMOD

ce versus CMOD

nset of syste
ge its slopes.
otched specim
pective serie
0.94±0.01 (ty

measured on 
Image Corre
ion and 50 m
ment volume
rack perpend
made from 

were impregn
crocracks, an

𝐹ୱ , 𝐶𝑀𝑂𝐷 and 
A and B show t

ck mouth ope
ding phase an
f the curve ar
ness is seen b

D on granite spe

D on gneiss spe

ematic crack
. For the gra
mens and 0.
s are conside

ype C). 

 

one face o
elation (DIC)
mm lens were
 was ca. 100

dicular to it o
the wedge-s
nated by flu
nd other cavi

area for DIC m
the lineation dir

ening stiffne
nd the relativ
re seen in Fi

by the rapid t

ecimens; Right:

ecimens; Right:

k initiation (s
anite, it appe
90±0.02 for 
ered. The cor

on the spec
), cf. Sutton 
e used to cap

0 mm × 100 m
over a 3 mm 
split blocks 

uorescent epo
ities were en

measurements; (b
rections. Label 

ss 𝐾େ୑୓ୈ ൌ
ve ductility o
ig. 3. The gn
transition and

 𝐾େ୑୓ୈ versus 

 𝐾େ୑୓ୈ versus 

stage 2 in Fi
ears to be app

the specime
rresponding 

Eurock 2026

cimen cover
et al. (2009)

pture the ima
mm × 80 mm
wide band s
after testing

oxy before an
nhanced. 

b) Black lines s
C shows splitti

d𝐹ୱ/d𝐶𝑀𝑂𝐷
of the granite
neiss display
d load drop a

𝐹ୱ/𝐹ୱ,୫ୟ୶ up to

𝐹ୱ/𝐹ୱ,୫ୟ୶ up to

ig. 1) can be
proximately 

ens with the 
numbers for

6, Skopje, RN 

ring the are
). Two CCD
ages on the s

m (Fig. 2a). T
surrounding 

g, covering t
nd during th

show the foliati
ing parallel to f

𝐷 are shown
e with a grad
ys minor non
at the peak  

o peak load. 

o peak load. 

e identified w
at 𝐹ୱ/𝐹ୱ,୫ୟ୶
blunt notch 

r gneiss are 0

Macedonia 
 

ea of the 
D cameras 

specimen 
The COD 
the main 

the entire 
he cutting 

 
ion planes 
foliation. 

n in Fig. 3 
dual force 
n-linearity 

 

 

when the ୶ equal to 
when all 

0.92±0.01 

537



 

 

The pro
meander
almost n
DIC mea

The CO
specimen
zone ሺ𝐿୊
30–40 m
shown h

Looking
angle be
60 mm) 
state pro

Fig. 5 Spe

Fig. 6 Spe

Fig. 7 Spe

(2) prop
and Joyc
specimen
affects th

gressive frac
ring and bran
no branching
asurements a

OD value at 
ns have a sm୊୔୞ሻ was app

mm in the gr
here) and 2–3

g further at th
etween the cr
that was abo

opagation wit

cimen GR-H2. 

cimen GN-B1. 

cimen GN-C1. 

agation with
ce 2012). Th
ns that is un
he crack initi

cturing in th
nching in th

g in the gneis
and was equa

full crack i
maller 𝐶𝑂𝐷ୡ୰
proximately 
ranite (conc

3 mm in the g

he COD-resu
rack surfaces
out the same
thout influen

Left: Largest p

Left: Largest p

Left: Largest p

h influence fr
he deformati
ncracked with
iation and pr

hree specime
he granite (Fi
ss (Fig.6 and
al to the asse

initiation,𝐶𝑂୰, ≤ 6.5 μm (
10 mm initi
luded by als
gneiss. 

ults, the slop
s outside the
 on all speci

nce from bott

principal strain a

principal strain a

principal strain a

rom deforma
on gradient 
h increasing 
ropagation (Z

 

ens is visua
ig. 5), where
d 7). The ons
ssment based𝐷ୡ୰, is betw
GN-B1) and
ally and incr
so comparin

pe of the CO
 FPZ begin t
mens. The tw
tom uncracke

at 5 load stages

at 5 load stages

at 5 load stages

ations in the 
becomes suc
crack length

Zhu and Joyc

alized in Fig
eas the crack
set for crack
d on changes

ween 10 and
d ≤ 4.4 μm (G
reasing to 15

ng results on

OD versus p
to increase a
wo observed
ed part of the

s; Right: COD a

s; Right: COD a

s; Right: COD a

ligament, cf
ccessively la
h during pha
ce 2012). 

Eurock 2026

g. 5–7. The 
k is straighte

k initiation w
s in 𝐾େ୑୓ୈ. 

d 20 μm on 
GN-C1).The 
5 mm when 

n one more g

osition 𝑥 fro
at a critical c
d phases corr
e specimen (

along the crack 

along the crack 

along the crack 

f. analogy wi
arger in the r
ase (2). The 

6, Skopje, RN 

propagating 
er and smoo

was determine
 

GR-H2. Th
length of th
the crack le
granite spec

om the notch
crack length 
respond to (1
(ligament) an

path at 12 load

path at 12 load

path at 12 load

ith plastic hi
remaining pa
deformation

Macedonia 
 

crack is 
ther with 
ed by the 

he gneiss 
e process 

ength was 
imen not 

h, i.e. the 
(𝑎 ൌ 55–

1) steady-
nd  

 
d stages. 

 
d stages. 

 
d stages. 

nge (Zhu 
art of the 

n gradient 

538



 

 

It is illus
in ductil
instant a
and GN-
4 μm. 

