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Highlights

We introduce a new and automatic method for cang&@ T beam hardening artefact
The method is implemented in an open source catgng in ImageJ and it is suitable
for expert and non-expert alike.

The method has been tested on homogeneous anddesteous rock samples with
cylindrical and near-cylindrical shapes

We show how our method improves porosity and pebifiBameasurements.
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Abstract

X-ray Computed Tomography scanning is an innovapnezedure that allows representing the
internal structure of samples. Among its severatppses, X-ray CT is widely used for
investigation of petrophysical properties of porausdia. To provide accurate results, it is
necessary to have high quality scan images, freartefacts. One of the most problematic
artefacts is beam hardening, which, in cylindrislahpes, increases the attenuation values with
increasing distance from the centre. Until now, automatic solution has been proposed for
cylindrically-shaped cores that is both computatltynfeasible and applicable to all geological
media. A new technique is here introduced for atimg beam hardening, using a linearization
procedure of the beam hardening curve applied dlfterreconstruction processWe have
developed an automated open source plug-in, runamgmageJ software, which does not
require anya priori knowledge of the material, distance from the sewrthe scan conditions
(current, energy), nor any segmentation of phasesabbration scan on phantom data. It is
suitable for expert and non-expert use, alike. \&feehtested the technique p8T scan images

of a plastic rod, a sample of loose sand, sevesrbgeneous sandstone core samples (with
near-cylindrical shapes), and finally, on an in&rscan of a Berea sandstone core. The Berea
core was also scanned using a medical X-ray CTngtamith a fan-beam geometry, as opposed
to a cone beam geometry, showing that our algorithmqually effective in both cases. Our
correction technique successfully removes the bleardening artefact in all cases, as well as
removing the cupping effect common to internal scafor a Berea Sandstone, which varies in
porosity from 19%-20%, porosity calculated using tlorrected scan is 20.54%, which compares
to a value of 14.24% using the software providedhegymanufacturer.

Key Points:
* Computed Tomography
* Beam hardening
* Image Analysis
* Geology
» Petrophysics
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1 Introduction

X-ray Computed Tomography (X-ray CT) is a moderm-mdrusive imaging technique that
produces cross-sectional imagesticés) of a sample and, using tomography, allows three-
dimensional reconstruction of the sample. X- rayi€Widely used in life science, and in the last
30 years, it has completely revolutionized measergntechniques in geoscience. Early X-ray
analysis was mostly applied to paleontology andopsim engineering (Wellington & Vinegar,
1987). In recent years, thanks to technologicagp@ss, and the possibility to reach micrometer
resolution, it boasts many more geological appbcest For example, it has been used to
measure macroscopic soil porosity (Mooney, 200®)e pstructure of hydrocarbon reservoir
rocks (Van Geet, et al., 2000), and for visual@atbf roots in soil (Mooney, et al., 2012). X-ray
CT has been integrated into core flooding experisiéor understanding how to enhance oil
recovery in oil-brine systems (Lager, et al., 20G8)d to illuminate trapping mechanisms for
carbon storage (Perrin, et al., 2009). Moreovera)XCT allows the production of 3D porosity
distributions and spatial and temporal measurenoérgaturation distribution of each phase
during multiphase flow experiments. To ensure ameuguantitative results, it is necessary to
have high quality images that avoid sources ofregach as artefacts due to the reconstruction
process.

A beam of X-rays passes through the sample anatradiis measured by a detection system
(detector) to produce attenuation profiles. The attenuatrafues are related to the electron
densities of the sample’s components (Kruth, et28l11) and the energy and current values of
the scan. All the instruments are characterizedabgource-sample-detector system, but in
relation to the geometries of the source (poidin@ar source) and the detector (linear or planar),
there are different beam shapes. Cone beam geoetry CT scanners are characterized by a
fixed-point X-ray source and a planar detector. Beam is cone shaped and each ray passes
through the object with a certain angle. This eesthigher resolution images (Lechuga &
Weidlich, 2016) but results in a more complicatedonstruction process. In fan beam geometry,
instead, the source is a point source and the tetisca curved array. The beam is planar fan
shaped and the incident rays are perpendiculangmbject. In this case, the reconstruction is
fast, but the resolution is low. Artefacts and tetions are mainly related to the operator choices
and the reconstruction (Cnudde & Boone, 2013). Sautéfacts may affect the accuracy of the
measurements of interest. One of the most commtefaats is so-called beam hardening,
derived from the incorrect assumption of a monogctatic source, whereas most of the X-ray
systems are characterized by polychromatic sourtkeis assumption is made by the most
commonly used and fast method for three-dimensiaeabnstruction, i.e. Filtered Back
Projection (Feldkamp, et al., 1984).

