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High-resolution computed microtomography

The pCT allows for precise analysis of the homogeneity and structure geometry, as well as development of
numerical models. The theoretical basis of uCT was very well described by Ketcham and Carlson (2001);
Baker, Mancini et al. (2012) and by Gnudde and Boone (2013) in the review papers. Examples of uCT
analysis of various type of porous media were presented in articles by Appoloni, Fernandes and Rodrigues
(2007); Bielecki et al. (2013). uCT has also been used for analysis of flow through rock specimens by:
Petchsingto and Karpyn (2009); Dvorkin et al. (2009). Literature data and our own investigations indicate
that pCT analysis has a wide range of applications in geology.

K=HsPs+Hy Opy

s - density of solid material (g cnr?),

Jw - Water mass attenuation coefficient (w/p, cm? g!),
pw - density of water (g cm™),

© - volumetric rock water content (cm* enr?).

Al =—xlAx

Al - change m itensity of X-ray beam interacting with absorber of thickness (keV),
Ax -absorber of thickness (cm).
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ps - density of solid material (g cm™),

lw - water mass attenuation coefficient (x/p, cm? g!),
pw - density of water (g cm?),

O - volumetric rock water content (cm® cm).
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Al - change in intensity of X-ray beam interacting with absorber of thickness (keV),
Ax - absorber ofthickness (cm).
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Acta Geophysica

HIGH-RESOLUTION COMPUTED MICROTOMOGRAPHY FOR CHARACTERIZATION
OF DIFFUSION TENSOR IMAGING PHANTOM
t. KACZMAREK, T. WEJRZANOWSKI, J. SKIBINSKI, M. MAKSIMCZUK, A. KRZYZAK

In the present paper quantitative characterization of the structure of calibration model (phantom) for b-matrix
spitial distribution diffusion tensor imaging (BSD-DTI) scanners is addressed. The aim of this study was to verify
manufacturing assumptions of materials structure, since such phantoms are used for BSD-DTI calibration directly
after manufacturing. Visualization of the phantoms’ structure was achieved by means of optical microscopy and
high-resolution computed microtomography (uCT). Based on pCT images a numerical model of materials structure
was developed for further quantitative analysis. 3D image characterization was performed to determine crucial
structural parameters of the phantom: porosity, uniformity and distribution of equivalent diameter of capillaries
bundles. Additionally calculations of hypothetical flow streamlines were also performed based on the developed
numerical model. The results obtained within this study can be further used in calibration of DTI-BST
measurements. However it was also found, that the structure of the phantom exhibits some flaws and discrepancies
from assumed geometry, which can be influential for BSD-DTI calibration.
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Fig. Optical microscopy image of sample: Aa, Capillaries bundles
of cylindrical phantom; Ab. Singular caplllaries of cylindrical phantom
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Results

Fig. Cross - section
of phantom.
Arrows indicate
examples of
channels and gaps
of capillaries
bundles

Table 2. Parameterization of tom microstructure

Results of the analysis

Parameter Unit Chanpels between
Kutire Butiilles of the walls of the

phamtom Capliiatics capillary bundles

Global parameters
38 3

Vi % 3 35 3
S 'mm 229 196 0.32
Na Vi 285 1.98 0.87
DA - 089 089 0.90
Local parameters
K1) 166
SD(T) pm - 18 -
CV(T) 108
E(Dc) 437 508 191
SD(e) 15 " 77
CV(De) s 340 28 103
E(den/ ) 134 1.11 201
SD(daue/Genia) - 0.50 003 0.59
CV(dmex/Amia) 037 0.02 029
Structural parameters:
Vy ~ the ratio of pore volume to total volume (porosity)
Sy ~ the surface of channcls and capillarics bundles to the total volume of the
analyzed arca
N bioth the relative multiplicity of chamnels sndéor capillary bundles per wil sres
DA - the degree of amisotropy, where for fully isotropic system DA = 0, and for the fully
anisotropic DA = 1 (bttp://www.skyscan be’)
1 ~wall thickness of the capillary buadles

e The expuivalent fnmer diameters (withow walls) of chanmels imidior capillary hundles
Divs D - e capillary buncles elangation {where Dy is 2 maximum diameter,
a0d Dy is @ minimum diameter)
Statistical parameters.
Tix)  mean valie of varidble x
SDOx)  standard deviation of varisble x
CV(x) =SIXXVEix) - coeflicient of variation of variable x
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Fig. Phantom visualization: A - binarized cross-sections;
B - capillaries without deleted channels

