
Internation
Macedonia
 

 

 

 
 

Num
fractu

M. To
Departme
masoud.t
      0000-

Abstr
Fluid flo
pressure 
Characte
rough fra

In this s
perpendi
dimensio
markers 
Error (R
point clo
Multiphy
were con
kPa/m. T
Forchhei

The pho
two inlet
3D Roug
behavior
nonlinea
geometry

This res
changes 
in fractu

Keyw
Intersect

 

 

nal Society for R
an Association 

merical i
ures ba

orkan, S. L
ent of Civil En
torkan@aalto.f
-0002-2102-09

act 
ow through 
 gradients,
erizing hydr
actured rock

study, a bloc
icular and 
onal (3D) p
with predefi

RMSE).Subse
ouds were c
ysics, where
nducted unde
The influenc
imer equatio

otogrammetri
ts were 190 
ghness value
r at the out
ar parameters
y in flow dis

search shows
based on ge

ure network f

words 
ting fracture,

Rock Mechanic
for Geotechnics

investig
sed on p

L. Vidana
ngineering, Sc
.fi 
946 

fractured ro
 fracture 
aulic behavi

k masses, esp

ck of Finnis
intersecting

oint clouds 
ined distance
equently, rou
converted in
e fluid flow 
er hydraulic 
ce of interse
on was used t

ic reconstruc
and 192 μm

es were simil
tlets. The F
s. A higher 
stribution.  

s that fractu
eometrical pr
flow analysis

, Roughness,

ics and Rock E
cs 

gation o
photog

age, L. U
chool of Engin

ock network
density, ro

iour at fract
ecially for nu

sh Kuru gran
g fractures. 

of the samp
es were used
ughness and

nto a mesh d
was simulat
pressure gra
ctions on flo
to analyze th

ction accurac
m, while for O

lar, ranging f
Forchheimer 

flow rate w

ure intersecti
roperties, suc
s. 

, Photogramm

Engineering 

f  fluid f
ramme

Uotinen, M
neering, Aalto

ks is contro
oughness, a
ture intersec
uclear waste

nite (10 cm 
Photogram

ple. To scal
d, and accura
d physical ap
domain in M
ted by solvin
adients rangin
ow for two 

he numerical 

cy yielded an
Outlets 1 and
from 8.7 to 9
fitting was

with a larger 

ions influenc
ch as physic

metry, Nume

R

flow in 
try 

M. Janisze
o University, E

lled by seve
aperture, c

ctions is esse
e disposal.  

× 10 cm ×
mmetry was 

le 3D mode
cy was asses
perture of fr
MeshInspect
ng the Navie
ng from 10 t
inlets and tw
results. 

n RMSE of 
d 2, they we
9.3. Numeric

used to ca
physical ap

ce fluid flow
al aperture. T

erical modell

ISR

Risk Managem
S

 

interse

ewski & M
Espoo, Finland

eral factors,
onnectivity, 
ential for un

 10 cm) wa
applied to

els obtained 
ssed by using
ractures were
or and impo
er–Stokes eq
to 180 kPa/m
wo outlets w

15 μm. Phys
ere 177 and 1
cal results sh
alculate hyd
erture, demo

w behavior, 
These factor

ling, Fluid fl

RM Regional Sy
Eur

ment in Rock E
Skopje, 15-19 

cting 

M. Rinne
d 

 including h
and inter

nderstanding

as prepared 
o reconstruc
by photogra

g Root Mean
e quantified.
orted into C
quations. Sim

m, in increme
was investiga

sical aperture
192 μm, resp
howed nonlin
draulic apert
onstrating th

leading to d
rs must be co

low. 

Symposium
rock 2026

Engineering
September

 

e 

hydraulic 
rsections. 
g flow in 

with two 
ct three-
ammetry, 
n Squared 
. The 3D 

COMSOL 
mulations 
ents of 10 
ated. The 

es for the 
pectively. 
near flow 
tures and 
he role of 

discharge 
onsidered 

267

DOI: https://doi.org/10.68732/9d243fcd44b1b733 ISBN: 978-9989-2053-6-1

https://doi.org/10.68732/9d243fcd44b1b733


   Eurock 2026, Skopje, RN Macedonia 
 

 
 

1 Introduction 
The study of rock masses is essential because they serve as the foundation for critical infrastructure 
projects, including dams, tunnels, slopes, and nuclear waste disposal sites. A rock mass consists of 
intact rock and discontinuities, the latter of which govern both structural stability and fluid flow 
behaviour. In low-porosity rocks like granite, discontinuities, specifically faults and fractures, act as 
the primary pathways for fluid flow. Consequently, studying and characterizing discontinuities is vital 
for assessing the hydraulic properties of the rock mass. Fluid flow through fractures is controlled by 
several factors: at the micro-scale, by geometrical properties such as roughness, physical aperture, and 
contact area; and at the macro-scale, by fracture distribution, intensity, persistence, and density 
(Wyllie 1999).  