A monochromatic source produces waves with sameeleagth. In this case the X-ray is
uniformly attenuated when it passes through thepgaiand the attenuation depends on the X-ray
energy and the sample’s composition, in accordaiitethe Beer's Law:

I=1ye Jreas 1)

wherel is the X-ray intensityy is the attenuation, argds the ray path (Cnudde & Boone, 2013).
A polychromatic source, instead, produces radiatisnth more than one wavelength; the
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components of the spectra are not uniformly attesdjaand the lower energies are absorbed
more easily by the sample. The consequence of @sguah monochromatic source in the
reconstruction process is often higher attenuataunes at the sample edges than the centre. This
artefact is often termed a cupping effect. Becabhsemeasurement of petrophysical properties
(i.e. porosity, relative permeability, capillaritgre strictly related to the quality of the X-Ray
images, ignoring the beam hardening artefact effénetir accuracy.

Different approaches have been proposed to cdivedieam hardening artefact, but no solutions
that are computationally possible on large datasets applicable to all types of materials, have
yet been developed. Using physical filters (Jersini®88) before scanning often requires higher
exposure and it can be time demanding and not escatly sustainable. In addition, multiple
trials are necessary to define the best filter #n@lcorrection of the artefact is not certain. In
addition to Filtered Back Projection, several itefa reconstruction (ART, SART, SIRT,
MLEM, etc.) methods can be applied on projectiotad&ilbert, 1972; Biguri, et al., 2016).
However, the computation of these methods on ldagasets, such as the 14 GB that results
from 3142 projections, is not possible on a stathd@mmputer. Most of the pre-reconstruction
linearization methods rely on producing a calilmatscan using a phantom object with the same
density as the sample (Kachelriel3, et al., 2006cRi, et al., 2010). The method cannot be
applied if the sample is heterogeneous, multi-netand/or of unknown density. Consequently,
these methods are not suitable for correcting sofigeological samples. Linearization can be
also determined by pre-determined correction psficustom user-specified correction profiles,
and custom auto-detected correction profiles (sashthose utilized by CT pro 3D, Nikon
Metrology). However, in the above methods there some disadvantages: pre-determined
correction profiles do properly beam hardening eancustom user-specified correction profiles
suffer from a difficulty in determining the optimugoefficients as they are only determined
from a single central slice; and custom auto-detkcbrrection profiles require a mono-material
sample, which is generally not possible for gealajsamples. One of the post-reconstruction
linearization processes, is the method proposedognovt et al. (2013), in which the beam
hardening correction is simultaneous to segmemtaifahe images. The procedure is based on
the calculation of beam hardening curves for edtase and as such it is time demanding.
Moreover, it is not applicable to samples in whilibcrimination between different phases is not
possible, for example in materials with a smalimgsaze or in low-resolution scans.

In this study develop a new method for post-recocibn beam hardening linearization. By
considering the limits related to the correctiocht@ques described above, we develop a beam
hardening correction method that:

is suitable for near-cylindrical geological (muttineral) core samples,

does not require a priori knowledge of the sampdperties,

works on samples with a heterogeneous spatiallaisivn of materials,

is applied post-reconstruction, hence works on aftyay source and scanner
configuration,

5. is open source, customizable, and suitable to nua standard desktop computer.

PwbhE

To this end, an open source ImageJ plug-in wademte®etails of the correction methodology
employed by the plug-in are provided in Supportimigprmation. The plug-in is validated on a
range of natural and artificial geological samplé& then discuss the implications of beam
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hardening correction on porosity measurement, rphiise flow measurement and quantitative
analysis of geological samples.

2 Materialsand Equipment

Four samples with cylindrical and quasi-cylindrishlapes and increasing structural complexity
have been scanned witlCT cone-beam scanner (custom Nikon® XT H X-Ray Gth 80 and
225 kV sources) in the University of StrathclydevAdced Materials Research Laboratory. One
of the samples, a Berea Sandstone, has also baenescwith a General Electric Hi-Speed CT/i
at the Benson Lab, Stanford University. Scanneiingst were chosen to maximise resolution
and image quality for each sample scan resultirtheruse of different distances from the source
and detector, physical filters, values of X-rayrgye current, detector exposure, and even X-ray
source unit depending on the sample’s physical gtegs. More details about the settings used
for each sample are included Tablel.

2.1 Plastic rod
A grey Polyvinyl Chloriderod of 40mm of diameter was scanned to validatepllng-in on
homogeneous material.

2.2. Loose sand sample
A plastic cylinder was filled with coarse-graineand pluviated from a constant distance and
frequently tapped to ensure uniform packing. Thetaioer had an external diameter of 60 mm
and an internal diameter of 50 mm.

2.3. Deformation band sample
A fine-grained core sample of the Navajo Sandsterenation was collected at a depth of 59.74
m from a borehole (BH3) in the area of Big Hole [Eaudtah (Shipton, et al., 2002). The core,
measuring 60 mm in diameter and 178 mm in lengtls, 3+4 single anastomosing deformation
bands running through the sample. To allow air pemmeter tests along the core length, this
sample had previously been slabbed creating a 29 tom wide flat edge (Fig.1) hence it was
no longer a perfect cylinder when scanned.
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Figure 1. Un-corrected slice number 1024 of deformation bemet sample. The original core
sample had been cut for permeameter tests, andpémation created a flat edge. Pixel size is
100 pum.