Fig. Visualization of A - streamlines, B - pressure gradient in phantom
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Paper in preparation

Application of 3D-microtomography to reconstruction
of the weathering in cold regions

Noninvasive analysis : Invasive analysis

Qualitive branch # Quantitative branch Thin section observations

Table 2. 3-<demensional numerical model and intemal structure of rock sample

3-dimensional model of rock Disturb zones in the uCT
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Fig. Surface of sample 1 affecting by mechanical weathering (A)

bnd biochemical weathering (B)




Table 2. 3-demensional numerical model and internal structure of rock sample
P -
a
]
a
-
o 3-dimensional model of rock Disturb zones in the pCT
iR Sample photography sample with visualization of internal structure cross-
g pores inside rock pl ion of rock pl -
£
=
=
]
v
o M A ookt hdio Ll
- LA . LR L A " R L
I
7
| 8
-l - .l w 20 R L @0 A0 ™ w0 we 1008
> Z odlegloié fpix)
atic of surface mapping with values necessary to calculate A - Rq, B - R: Tabla . P T—
; A of 1o St
Number of sample
Parameter Unit
1 2 3
Rock solid global parameters
V. oM 149 045 “
~ E(S) 0196 0147 0253
SD(S,) 0.008 0.040 0027 Vi
CV(S) 0023 0275 0098
g surface par
v, 116 268 032 bl
E(Ry 153 228 173
SIXRy 156 108 1ne pm
CV(Ry 05 0s 07
E(R) 1180 m 4
SD(R.) 546 4 468 pm
CVR) 0s  0s 07
g surface
vV, 107 145 020 ‘e
ERY 181 129 139
SD(RY) 18 0 83 pm
CV(RY 06 06 06
E(R) 718 48 ss1
SD(R.) 359 269 m pm
CV(R) 0.5 05 0.5
L] Stntursl pasatens
v the ratio of pore volume 10 total volume (porosity)
s ~ the surface of chasnels and capelianes bundies 10 the total volume of the
wmatyrod area
Ry - the maemn square devistion of the profile
R the dsstance betwcen the highest poust mnd recess of te profile
Statsncal parameters
rface ~f sample 1 affecting by mechanical weathering (A) e i
. CVIX) =SD{XYE(X) - coeflicient of varistion of varsable X
Prezi g (8)
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Table 3. Parameterization of rock structures

Number of sample

Parameter Unit
1 2 3
Rock solid global parameters
Ve 0.94 1.49 0.45 %
E(Sy) 0.196 0.147 0.283
SD(Sy) 0.005 0.040 0.027 I/mm
CV(Sy) 0.023 0.275 0.095
Biochemical weathering surface parameters
A 1.16 2.68 0.32 %
E(Rg) 282 228 173
SD(Rg) 156 108 119 jm
CV(Ry 0.5 0.5 0.7
E(Ry) 1180 971 714
SD(R:) 546 444 465 fm
CV(Ry) 0.5 0.5 0.7
Mechanical weathering surface parameters
Vi 1.07 1.45 0.20 %
ERq) 181 129 139
SD(Rq) 118 70 83 Hm
CV(Ry) 0.6 0.6 0.6
E(R:) 715 545 551
SD(R:) 359 269 271 jum
CV(Ry) 0.5 0.5 0.5
Structural parameters:
Vv — the ratio of pore volume to total volume (porosity)
Sy — the surface of channels and capillaries bundles to the total volume of the
analyzed area
Rq — the mean square deviation of the profile
R: — the distance between the highest point and recess of the profile
Statistical parameters:
E(x) —mean value of variable x

SD(x) - standard deviation of variable x
CV(x) =SD(X)E(x) - coefficient of variation of variable x
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Novel Approach in Analysis of Fractures in Reservoir Rocks by I 1
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Komputerowa analiza wtasciwosci zbiornikowych

przestrzeni porowej piaskowcéw oraz ich wytrzymatosci,
na podstawie mikrotomografii rentgenowskiej

Przebieg petzania itu neogeriskiego z Warszawy w badaniach
tréjosiowych z wykorzystaniem mikrotomografii komputerowe;

1. INTRODUCTION
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1.INTRODUCTION

In heterogenic material such as rocks, the properties are strongly
influenced by the structure. Both, structure and properties can be
nowadays characterized in more details due to progress in equipment
development. One of modern research technique is high-resolution
computed microtomography (uCT) which can be favorably used in rock
fluid storage and permeability recognition as well as geotechnical
study of structure impact on rock strength.