Fig. 8 Cra

The frac
and 4). T
gneiss. O
from the
the fract
versus f
paramete
than for 𝐾୍ୡ as co
Moreove
perpendi
mechani
relative c

A thin s
branchin
branchin
specimen
intragran
seen in F

Fig. 9 Thin
fluorescen
8.4 × 10.8 

4 Di
The frac
thin sect
loading b

strative to stu
lity/brittlenes
and unstable 
-C1)can be s

ck front positio

cture energy 
The results 

On the contra
e Brazilian an
tures were in
fracturing be
ers determin
the gneiss. B

ompared with
er, the calcu
icular to the 
ics. Several 
comparison b

section imag
ng, parallel f
ng was repea
ns, split per
nular cracks 
Fig. 9c on a g

n section image
nt light overlaye
 mm. 

iscussion
cture process 
tions. The o
began to dev

udy how the 
ss (Fig. 8). T
propagation

seen. The po

on 𝑎and splitting

and the strai
showed that
ary, the max
nd flexural s
nflicted perp
ehaviour. Th

ned from uni
By analysing
h values dete

ulated 𝐾୍ୡ ba
than foliatio

of the specim
between the 

ge of one of 
fractures and

atedly seen a
rpendicular 
in the more

gneiss specim

es of specimen 
ed on cross pola

n and con
of one grani
nset of crac

viate from a l

crack front a
There, the lo
n during the 
osition of th

g force𝐹ௌ versu

n energy rele
t the granite
ximum splitti
trength tests 
pendicular to
he fracture t
iaxial compr
g the test resu
ermined usin
ased on LEF
on, which is
mens had a 
granite and g

f the granite 
d a high fre

along the ma
to the folia

e fine-grained
men split alo

GR-H3 (a), GN
arized light pict

nclusions
ite and one g
k initiation 
linear decrea

 

advances wit
ong crack ini

first 10–15 
e crack fron

us 𝐶𝑀𝑂𝐷in spe

ease rate, 𝐺୍ୡ
required a m

ing force at t
were lower 

o the foliatio
toughness, 𝐾

ression tests 
ults using LE

ng non-linear
FM was larg
 contrary to 
blunt notch 
gneiss shoul

specimens i
equency of 
ain crack path
tion (Fig. 9
d microstruc
ng the foliati

N-B1 (b) and GN
tures, to enhanc

  
gneiss was an
was determi

ase and drop 

th increased 
itiation phase
mm crack p

nt 𝑎was deter

cimen GR-H2 (ୡ, were calcu
much larger 
the WST test
for the grani

on. This illu𝐾୍ୡ, was ca
yielding a la
EFM, it yield
r fracture me
ger in the gn

the results o
which viola
d still hold. 

is shown in 
intragranular
hs. A thin se

9b), displays
cture. Almos
ion planes. 

N-C1 (c) in the 
ce the cracks rel

nalysed by m
ined based o
faster during

Eurock 2026𝐶𝑀𝑂𝐷to int
e in the gran

propagation i
rmined at a 

(a), GN-B1 (b) 

ulated using 
fracture ene

ts and tensile
ite as compa

ustrates the d
lculated from
arger value o
ded consequ

echanics base
neiss when t
obtained from
ate the LEFM

Fig. 9a and
r cracks in 
ection image
s no crack b
st only grain 

notch area. Im
lative the grain 

means of wed
on where sti
g the pre-pea

6, Skopje, RN 

terpret the di
nite (GR-H2
in the gneiss
COD-value 

and GN-C1 (c)

the WST-da
ergy to split
e strength de
ared with gne
difference in
m 𝐺୍ୡ and 
of 𝐾୍ୡ for th

uently lower 
ed on fractur
the blocks w
m non-linear
M assumptio

d illustrates t
large grains

e on one of th
branching an
boundary c

ages taken with
structure. Imag

dge splitting 
ffness 𝐾େ୑୓

ak loading ph

Macedonia 
 

ifferences 
) and the 

s (GN-B1 
of 2 and 

 
). 

ata (Fig. 3 
than the 

etermined 
eiss when 
n strength 

elasticity 
he granite 
values of 

re energy. 
were split 
r fracture 

ons, but a 

the crack 
s. Similar 
he gneiss 
nd fewer 
racks are 

h 
ge sizes are 

tests and ୓ୈ versus 
hase. The 

539



   Eurock 2026, Skopje, RN Macedonia 
 

 
 

results complied with determinations done by using strain and displacement fields from DIC 
measurements. The values of 𝐾୍ୡ calculated using non-linear fracture mechanics and LEFM showed a 
discrepancy. It is noted that the LEFM assumptions are violated e.g. since the rock materials possess a 
non-linear mechanical behaviour. Moreover, the crack initiation seems to begin before the peak force 
for the granite. The DIC measurements were further used to visualize the crack propagation, and to 
quantitatively determine parameters related to the FPZ. The crack branching seen in the granite by the 
DIC and thin sections is illustrative to understand the more ductile response in the granite and the 
contrast is large to the gneiss. It was seen that the ligament length was large enough to obtain steady-
state crack propagation up to 55–60 mm crack length without influence of the uncracked part (hinge 
effect). By contrast, often standard LEFM tests are likely not fulfilling this condition which affects the 
fracture mechanics results which some have pointed out lately. To conclude, some of the used 
methods are new and some have previously not been fully applied on rock samples and not in a single 
study. Only a few studies, were the FPZ was examined in rock, were found in the literature. Thin 
section images confirmed the fracture patterns seen from DIC results and yielded additional detailed 
results on how the cracks propagated through the microstructures of the two rock types. 
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