2.4. Deformation band network core sample
From the same borehole as the first sample a rgugfihdrical Navajo Sandstone core (BH3-1)
with length 96 mm and diameter of 60 mm, was ctdiéat a depth of 60.44 m (Shipton et al.,
2002). The sample is characterised by a denseorletyt deformation bands.

2.5. Berea sandstone General Electric Hi-Speed CT/i
A homogeneous Berea Sandstone (sample dimensiodsmif long, 50.8 mm diameter)
extracted from the Upper Devonian Berea sandstomeation in Ohio, USA, was scanned with
a General Electric medical scanner in both dry dpgpace filled with air) and water-saturated
conditions. The scan was made before the micrghilafluced calcite precipitation experiments
described in Minto et al., 2017a.

2.6. Berea sandstop€T cone-beam scanner
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A highly truncated internal scan of the Berea Stmdscore in section 2.5 above was made to
have a higher resolution of the upper part of tleeec which was unaffected by calcite
precipitation (Minto, et al., 2017a). A truncatezhs is one in which some of the sample lies
outside the field of view, hence, sample propeiitiesegion surrounding the scan are unknown.
Truncated internal scans made with a cone-beam &Mhodl normally result in a high quality
reconstruction, since they are prone to artefaatsed by X-ray attenuation in the unknown
region. This type of artefact presents in a simii@nner to beam hardening.

Distance Distance
sour ce object Energy Physical .
Sample object detector (kV) Current filter Resolution
(mm) (mm)
Plastic 168.43 505.36 140 31 2 mm Al 49um
Loose sand 370.55 688.5 120 19% None 70um
Single db 377 377 140 g 0.25 mm Cu 10@m
Db network 184 867 145 178A 1mm Cu 35um
Berea
medical 630 469.31 120 200 mA None 0.4883 mm
scan
Berea Cong 337 640 178 58A 1mm Cu 10um
Beam '

Table 1. Table summarizing the settings used and resolubbtained for each sample scanned.

3 Beam hardening correction procedure

In this section, we explain the theory underpinnthg proposed beam hardening correction
procedure. The code, and a step-by-step operatimgcegure, are included in
http://dx.doi.org/10.15129/2fb54088-1187-48f2-832b-ef76cf5e7bcl.

3.1Radial profile calculation
The code is suitable for core samples and rougylindrical shapes, or for samples contained
within a cylindrical core holder or other cylindaiccontainer (for example in the case of the
loose material, see 2.2). For images obtained wittone beam geometry scanner, we advise
avoiding correcting the slices at the very top &ady bottom of the sample. These are affected
by geometric unsharpnegsefumbra) and their attenuation values are not relatechéoactual
composition of the sample, but to geometric factdrthe cone beam geometry. The quantity of
slices to not consider is variable and depends$ersburce-object, object-detector distances and
the focal spot size (Pauwels, et al., 2014).
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As described above, beam hardening in cylindribapss produces alteration of the attenuation
values in relation to the distance from the cer@@isequently, it seems reasonable to propose a
correction based on a radial linearization bearddrang curve.

The beam hardening curve is calculated using thg-jpl Radial Profile Extended (Carl, 2006).
The beam hardening curve, from here on termeddbeal profile is a radial average of the
attenuation values as a function of the distanom fthe centre of the sample. The plug-in, in
fact, draws concentric circles (usually increading radius by 1 pixel) and calculates for each
circle the sum of the attenuation or intensity ealdivided by the number of the pixels included
in the circle. In this way, the radial profile isfthed for each slice. For computational efficigncy
all the radial profile curves obtained (one forteatice once the top and bottom slices affected
by penumbra have been removed) are averaged ansirggle average radial profile (Fig.2) is
obtained. In this way, the following fitting of bmehardening curve is operated only once. Using
a single average radial profile also improves tlmrection process if there are some
heterogeneities in the sample, since it is not maffécted by unusually high values, such as
those caused by the presence of deformation barndbt grains, noise (Fig.2), or conversely by
low values related to fractures.

In some scans a trend may be observed in the avesaljal profile for each slice, moving
through the sample, due to poor positioning of Xamy source. If this is the case, a single
average radial profile will be not representati¥@lbthe slices. To address this, a second version
of the code is provided, that corrects for beantddaing on a slice-by-slice basis following the
same procedure as that described below, but usengdividual average radial profile for each
slice. This alternative code takes a long time rfocess, but in these circumstances, provides
more accurate results.

4
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Slice 800
397~ |—Slice 1000 _
— Slice 1200 ‘
Slice 1400

3985~ | __slice 1600 /S 1
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Normalized Integrated Intensity

3.045 ! | | I | | ! I
100 200 300 400 500 600 700 800 900
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Figure 2. Radial profile of several slices of the Berea stmus core sample CTCB and the
average radial profile (black) used for the cuntteng.
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3.2 Curve fitting
To proceed to the beam hardening correction, wehft average radial profile using two
equations: an exponential function with offset andnverse Rodbard relationship. The first is a
single-coefficient exponential model with a vertioHsetc,

y=ae= +¢ (2)
The second is a four-parameter logistic regressiodel (4PL):
; 3)

=)

The a andd coefficient are, respectively, the lower and uppsymptotes. Thé coefficient
represents the steepness of the curve, ancldbefficient is the halfway point betweamandd.