The research question is about the utility of combining pCT internal
structure recognition and further numerical calculations with regard to
sandstone samples from a hybrid hydrocarbon reservoir. Numerical
calculations produce detailed analyses of storage capacity and provide
a basis for further analysis of transport properties. An important
related issue is the impact of structure on rock strength. In order to
analyze it after simulation of absolute permeability, uniaxial
compression tests were performed.




2.MATERIALS AND METHODOLOGY

The samples come from a hydrocarbon source rock area, which is still prospective for commercial production
(borehole S-3, SE part of the Husow gas field). This is the eastern part of the Carpathian Foredeep. The
Miocene sandstone samples were cut from core material, from a depth of 1920.45 m in case of sample 1 and
1923.95 m in the case of sample 2. They belong to siliciclastic sediments of the heterolithic facies. These
deposits feature thin-bedded sandstones, mudstones and siltstones. There are many cases of structural traps in
these facies, which contain huge amounts of oil and gas. The presence of a significant concentration of
hydrocarbons in heterolithic reservoirs with poor capacity and permeability properties is proof of
accumulations of unconventional hydrocarbon. The selected samples are relevant examples of different

sandstone structures, despite the proximity of deposition.

Sample 1 has the petrophysical features of

conventional reservoir deposits, in contrast to sample 2, which has more unconventional features. Therefore,
the deposit can be considered as a hybrid reservoir.
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Fig. 1. Photos of analyzed Miocene sandstone samples: A — Sample 1, B — Sample 2




Fig. 2. Workflow of sandstone sample study
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3. RESULTS

The approximate grain size of sample 1 is in the range 0.1 - 1.0 mm and for sample 2 it is 0.01 - 0.1 mm with
clear sedimentation lamination and heterogenic structure. The porosity, determined by puCT, of sample 1 is twice
(10.3%) that of sample 2 (5.3%). The equivalent diameter of a majority of pores is less than 0.027 mm and their
pore size distribution is unimodal right-hand asymmetrical in both samples. In relation to numerical
permeability tests, the flow paths are in a few privileged directions, where the pressure uniformly decreases.
Nevertheless, in sample 1 there are visible connections, which is confirmed by particles in the whole space of
the sample, as the simulation of particle flow has shown. The estimated permeability of the first sample is
approx. four times higher than the second one.
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Tahle. 6. Results ol numerical calculation and visualizations
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Fig. 5. Total porosity and full pore size distribution of samples 1 and 2
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Fig. 5. Total porosity and full pore size distribution of samples 1 and 2
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Table. 7. Results of numerical permeability testing
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Verification

PETROPHYSICAL CHARACTERIZATION OF THE MIOCENE
SANDSTONES OF THE CARPATHIAN FOREDEEP (SOUTH-EAST POLAND)

Alicja Pstrucha
Dr. Grzegorz Machowski
Dr. Artur T. Krzyzak

AGH University of Science and Technology, Poland
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Figure 2. Results obtained from MICP tests: A — Effective porosity and permeability
values; B — cumulative intrusion volume curves; C — incremental intrusion volume
curves corresponding to pore size distribution; pore size classification acc. to [12].
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Figure 2. Results obtained from MICP tests: A — Effective porosity and permeability
values; B — cumulative intrusion volume curves; C — incremental intrusion volume
curves corresponding to pore size distribution; pore size classification acc. to [12].
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Tabke. 1. Caleulation model enployee during the UCS tests

Sample | « Control ‘.I ]

The numerical compressive strength
simulations revealed the impact of
structure heterogeneity on rock strength.
The uniaxial compression test
demonstrated the huge impact of even
minimal heterogeneity of samples, 4-5
times loss of strength compared to the
uniform sample.
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Table 1. Model parameters in 2D simulation