The assessment of hydraulic properties has been conducted at various scales, from single fractures 
(Torkan et al. 2026) and intersecting fractures (Wang et al. 2025) to fracture networks (Baghbanan and 
Jing 2007). In single fractures, flow is primarily controlled by roughness and physical aperture, both of 
which are influenced by normal and shear stress distributions. Conversely, flow through intersecting 
fractures is further influenced by the angle of intersection (Xiong et al. 2020) and the number of inlets 
and outlets (Liu et al. 2025). Fluid flow in these systems is typically described by the Cubic Law or by 
nonlinear behaviour. The transition from the Cubic Law to nonlinear flow is rooted in the hydraulic 
gradient and in detailed geometrical properties (roughness, aperture, and contact points) of single 
fractures, as well as in intersection angles and fracture connectivity in intersecting systems. 

Characterization of these features is achieved through various high-resolution methods, such as 3D 
laser scanning and photogrammetry. These methods allow for a realistic simulation of rock mass 
geometry. Laser scanning is a widely used tool for measuring roughness, physical aperture, and 
displacements, as well as for extracting fracture networks and simulating fluid flow. Similarly, 
photogrammetry has emerged as a low-cost, highly accurate alternative for measuring these same 
parameters. High-detail 3D models obtained via photogrammetry provide a cost-effective basis for 
simulating fluid flow. Previous studies have employed software such as ANSYS code (Xiong et al. 
2020) and COMSOL (Liu et al. 2025; Wang et al. 2025) to investigate flow behaviour under various 
conditions of intersecting fractures with varying angles and inlet/outlet configurations. 

Despite these advancements, the measurement of the actual geometrical properties of intersecting 
fractures and the use of that data as initial input for fluid flow simulations remains an area requiring 
further clarity. This study aims to demonstrate the use of photogrammetry to measure the geometrical 
properties of two nearly perpendicular intersecting fractures for use in COMSOL to simulate fluid 
flow. The Forchheimer equation was employed to characterize the numerical results regarding flow 
rates at two outlets versus hydraulic pressure gradients.  

2 Methodology  
2.1 Sample preparation 
To investigate fluid flow behaviour in intersecting fractures, a Finnish Kuru grey granite block was 
first split from the centre using the feather-and-plug technique. The resulting separated block was cut 
into a 10 cm × 10 cm × 10 cm cube. Subsequently, a normal loading instrument was used to propagate 
an orthogonal fracture nearly perpendicular to the initial split (Fig. 1 (a)). This process resulted in a 
sample composed of four blocks (B1 to B4) separated by two nearly perpendicular fractures (Fig. 1 (c 
to f)).  

 
Fig. 1(a) The Kuru granite sample with dimensions of 10 cm × 10 cm × 10 cm, (b) markers with predefined distances and the 
defined local coordinate system; (c) Block B1; (d) Block B2; (e) Block B3; and (f) BlockB4. 
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2.2 Photogrammetry 

2.2.1 Principle of photogrammetry 
A Structure-from-Motion and Multi-View Stereo (SfM-MVS) photogrammetry approach was 
employed for 3D scanning. Photogrammetry is a technique that utilizes multiple overlapping 
photographs to reconstruct a 3D model by identifying and aligning matching points across images. 
This process generates a sparse 3D point cloud, which is then used to calculate depth maps to generate 
a high-resolution dense 3D point cloud. Specialized patterns, such as coded markers, are used to 
facilitate alignment and provide accurate scaling. By defining the distances and coordinates between 
these markers, the 3D model can be scaled and oriented within a specific coordinate system. In this 
research, RealityCapture software v1.5.1 was used for 3D modelling, utilizing self-calibration based 
on the Brown3 Tangential 2 distortion model. The final 3D models were exported as point clouds and 
analysed using CloudCompare software v2.14.  

2.2.2 Sample preparation for photogrammetry  
First, one-ring-20-bit-coded markers were generated via software, and the distances between them 
were measured digitally using AutoCAD. These markers were printed at 1200 dpi resolution and 
attached to the sample (Fig. 1 (a and b). Then the markers covering the fractures’ outcrops were 
removed. The predefined horizontal and vertical distances between markers (Pd1) were 12.376 mm, 
while the diagonal distance (Pd2) was 17.502 mm. 