Figure 3 illustrates the best fit curves for bdtle Exponential model and the Inverse Rodbard
model for the average radial profile in FigureThe exponential function alone does not provide
an accurate correction because it is not able ¢orately fit the steep section of the average
radial profile close to the edge of the sample.@)igBy contrast, the Inverse Rodbard provides a
good fit to the radial profile at the edge of tlaenple but is unable to fit to the shallow part of

the curve at the centre of the core (Fig.3).

4
3.085 210 | .
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~—

3.975 — i
— Average Radial profile 4

— Exponential with offset
3.97 Inverse Rodbard

3.965 — 1

Normalized Integrity Intesity

3.96 - 7

3.955 - :
'W -

395 I I I I I I I I
0 100 200 300 400 500 600 700 800 900

Distance from centre (pixel)
Figure 3. Curve fitting on the average radial profile (bluaf) several slices of the Berea
sandstone core samphath both Exponential with offset function (red)caimversion Rodbard
function (green).
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Based on these considerations, we fit both the &apital with offset and the Inverse Rodbard
equations to the inner and outer parts of the aeeradial profile respectively (Fig.4). The

curvature of each function is related to the maxmand minimum values of each of the two
fitted sections. Hence, to obtain a good fit iinortant to define the boundary between the two
regions, termed the cut-off point (COP, Figure @nsitivity tests were made to determine the
best value for the COP that minimised errors infithd his resulted in the COP being defined by
(max —my,) 4)

COP%( 100

* 25) +myg

wheremyg is the mean value of the first 10% of the curvereamove noise at the centre of the
image, andnax is the maximum value of the average radial profile.

A small overlapping window between the two portiafishe curves (Fig.4) is set during fitting
to ensure a smooth transition from one functiotheonext at the cut-off point (i.e. to remove any
kink).

4
398 % 10 |
Inverse Rodbard /

3.975- |=Average radial profile a=-98954.1661 | -
£ — Exponential with offset b=474.31729
2 P ©=39084.7149
2 Inverse Rodbard d =913.62281
= 397~ R?= 0.99946 7
he] /
2 /
o
£3.965 - 1
£ y
= Exponential with offset )
@ a =2.80356 P
= 396~ b = -0.0044992 A 7
= ¢ = 39530.2025 v
2 R’=0.98248

3055 copP _

395 L L L L L L L
0 100 200 300 400 500 600 700 800 900

Distance from centre (pixel)
Figure 4. The average radial profile of Berea sandstone saneple is split in two for the curve
fitting with Exponential with Offset in the centrphrt and with Inverse Rodbard in the outer
part. The black box is referred to as the overlagpvindow.

To facilitate the curve fitting and reduce the nembf iterations taken to find a reasonable
solution for the fitting of thénverse Rodbard, it is desirable to define initial guesses for #heé,

¢, andd coefficients in the equation. This is also sert@sensure that the iterative fitting
procedure converges. Considering thatahmefficient is the lower asymptote and usually has
negative values, we set its initial guess as 0. dkeefficient is the point at which the curve
reaches its maximum value; for this reason, we arsénitial guess equal to the radius. For
investigating the behaviour of tleandc coefficients, the fitted values for samples 2.2, 2.3,
2.4, and 2.6, plus two scans made with differema)Xcalibration settings for both the plastic rod
and for sample 2.5 (Fig.5). Theandc coefficients follow respectively a Power law (@)
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y = 278245 x(-1.218) (5)

and an exponential law (Fig.5b)

y = 38641 ¢~0:0003x (6)

when plotted against the logarithm of the differebetween the maximum and minimum values
of the section of the radial profile fitted by thmwerse Rodbard function.

For heterogeneous samples (loose sand and muldplermation bands samples) the
coefficient covers several orders of magnitudetf@ same range on the x-axis (Fig. 5a). For
these samples, using the full range of values guirEi5a for the initial guess resulted in the
same solution. The initial guess for the value aiin be better constrained (Fig. 5b). For both
the b andc coefficients, changes to the calibration of thea¥-CT scanner led to significantly
different fitted values (old scans on Fig.5).

a)
10°¢
i * Plastic
* Loose sand
10tz Single db
¢ Berea
- ° Berea old scan
c .
4]
3 103 - Plastic old scan
% ¢ Db network
8 v e,
2 ks — Power
= 10% =
o 107
°
L ]
¢ 1218
] y= 2782457 1218)
10 = 2
F R® =0.9027
0 L L L L [ ' L L L L | L L L o
10
10" 10° 10° 10*

log10 Max - Min (Radial Profile - Inverse Rodbard)
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Figure 5. a) b coefficient values vs the difference between maximand minimum value of the
Radial profile interested by inverse Rodbard fgtirt follows a power law. b coefficient
values vs the difference between maximum and mimmalue of the Radial profile interested
by Inverse Rodbard fitting. It follows an Exponeahtaw.