Mod Rock Lamination Mod Loading
n ; ¢ Parameter matrix (small grains n l ¢ Parameter plates
e, (sandstone) of quartzite) s (wall)
Riduis 0.05 0.05
r [mm]
Density Effective
Particles p [kg/m’] iyl 20 walls modulus 8x10?
Effective E [MPa]
modulus 8x10? 8x10?
E [MPa]
Effective Normal
modulus 1.06x10% 3.69x103 stiffness 21.2
Es; [MPa] kn [GPa/m]
Flat-ioint TensmEll\:;)r:]ngth 2.28 0.29 Linear Shear
conjt:ct g;hesion : stilfuess 212
(ball-ball) ¢ [MPa] 1.69 15.35 (ball- ks [GPa/m]
Friction Pacat)
coelicisit i 0.5 0.5 Friction
Friction an /Ie coefficient 0.05
S 43.83 47.82 u
¢ [°]
Table 2. Numbers of particles in each model
Number of particles N Model 1-1 | Model 1-2 | Model 2-1 | Model 2-2
Rock matrix (sandstone) 58918 59250 59136 61440
Lamination(small grains of quartzite) 0 0 2304 0




Table. 3. Calculation model employee during the UCS tests

Sample Original group Control group
1
Model 1-1 Model 1-2
2
Model 2-1 Model 2-2




UCS RESULTS >

Fig. 6. Stess-strain-curved obramed from numencal UCS tests
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Table. 8. Uniaxial compressive strength of rock models

Model 2-1 |
1.21x16°MPa___ |

Model 2-2 |

[ Model 1-1 [
4.70<10°MPa___ |

[ LIs<1°MPa |

Model 1-2 |
4.64<10°MPa___|

The numerical compressive strength
simulations revealed the impact of
structure heterogeneity on rock strength.
The uniaxial compression test
demonstrated the huge impact of even
minimal heterogeneity of samples, 4-5
times loss of strength compared to the
uniform sample.
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Fig. 6. Stess-strain-curved obtained fromnumerical UCS tests
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Table. 8. Uniaxial compressive strength of rock models
Model 1-1 Model 1-2 Model 2-1 Model 2-2
..... 1.15x10°MPa 4.64x10>°MPa 1.21x10°MPa 4.70x10>°MPa
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Table. 9. Stress-strain curves obtained from numerical UCS tests with marked points representing different

moments of stress field
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4. SUMMARY

Numerical calculations based on pCT results revealed storage
and permeability features of a hybrid sandstone hydrocarbon reservoir.

The outlined procedure provides a universal way to evaluate structural
features and their impact on the hydraulical and mechanical behavior.

Sample 1 has petrophysical features of conventional reservoir deposits,
in contrast to sample 2.

More specific calculations of lab tests with analysis of variable boundary
conditions as well as parametric and back analysis should be carried out
in the future.

The potential of uCT has been extended into the field of petrophysical
and geomechanical science.

@J Prezi




fii w geoinzynierii:
'skiej

Warszawa, 20.04.2017

IIALNVHd M IINVMOSO1SVZ

Komputerowa analiza wtasciwosci zbiornikowych

przestrzeni porowej piaskowcéw oraz ich wytrzymatosci,
na podstawie mikrotomografii rentgenowskiej

Przebieg petzania itu neogeriskiego z Warszawy w badaniach
tréjosiowych z wykorzystaniem mikrotomografii komputerowe;




Przebieg petzania itu neogenskiego z Warszawy w badaniach
trojosiowych z wykorzystaniem mikrotomografii komputerowej

1. INTRODUCTION 3. MATERIAL 2. METHODOLOGY
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5. SUMMARY

The study identified the rheological strain course, which can be broken down info
theee characterizations: decreasing creep strain fate, transitional constant croep
velocity, and sccelerating creep deformation

The study found that due to multistage creep loading, the samples were
strongthened. Furthormors, there is a visibly “brittie” charactor of faikure, which can
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1. INTRODUCTION

Investigating creep is fundamental for practical issues, such as assessing the stability
of slopes on hills and embankments which are in a constant stress state. In order to
recreate the real three-dimensional stress state and strain field, triaxial tests were
applied in the present study.