2.2.3 Photography setup 
The sample was placed at the centre of a rotary table (Fig. 2 (a)), with a sheet containing predefined 
alignment patterns (not used for scaling) placed beneath it. Illumination was maintained at a constant 
4000 Lux. The rotary table was rotated in 9° increments over a full 360°, resulting in 40 photos per 
rotation. A Canon DSLR camera, equipped with a 35 mm lens, was mounted on a tripod at a fixed 
shooting distance of 50 cm. The camera specifications included a pixel size of 4.17 μm, a sensor size 
of 36 × 24 mm, and an image resolution of 8688 × 5792 pixels. The acquisition settings were an 
aperture of f/11 and a shutter speed of 1/8 s. This configuration yielded a Ground Sample Distance 
(GSD) of 59 μm, ensuring that each pixel represents 59 μm in the real world. The lens was manually 
focused on the fixed shooting distance, and the focus ring was secured with tape to prevent accidental 
shifts during photographing. The accuracy was further refined by the photogrammetry software, 
achieving sub-pixel precision ranging from one-fifth to one-twentieth of a pixel. 

2.2.4 Photography workflow 
To accurately measure the physical aperture of the intersecting fractures, the sample was photographed 
in a well-matched position (Fig. 2 (a)). To ensure sufficient image overlap and geometric coverage, 
photographs were taken at three different pitch angles: 0°, 30°, and 60°, using varying focus points. To 
increase the number of matching points across different images, an A4 sheet containing coded markers 
with predefined distances was placed beneath the sample. Each of the four blocks was then 
photographed separately using the two pitch angles, 30°and 60°, with two focus points per position to 
ensure depth of field and sharpness across the fracture surfaces (Fig. 2 (b)).Each block was 
subsequently flipped upside down, and the entire photography process was repeated (Fig. 2 (c)). For 
this stage, the marker sheet under the sample was not used.  

 
Fig. 2 Photography setup with a 50 cm fixed shooting distance and a rotary table with 9° angular movements. (a) The sample 
in the well-matched position showing the five different focus points photographed at pitch angles of 0°, 30°, and 60°. (b) and 
(c) illustrate the focus points on the blocks and the photography pitch angles before and after flipping the sample upside 
down. For example, (b) shows B1 photographed at 60°, and (c) shows B1 photographed upside down at 30°. 

269



 

 

2.2.5 3
The pho
ensure a
alignmen
coordina
To orien
tie point
horizont
0, Pd1), 
(800) an
the scali
markers 
the same
each blo
detail an

2.2.6 A
Root Me
model. T
with thei

Here, i 
employe

2.3 R
To meas
where th
0.5 mm 
Roughne
between 
were rep

2.4 N
To simu
Multiphy
simulatio
into a 3D
surfaces 
The bou
million e

Fig. 3 (a) S

To analy
between 

3D model re
otograph set 
a consistent c
nt was perfo
ate system an
nt the model 
t to a Groun
tal and vertic

respectively
nd check bars
ng and orien
on the samp

e coordinate 
ock. Howeve
nd texturizing

Accuracy as
ean Square E
The obtained
ir real physic

𝑅𝑀𝑆𝐸 ൌ ඩ෍௜ୀ
= the index 

ed for scaling

Roughness 
sure roughne
he two rough

× 0.5 mm 
ess Calculato
 two opposi

ported as phy

Numerical 
ulate fluid fl
ysics v6.4 w
on, the roug
D mesh dom
were hypoth

undary condi
elements, inc

Segmentation o

yze the relati
 the inlets an

econstructio
of the well

calibration a
ormed. This 
nd to scale th
within a pre

nd Control P
cal markers w
y. The 1133 
s (333) to en
ntation within
ple were extr

system as th
er, for these 
g to measure

ssessment  
Error (RMSE
d photogram
cal values aft

෍ ሺ𝑃𝑟𝑒𝑑𝑒𝑓𝑖𝑛௡
ୀଵ
of each pre

g or checking

and physi
ess (R3D), th

h surfaces rea
in the X an
or (SRC) (M
te surfaces w

ysical apertur

modelling
flow through
was employe
gh surfaces o
main, and sub
hetically seg
itions are ill
cluding boun

of surfaces, (b) d

onship betwe
nd outlets, thെ∇𝑃

on  
-matched sa
across all im
well-matche

he model usi
ecise 3D spac
Point (GCP) 
were assigne
predefined d

nsure dimens
n this desired
acted. These
he original w
separate co

 physical ape

E) (Eq. 1) wa
mmetric value
fter scaling. 