Once the initial guesses have been defined, ibssiple to fit the average profile and, using the
calculated coefficients for each equatiB®ponential with offset andlnverse Rodbard, to correct
each pixel of the image.

4 Results

The plug-in was applied to all of the samples dbedrin Section 2. In each case, the beam
hardening artefact was significantly reduced, ahd method did not produce any over-
correction or blurring of the image.

4.1 Homogeneous sample
In this section we show the results for the plastid (Fig.6 a,b,c) and the loose sand material
sample (Fig.6 d,e,f). The plastic rod was useddsting the reliability of the plug-in and to show
that beam hardening occurs in a homogeneous, unifoaterial. Whereas, the loose sand
sample whilst still being a homogeneous samplefados multi-mineral components. Visual
analysis of Figure 6 shows that an excellent ctioetas been achieved in each case.
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ACCEPTED MANUSCRIPT

301 Figure6. a) Slice number 1567 of Plastic rod un-correctgdslice number 1567 of Plastic rod
302 un-corrected corrected with the plug-in proposed;plot of attenuation values along the
303 selections of the un-corrected (blue) and correateabe (red); pixel size is 4@m. d) Slice
304 number 1299 of Loose sand with outer ring samptearrected; e) slice number 1299 of Loose
305 sand with outer ring sample corrected with the plugroposed; f) plot of attenuation values
306 along the selections of the un-corrected (blue)amcected image (red). Pixel size is#q.

307 4.2 Non-uniform shapes and heterogeneous samples

308 Figure 7 shows results of the correction appliedht® deformation band core sample and the
309 deformation band network core sample. Both have-ogandrical shapes and contain structural
310 heterogeneities in the form of deformation band¥@rfractures.
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Figure 7. a) Slice number 1660 of sand sample un-corretieslice number 1660 of sandstone
with deformation bands core sample corrected withglug-in proposed c) plot of attenuation
values along the selections of the un-correctede{dnd corrected image (red). In both profiles
is possible to distinguish a positive spike relatedthe deformation band, a negative spike
related to the fracture and another positive ore tduthe presence of oxides in the rock. Pixel
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size is 10Qum. d) Slice number 1029 of multiple deformation teseore samplen-corrected; e)
slice number 1029 of multiple deformation bandseceample corrected with the plug-in
proposed; f) plot of attenuation values along teédions of the un-corrected (blue) and
corrected image (redpixel size is35 pum.

For cores containing a slabbed edge, a secondetitéi addition to beam hardening is present.
This artefact is termed the exponential edge-gradiffect (EEGE) (Joseph & Spital, 1981) and
is a non-linear effect arising from the intersectiof x-ray paths at corners, which is not
accounted for in filtered back-projection algorithmits effect results in a lowering of the
attenuation values at corners (Ketcham & Hanna4PQRig.8a). For this reason, the correction
was not able to fully correct the beam hardeningeito the slabbed edge (Fig.8b) and we advise
avoiding quantitative measurements in this region.

Figure 8. a) Segmented un-corrected image of sandstone wiftirrdation bands core sample.
Beam hardening artefact is not a radial functionrfon-cylindrical shapes. Lower attenuation
values along the corner due to EEGE. b) Segmenteteated image of sandstone with
deformation bands core sample. The combined EE@HId®ardening artefact is not corrected
along flat portion.

For the deformation band network sample, segmemeades clearly show the beam hardening
artefact. Without the correction it is not possilite define the complete pattern of the
deformation bands (Fig.9a) sinsegmenting the portion of the deformation bandseclo the
edge means that the central part of the bandsphsag. With the correction applied, Fig. 9b, the
band network is clearly visible.
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Figure 9. a) Segmented image of multiple deformation bande sample un-corrected. Without
correction it is not possible to recognize completee deformation bands. b) Segmented image
of multiple deformation bands corrected. All théateation bands are shown.

4.3 Berea sandstone core sample with the mediaal sc

We also applied the correction plug-in to the maltijcscanned Berea sandstone sample (section
2.5). Figure 10 shows how the code can also renttewebeam hardening effect in this lower
resolution medical CT scanner dataset. For thisiBpease, some pixels next to the outer metal
ring have been not considered for the correctiahamalysis. This is because they are not pixels
of the sample, but due to the low resolution regme$oth the core sample and the outer metal
ring. Using such pixels would produce a beam handeourve that is steeper and not truly
representative of the core sample, which will theriurn, not be properly corrected.
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Figure 10. a) Slice number 59 of water-saturated Berea sandstore sample un-corrected.
This dataset has been acquired with a medical $)aslice number 59 of Berea sandstone core
sample corrected with the plug-in; c) plot of attation values along the selections of the un-
corrected (blue) and corrected image (red). Pizelis 0.4883 mm.