The research question in this study concerns the course of

strain changes during constant stress state resulting in Genesis of creep

Creep SOil dEformation_ TherEfore, th ree mUltiStage The literature can be broken down into five main groups of explanations for creep
o . o mechanisms:
(multistress levels) triaxial creep tests were performed.
- . 3 A (i) breakdown of the interparticle bonds,
Axial and radial strains measuring sensors were used to (i sliding between the soil particles,
. & (e . . % (iii) water flow fi icro- t g 5
determine the full characteristics of soil behavior during the 3 e e a6

(v) deformation due to jumping bonds (Le et al., 2012).

triaxial tests. Neogene clay was used in the study, due to its
prevalence in construction sites in Warsaw. In respect of
undisturbed cohesive soil with strong glacial tectonic
involvement history we expect structure heterogeneity,
micro cracks and even empty voids. For non-invasive and
non-destructive internal structure recognition, X-ray
computed microtomography (XuCT) was applied.

Figure 2 is a schematic representation of clayey soils, with characteristic elements: clay
particles, adsorbed water, coarse grained particles, micro- and macro-pores.

Fig 2 Schematic view of clay-water system (modified afler Lee et al., 2012)




Genesis of creep

The literature can be broken down into five main groups of explanations for creep
mechanisms:

(i) breakdown of the interparticle bonds,

(ii) sliding between the soil particles,

(iii) water flow from micro-pores to macro-pores,

(iv) deformation due to structural viscosity,

(v) deformation due to jumping bonds (Le et al., 2012).

Figure 2 is a schematic representation of clayey soils, with characteristic elements: clay
particles, adsorbed water, coarse grained particles, micro- and macro-pores.

particle ~1 layer

Coarse grained ,\@/ { = it B : Double water

Macro-pore Adsorbed water

o

Clay particle

o

Micro-pore

Fig. 2. Schematic view of clay-water system (modified after Lee et al., 2012)




3. MATERIAL
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Fig. 1. Distribution of Neogene clays; Typical SEM micrographs of Neogene clays from Warsaw Al,2 -
sample STGS, matrix-turbulent microstructure; B1,2 - sample STG11, laminar-turbulent microstructure

Fig. 2. Glacial tectonic; front of glacier folding
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2. METHODOLOGY

4 Multistage

|

s triaxial creep
tests (CIU) - et
> —
- moisture, - representatlve g B - maximum - course of soil - shear planes
- density, sample series deviator strength deformation, analysis,
- liquid limit, determination, of samples, - creep phenomena - structure
- plastic limit, - reference internal -strength impact on soil changes
- etc. structure images parameters strength comparison
Fig. 5. Workflow of the creep deformation course study
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Aparat tréjosiowego sciskania (TX)

Fig. 3. Identification of the void inside (white arrow)
the monolith during the preparation of samples
__ —




TX CIU

a) 100 kPa for sample 1T (1000kPa of cell pressure, 900 kPa of pore pressure) =»
b) 200 kPa for sample 2T (in situ stress; 480 cell pressure, 280 kPa of pore pressure) = o8 l
¢) 300 kPa for sample 3T (580 cell pressure, 280 kPa of pore pressure).

TX creep tests

Table 2. Program for Multistage Triaxial Creep Tests
in compression conditions (¢’ = 200 kPa)

Stage No.
fest datn . 2 3 4 > 6 7 8 Comments
q [kPa] 4280 | 57.06 | 80.84 | 95.10 | 109.37 123.63 137.90 152.16
SL* 0.45 0.60 0.85 1.00 1.15 1.30 1.45 1.60
Sample 20 15 Apparatys
la malfunction
Sample — 6 5 4 5 45 | 05 Wth radial
Ib ES strain sensor
=
Sa‘gple = 10 B 10 [ 10 10 10 10 . -0
Sa“;p'e 10 10 10 ~0.5

*Stress level SL =q/qr[-]
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4. RESULTS

TX creep tests

- %
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Table S, Selected XpCT sumple cross-sections afier winxial tests (CTU) with

TX CIU

strew fiehd (red

XNCT sample geometry

Tuble <, XuCT reoszuition sonzpis ol seleviad ssuples bufer iinaisd fests (CIUY

XpCT sample: peametry

"“;;""' XpCT cruvesections
o
o

Table 6. Maximum stress deviator determination by means of triaxial tests (CTU)