𝑛𝑒𝑑 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑛
edefined dist
g. 

ical apertu
he two rough
ached each o
nd Y directio
Magsipoc et 
were calcula
res. 

g and theo
h intersecting
d to solve th

of the blocks
bsequently im
mented into 
lustrated in 

ndary elemen

definition of bo

een the flow
e Forchheim𝑃 ൌ 𝐴𝑄 ൅ 𝐵𝑄

 

ample was im
mages. After 
ed 3D mode
ing the mark
ce, the bottom
with coordin

ed GCP statu
distances bet
ional accura
d coordinate

e coordinates
well-matched
omponents, t
erture and ro

as employed 
es for 800 sc

௜ െ 𝑑𝑖𝑔𝑖𝑡𝑎𝑙 𝑑𝑛
tance and n

ure  
h surfaces o

other. The 3D
ons, convert
al. 2020). T

ated in Cloud

retical bac
g fractures 
he Navier–S
s were impo
mported into
four distinct
Fig. 3 (b). 

nts Fig. 3 (c).

oundary conditi

 rate at the o
mer equations𝑄ଶ 

mported into
the software
l served as 

kets with the
m corner of 
nates G1 (0,
us with coord
tween these 

acy. The mod
e system. The
s acted as the
d sample. Th
the 3D mode
oughness ana

to assess the
cale bars and

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒௜ሻଶ
 

 = the total 

of each bloc
D point cloud
ted to a mes
To measure 
dCompare, a

ckground  
with two in

Stokes equati
orted into M
 COMSOL.
t pairs of opp
The final m
.  

ions in COMSO

outlets and th
s (Eqs. 2-5) w

Eurock 2026

o RealityCap
e detected th
a reference 
predefined d
"Side One" 
, 0, 0). Subs
dinates G2 (P
markers we

del was then 
en, the coord
e references t
he same wor
els were rec
alysis. 

e accuracy of
d 333 check 

number of 

ck were sepa
d was rasteri
sh, and anal
physical ape

and the aver

 
nlets and tw
ions. To cre
eshInspector
To analyze 

posing surfac
model contain

OL, and (c) the f

he hydraulic p
were used. 

6, Skopje, RN 

pture and gr
he markers, 
to establish 
distances (Fi
was redefine

sequently, th
Pd1, 0, 0) an

ere used as s
re-aligned to

dinates of all
to put each b
rkflow was a
constructed w

f the photogr
bars were c

(1) 

predefined 

arated from 
ized at a reso
lyzed by the
ertures, the 
rages of the 

wo outlets, C
eate a domai
r software, c
flow simulat
ces (Fig. 3 (a
ned approxi

final mesh mod

pressure grad

(2) 

Macedonia 
 

rouped to 
an initial 
the local 

ig. 1 (a)). 
ed from a 
he nearest 
nd G3 (0, 
scale bars 
o finalize 
l detected 
block into 
applied to 
with high 

rammetry 
compared 

distances 

the edge 
olution of 
e Surface 
distances 
distances 

COMSOL 
in for the 
converted 
tions, the 
a and b)). 
imately 2 

 
del. 

dients 

270



 

 

Here, −∇
represen
(8.9 × 10
aperture,
fluid den

3 Re
3.1 A
The accu
μm, resp
the calcu
R3Dwere
highest r
inlets (S
the outle
195 μm, 

Fig. 4 (a) P
physical ap

3.2 N
Fig. 5 (a
relations
hydrauli
are cons
aperture 

Fig. 5 (a) N
streamline
Inlet 2.  

∇P (Pa/m) d
nt linear and 
0−4Pa.s) sign
, β (m−1) imp
nsity. 

esults and
Accuracy as

uracy assessm
pectively. Th
ulated R3D an
e found to b
roughness (9
egments 1 a

ets (Segment
respectively

Physical apertu
pertures are pro

Numerical 
a) illustrates 
ship between
c apertures (

sistent with t
directly (Seg

Nonlinear relati
e distributions o

denotes the 
nonlinear flo

nifies fluid vi
plies the non

d discuss
ssessment
ment of the 

he aperture f
nd average p
be negligible
9.339), while
nd 2) were v
ts 3 and 4) sh
y. It can be co

ure fields of (a) 
ovided for each

modelling
the Forchhe

n the flow ra
(eh) for Outl
the physical 
gment 4) cor

ionship between
of the two inlets

െ∇𝑃 ൌ ∆𝑃𝐿  𝐴 ൌ 12𝜇𝑤𝑒௛ଷ 𝐵 ൌ 𝛽𝜌𝑤ଶ𝑒௛ଶ 

pressure dro
ow rates, resp
iscosity, w (m
n-Darcy coe

sion 
t, roughne
800 scale ba

fields for eac
physical aper
e, ranging fr
 Segment 4 w

very similar, 
howed a mor
oncluded tha

Segment 1, (b) 
h segment.  