4.4 Berea sandstone core sample internal scan CBCT
Finally, Figure 11 shows the results of the beamddrsing correction plug-in applied to the
truncated scan of the Berea Sandstone core sasgniBon 2.6). Once again, the correction is
very successful and the scan artefacts have besvesl.

a) b)

100me|s 100 pixels
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Figure 11. a) Slice number 690 of Berea sandstone core sammpé®rrected; b) slice number
690 of Berea sandstone core sample corrected Wehplug-in; c) plot of attenuation values
along the selections of the un-corrected (blue)@mtected image (red). Pixel size is}if.

5 Determination of core scale petrophysical properties

5.1 Determination of core scale porosity
Determination of porosity through X-ray CT can lohiaved following two main methods. The
first one requires one single scan with enoughluéiso to distinguish void and solid phases.
The second method instead consists of using tveoasetcan images, one in which the sample is
dry and the other in which the sample is fully satted with water.

5.1.1 Segmentation-based method

The segmentation-based method for porosity calomlas common, since it only requires a
single scan and, therefore, conserve times and yndreebe achievable, the resolution of the
scan must be high enough to threshold the imagdsseparate the voids from the grains. To
check the improvement provided by the plug-in pibyosalculation using segmentation, we
consider the internal scan of the Berea sandstoreesample. We use an internal scan, since for
this method, we require an extremely high resotuiinage. Using a single slice, 2D images of
porosity were created using a standard thresholdppyoach to convert the grey scaled image
into a binary image (i.e. pore/not pore). The thodd values are selected such that voids and
grains have values of 1 and O respectively. Fingllyrosity is obtained by calculating the
proportion of pixels valued at 1 or O in the shdpscribed by the sample.

We compared results derived using the plug in withse taken straight from the auto-detected
correction software supplied with the instrument, @o 3D. Even when we used theong
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correction in the software, it was not able to reenthe cupping effect. As explained in the
Introduction, in the CT pro 3D software it is pdsdsito customize the correction profiles and
choose different coefficients to those proposedhmstrong correction, although there is no
methodology for their selectiozor the uncorrected sample, a porosity of 7.23%bigined
(Fig.12a); the porosity calculated for the slicéngsthestrong correction option in the Nikon
software is 14.24% (Fig.12b); and the porosity alaied with the new beam hardening
correction is 20.54% (Fig.12c).

Petroleum reservoirs are mostly sandstones, urtdeetes in porosity of ~13% with no
correction and ~6% using the commercially suppsiettware, would be highly significant and
would lead to incorrect assessments of reservalityu In fact, 7.23% porosity is outside the
usual range for a homogeneous sandstone and alifarance in porosity estimate from 20.5%
to 14.24% would result in a downgrading of resarpiality from good to fair. It is clear the
correction plug-in has a significant effect on th&timate of porosity, so it is important to
determine accuracy of these porosity estimates.
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Figure 12. a) Image thresholding of slice 690 of Berea samdstcore sample un-corrected:
calculated porosity is equal to 7.23%; b) Imagesholding of slice 690 of Berea sandstone core
sample with strong correction of Nikon softwarelcoéated porosity is equal to 14.24%; c)
Image thresholding of slice 690 of Berea sandstmme sample with beam hardening correction:
calculated porosity is equal to 20.54%.

5.1.2. Saturated and dry scans method
The saturated and dry scan method for determinamgsity is commonly more accurate than the
single-scan method, since it uses the ‘differenicetween the wet and dry scans. As a
consequence, if the errors incurred during recanston are the same in the wet and dry images,
then taking one image form the other removes th®ising this method, the porosity is
calculated by (Krevor, et al., 2012)

q) _ CTwatersaturated ™ CTdry
Iwater—lair (7)’

where the denominator is defined as the differdmet@/een the Hounsfield units of the air (-
1000) and the water (0). The method also has thardage that it can be used on low resolution
scan images, in which each voxel contains bothspanel grains.



416
417

418
419

420
421
422
423
424
425
426
427
428
429

1700 T T T T

1600 | Dryavg -
—Water saturated avg

1500

192.6 CT#

1400 -

CT# (Hounsfield units)

1300

1200

1100 | I | | I I | I
0 5 10 15 20 25 30 35 40 45

Radius (pixel)
Figure 13. Difference between beam hardening curves of themsaturated and dry datasets.
Each curve has been obtained by averaging all libessof the corresponding dataset and
calculating the radial profile.

The wet and dry method was used to obtain a pgresiimate for the Berea sandstone core,
acquired with the medical scanner (an internalnclyical high resolution scan of the same core
was used for the single scan method above). Fifj@rehows radial profiles for the dry and

water saturated images, both of which are cleaffigced by beam hardening. From visual

analysis, whilst the beam hardening effect in the $cans is similar, they have slightly different
curve shapes. This difference in curve shape m#watsthe beam hardening effect does not
entirely disappear when subtracting the two dasas&és a result, the un-corrected porosity
estimate is characterized by a decrease in portmsitgird the radial edge of the slice (Fig.14).
Since Berea sandstone is known to be very homogendbis trend can be attributed to the
different shapes of the beam hardening curves.
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Figure 14. Radial profile of both un-corrected and correctedosity of slice 59. The un-
corrected porosity decreases along the edges shthele.