Effective Confining pressure Maximum Angle of shear plane
Sample (Cell pressure, pore water deviatoric stress (major plane)
pressure) o” [kPa| qr|kPa] 011
100 ) 42-66
1T (1000, 900) 800 (50)
200* - 49-57
ud (480, 280) 5.1 (49)
300 a 43-51
3T (580, 280) LT3 1)

* in situ stress condition




Table 3. XpCT sample recognition - rejected samples (white arrows indicate structure interruption)

Sample No.

XpCT cross-sections

XuCT sample geometry

01

02




Table 4. XuCT recognition examples of selected samples before triaxial tests (CIU)

Sample
No.

XpuCT cross-sections

2T

XpCT sample geometry

3T




Table 5. Selected XpCT sample cross-sections after triaxial tests (CIU) with presumptive shear planes (white

lines) and stress field (red and orange arrows)

XuCT cross-sections

XpuCT sample geometry







Table 6. Maximum stress deviator determination by means of triaxial tests (CIU)

Effective Confining pressure Maximum Angle of shear plane
Sample (Cell pressure, pore water deviatoric stress (major plane)
pressure) ¢’ [kPa] qs [kPa] O |
100 42-66
= (1000, 900) S (50)
200%* 49-57
A (480, 280) oL (49)
300 43-51
Al (580, 280) R (51)

* In situ stress condition
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TX creep tests

Table 7. Representative samplac series dedicated for triaxial creen rasrs distinguiched by XaCT recognition

Sample No,

XpCT sample geometry

T'able 8. XuC'T sample 1b recognition after multistage triaxial creep test starting from stress level=0.45 with
presumptive shear planes (white lines) and stress lield (red and orange arrows)

XpCT sampl

XpCT cross-sections




Table 7. Representative samples series dedicated for triaxial creep tests distinguished by XuCT recognition
Sample No. XuCT cross-sections l XpCT sample geometry
—
1b
Table 8. XuCT sample 1b recognition after
presumptive shear planes (w
XuCT cross-sec
—— .
2

XpCT cross-sections




Table 8. XuCT sample 1b recognition after multistage triaxial creep test starting from stress level=0.45 with
presumptive shear planes (white lines) and stress field (red and orange arrows)

XuCT cross-sections XpuCT sample geometry

O1

b

e

O3

‘03

XnCT cross-sections

01
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5. SUMMARY

The study identified the rheological strain course, which can be broken down into
three characterizations: decreasing creep strain rate, transitional constant creep
velocity, and accelerating creep deformation.

The study found that due to multistage creep loading, the samples were
strengthened. Furthermore, there is a visibly “brittle” character of failure, which can
be the consequence of redistribution of the microstructure as a function of time as
well as collapse of voids. Due to the glacial tectonic of the analyzed samples, the
reactivation of micro cracks might also serve as an explanation. The number of the
various sizes of shear planes after failure is confirmed by XuCT overexposure.

From this study following conclusion can be drawn:
«There are three general creep course deformation characterizations: with increasing strain rate, the constant value of
deformation, and with decreasing speed of deformation. The creep with Increasing strain rate can be broken down into

three phases: transitional, stable and accelerating with following failure moment

+The change of rate strain is similar during the various creep deformation stages up to the stage before the failure

M re d ta i I ed followed by an apparent increase
*At the destructive stress level after the accelerating creep, the plastic flow occurs. It is worth noting that during the
s a r plastic flow the structure impact is observed in the form of abrupt changes of strain rate.

sUnder multistage constant creep stress level started below maximum deviatoric stress of the tested sample in the in
situ stress state, Neogene clay samples strengthening in function of time

+The samples under multistage creep stress condition started from 0.45 and 0.60 maximum deviatoric stress obtained
higher strengthen than the sample under multistage creep stress condition started from 0.85 deviatoric stress.

«XUCT has improved it is useful for shear plane analysis as well as micro cracks identification and for selection of
representative samples series. Furthermore, this method enables for calculation of shear plane angle which is strongly
correlated with strength characteristic of the sample (especially with intemal friction angle).
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