g results 
eimer equati
ate at the ou
et 1 and Out
aperture me

rresponds to 

n flow rate and
s at P = 5 kPa; (

 

op (∆P) ove
pectively. In
m) is fractur
fficient relat

ss, and ph
ars and 333 
ch segment a
rtures are re

from 8.708 t
was the lowe
measuring 1

re significan
at Segment 3

Segment 2, (c)

ion fitted to 
utlets and the
tlet 2 are 16
easurements 
a higher hyd

d hydraulic pres
(c) streamline d

er a length (
n this equatio
re width perp
ted to fractur

hysical ape
check bars y

are illustrated
ported withi
to 9.339. No
est (8.708). T
190 μm and 
t difference 
 is rougher a

) Segment 3, an

the numeric
e hydraulic p
2μm and 17
for these se

draulic apertu

sure gradient fi
distribution of In

Eurock 2026

(L), and the 
on, Q (m3/s) 
pendicular to
re geometry,

erture 
yielded RMS
d in Fig. 4 (
in the same f
otably, Segm
The physical 
192 μm. Ho
of 18 μm, m

and tighter th

nd (d) Segment 

cal results, sh
pressure gra
5 μm, respe

egments, whe
ure.  

itted by the Forc
nlet 1; and (d) s

6, Skopje, RN 

(3) 

(4) 

(5) 

terms AQ 
indicates flo

o flow, eh is h
, and ρ (997

SEs of 14 μm
a to d). Add
figures. Vari
ment 3 exhi

apertures fo
owever, the v
measuring 177
han Segment 

4. Roughness a

howing the n
dient. The c
ctively. Thes
ere a higher

chheimer equat
streamline distr

Macedonia 
 

and BQ2 
ow rate, µ 
hydraulic 
kg/m3) is 

m and 15 
ditionally, 
iations in 
bited the 

or the two 
values for 
7 μm and 
4. 

 
and 

nonlinear 
calculated 
se results 

r physical 

 
tion; (b) 
ribution of 

271



   Eurock 2026, Skopje, RN Macedonia 
 

 
 

The non-Darcy coefficients (β) were calculated as362 m−1 and 333 m−1. This variation can be 
attributed to the differences in R3Ds and physical aperture sizes between Segments 3 and 4; 
specifically, Segment 3 is rougher and tighter than Segment 4. Fig. 5 (b) shows the streamline 
distribution originating from the two inlets. As observed, the streamlines from Inlet 1 primarily flow 
through Outlet 2 (Fig. 5(c)), while those from Inlet 2 exited through Outlet 1(Fig. 5(d)). Some mixing 
occurred within both Segments 3 and 4, which could be attributed to the intersection geometry and the 
configuration of the outlet segments. It seems mixing flow in Fig. 5(c) is lower than that in Fig. 5(d). 
This may be explained by the fact that Segment 4 (leading to Outlet 2) is wider and less rough than 
Segment 3 (leading to Outlet 1). Overall, it is evident that geometrical properties significantly 
influence the flow distribution. These intersecting fracture characteristics are critical for accurately 
analyzing fluid flow behavior within fracture networks. 

4 Conclusion  
In this study, photogrammetry was employed to reconstruct a 3D model of two intersecting fractures 
within a 10 cm × 10 cm × 10 cm domain. The accuracy assessment yielded an RMSE of 15 μm, 
demonstrating the capability of photogrammetry to reconstruct a highly accurate 3D model of a 
complex fracture intersection. This led to measuring physical apertures (177-195 μm) and surface 
roughness (R3D, 8.708-9.339). Then, 36 fluid flow simulations were conducted using the 3D model in 
COMSOL across two inlets and two outlets using 18 different hydraulic pressure gradients (10 to 180 
kPa/m).The results exhibited a nonlinear relationship between the hydraulic pressure gradients and the 
flow rates at the outlets. Fitting the Forchheimer equation to the numerical results showed that the 
tighter, rougher fracture segment resulted in lower eh and higher β. Furthermore, the findings revealed 
mixing behaviour of fluid flow, indicating that fluid flow preferentially migrated toward the fracture 
segment with a higher physical aperture. These results emphasize that the intersection geometry and 
surface characteristics are critical factors in governing the flow distribution within fracture networks. 
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