Both images, dry and water-saturated, were cowleegtth the proposed plug-in and the porosity
was then re-calculated. The core average totalsggravas calculated in each case, resulting
values of 20.5% and 19.82% for the corrected andaurected images respectively (Fig.15).
The absolute error on porosity for both measuremisnt1.36% (of the calculated total porosity)
using the method proposed by Pini et al., (2012)s tlear from the Figure 14, that the two
porosity trends are divergent at the end of thepdanthe porosity calculated using un-corrected
datasets decreases at the edge of the core, vghiadt justified by any specific compositional of
structural feature. Considering that this treng@rissent in all the slices of the core, the average
slice porosity of the un-corrected dataset is lothan the corrected one.
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Figure 15. Average of un-corrected and corrected porosityeteh slice (solid line) and the un-
corrected and corrected core average porosity édblgine).

5.2 Determination of core scale permeability

Using CT data, pore-scale flow modelling can beduse a method of estimating the core-scale
permeability (~ 200 mD for host rock, ~ 1 mD forfaenation bands). For example, using the
CT scan for the multiple deformation band core (Fggleft), each voxel is defined as either host
rock or deformation band (Fig.16, middle). The Nawstokes equations, with added Darcy-
Brinkman losses due to porous resistance (Minta).e2017b), can then be solved numerically
to simulate 3D flow paths within the core (Fig.1ight). The modelled pressure drop across the
core for a simulation with a constant flow raten dse used to calculate the core-average
permeability.
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Figure 16. From left to right: X-ray attenuation value, binaggmented image, and calculated
velocity distribution for A) the original uncorresxtt scan data and B) the same scan data after
beam hardening correction. Core average permeakibis calculated as 12.2 mDarcy for the
uncorrected data and 6.47 mDarcy for the correctedel. Cores cut in half to visualise internal
properties.
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In the uncorrected dataset (Figure 16A), the dedébion bands are underrepresented in the
centre of the core and over represented at thesed@s creates an unrealistically high
permeability central channel, through which mostha flow is focused, and leads to a bulk
permeability estimate of 12.2 mD. Whereas, in tbeerted dataset, the deformation bands are
well represented throughout the core, resulting imore uniform flow distribution and a bulk
permeability estimate of 6.47 mD. The error in $patial representation of deformation bands in
the uncorrected core will also have implications detimates of other petrophysical properties,
in particular relative permeability and capillarytey values, both of which are key to
understanding reservoir performance for,@@hanced oil recovery, G@apping and long-term
CO; storage.

6 Conclusion

In this study, we present a new technique for béwrdening correction. The method is
completely automatic and independent of the sanmpdgerial, the material heterogeneity,
scanner resolution, and the scanner settings. Btlkau is presented through development of an
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open source plug-in running on ImageJ. The cowoedias been applied on both homogeneous
and heterogeneous cylindrical and near-cylindrgeblogical samples, and provides excellent
results in all cases. We show that applicatiorhefdorrection leads to significant differences in
the estimates of porosity and permeability. Furtherike other beam hardening correction
methods, our plug-in can be used to correct fopoperrors in truncated internal scans. This is
highly valuable, since truncated scans provide kwwlme, high resolution data, without the
need for sample destruction.

Computer Code Availability

The name of the code is “Automated high accuraagidrbeam hardening correction in X-Ray
Computed Tomography of multi-mineral, heterogeneocu® samples”. The developer of this
code is Carla Romano. James M. Minto is editohefdode; both Zoe K. Shipton and Rebecca J.
Lunn are supervisors of this work. Contact emailc&la.romano@strath.ac.uk; telephone
number is  +447460739755. The code is available toowntbad at
http://dx.doi.org/10.15129/2fb54088-1187-48f2-832b-ef76cf5e7bcl, since 08 April 2018. There are
no hardware requirements. The code has been tested/indows Vista 128GB of RAM
computer, on Windows 7 8GB of RAM computer on Wiwdol0 8GB of RAM computer and
also on works for Linux operating system. The cades in Fiji - ImageJ software, it is written in
IJ1 language and its size is 16 KB. Workflow islinied in "Step by step procedure” file. Two
versions of the code are provided. Please use the
“BeamHardening_Correction_plugin_NOaverage_profilgh file, if there is a gradient in
average gray values from top to bottom of your damp
Software Requirements: - ImageJ/FIJI. Download lakg at https://imagej.net/Fiji/Downloads

- Radial Profile Extended plug-in (Carl P., 2006)Download available at
https://imagej.nih.gov/ij/plugins/radial-profile-ektml

References

Biguri, A., Dosanjh, M., Hancock, S. & Soleimani,,\2016. TIGRE: a MATLAB-GPU toolbox
for CBCT image reconstructioBiomedical Physics and Engineering Express, 2(5).

Carl, P., 2006Radial Profile Extended. [Online]
Available at: https://imagej.nih.goV/ij/plugins/iatprofile-ext.html
[Accessed 6 4 2018].

Cnudde, V. & Boone, M. N., 2013. High-resolutionray¢ computed tomography in geosciences:
A review of the current technology and applicatidfer th-Science Reviews, Volume 123,
pp. 1-17.

Feldkamp, L. A., Davis, L. C. & Kress, J. W., 198actical cone-beam algorithdournal of
the Optical Society of America A, 1(6), pp. 612-619.

Gilbert, P., 1972. Iterative methods for the thd@aensional reconstruction of an object from
projections.Journal of theoretical biology, 36(1), pp. 105-117.



512
513

514
515

516
517
518

519
520
521

522
523
524

525
526

527
528

529
530

531
532
533

534
535
536

537
538

539
540
541

542
543
544

545
546

Jennings, R. J., 1988. A method for comparing belaandening filter materials for diagnostic
radiology.Medical physics, 15(4), pp. 588-599.

Joseph, P. M. & Spital, R. D., 1981. he exponemiitgle-gradient effect in x-ray computed
tomographyPhysicsin medicine and biology, 26(3), p. 473.

Jovanow, Z., Khan, F., Enzmann, F. & Kersten, M., 2013n&itaneous segmentation and
beam-hardening correction in computed microtomduyay rock coresComputers and
Geosciences, Volume 56, pp. 142-150.

Kachelriel3, M., Sourbelle, K. & Kalender, W. A.,8 mpirical cupping correction: A first
order raw data precorrection for corfgeam computed tomographyiedical physics,
33(5), pp- 1269-1274.

Ketcham, R. A. & Hanna, R. D., 2014. Beam harderimgection for X-ray computed
tomography of heterogeneous natural materi2dsputers & geosciences, Volume 67, pp.
49-61.

Krevor, S., Pini, R., Zuo, L. & Benson, S. M., 20R&lative permeability and trapping of CO2
and water in sandstone rocks at reservoir conditMater Resources Research, 48(2).

Kruth, J. P. et al., 2011. Computed tomographydforensional metrologyCIRP Annals-
Manufacturing Technology, 60(2), pp. 821-842.

Lager, A. et al., 2008. Low salinity oil recoverg-axperimental investigationPetrophysics,
49(1).

Lechuga, L. & Weidlich, G. A., 2016. Cone Beam G kFan Beam CT: A Comparison of
Image Quality and Dose Delivered Between Two DiffgiCT Imaging Modalities.
Cureus, 8(9).

Minto, J. M., Hingerl, F., Benson, S. M. & Lunn, R, 2017a. X-ray CT and multiphase flow
characterization of a “bio-grouted” sandstone ctre:effect of dissolution on seal
longevity.Internal Journal of Greenhouse Gas Control, Volume 64, p. 152-162.

Minto, J. M. et al., 2017b. “Microbial Mortar”- remation of degraded marble structures with
microbially induced carbonate precipitatidvianuscript submitted for publication..

Mooney, S. J., 2002. Threglimensional visualization and quantification ofl snacroporosity
and water flow patterns using computed tomogragbiy.Use and Management, 18(2), pp.
142-151..

Mooney, S. J., Pridmore, T. P. & Helliwell, J. BQ12. eveloping X-ray computed tomography
to non-invasively image 3-D root systems architextn soil.Plant and soil, 352(1-2), pp.
1-22.

Pauwels, R., Araki, K., Siewerdsen, J. H. & Thomggwmanee, S. S., 2014. Technical aspects of
dental CBCT: State of the aBentomaxillofacial Radiology, 44(1).



547
548

549
550
551

552
553

554
555
556

557
558

559
560

Perrin, J. C. et al., 2009. Core-scale experimesttaly of relative permeability properties of
CO2 and brine in reservoir rocksnergy Procedia, 1(1), pp. 3515-3522.

Pini, R., Krevor, S. C. & Benson, S. M., 2012. dlapy pressure and heterogeneity for the
CO2/water system in sandstone rocks at reservautitons.Advances in Water
Resources, Volume 38, pp. 48-59.

Ritschl, L., Bergner, F., Fleischmann, C. & Kacleflt M., 2010. Water calibration for CT
scanners with tube voltage modulati®hysics in medicine and biology, 55(14), p. 4107.

Shipton, Z. K. et al., 2002. Structural heteroggnand permeability in faulted eolian sandstone:
implications for subsurface modelling of faulésnerican Association of Petroleum
Geologists Bulletin, Volume 86, pp. 863-883.

Van Geet, M., Swennen, R. & Wevers, M., 2000. Qitetnte analysis of reservoir rocks by
microfocus X-ray computerised tomograpBgdimentary Geology, 132(1), pp. 25-36.

Wellington, S. L. & Vinegar, H. J., 1987. X-ray cputerized tomographylournal of Petroleum
Technology, 39(08), pp. 885-898.



Highlights

* Weintroduce a new and automatic method for correcting CT beam hardening artefact

* Themethod isimplemented in an open source code running in ImageJ and it is suitable
for expert and non-expert alike.

» The method has been tested on homogeneous and heterogeneous rock samples with
cylindrical and near-cylindrical shapes
* We show how our method improves porosity and permeability measurements.



