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ABSTRACT. This paper deals with the pilot characterization of a special alkali-activated aluminosilicate
composite composed of waste brick powder, brick rubble and a solution of potassium water glass.
Fracture tests were conducted on the specimens via three-point bending and fracture parameters were
evaluated. Selected specimen was investigated using micro-tomography to supplement the results
with visual information about the inner structure of this newly designed material before and after the
mechanical loading. Tomographic measurements and image processing were conducted for a qualitative
and quantitative assessment of changes in the internal structure with an emphasis on the calculation of
porosimetric parameters and visualization of the fracture surface. Fractal dimension of fracture surface
was estimated.
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porosity evaluation, fractal dimension.

1. INTRODUCTION

A thorough understanding of the initialization process
and the formation of cracks and their propagation
in various materials is essential in many engineering
fields and applications, as one of the crucial safety
and economic factors for the preservation of existing
and development of new construction [IH3]. Although
macro cracks affect the behavior of the structures on
a macroscopic scale, critical micro cracking processes
leading to structural failure occur in the structure
of the material at the microscopic scale. Advanced
building materials are commonly characterized only by
values of the basic mechanical fracture properties, usu-
ally determined by evaluation of quasi-static fracture
experiments (e.g. bulk density, modulus of elasticity,
effective fracture toughness, effective toughness, and
specific fracture energy) and it is difficult to quantify,
model and predict their behavior [4Hg].

Current industrial computed tomography (CT) is
used to obtain visual information about the state and
the spatial arrangement of the internal structure of
the investigated material. Using this non-destructive
method, the same sample (test specimen) can be
scanned repeatedly and observed for changes in its
structure occurred as a result of the time-dependent
process (maturation, aging, loading with various chem-
ical and physical influences). The method is also per-
ceived as a promising tool to supplement the standard
quasi-static fracture experiments with image infor-
mation related to the spatial distribution of cracks
and voids in different phases of failure [7HIZ2]. Re-
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sults can be used also to validate existing models and
predictions.

Advanced digital image processing of tomographi-
cally acquired 3D virtual models enables to quantify
the representation, spatial orientation and size of indi-
vidual phases with respect to the achieved resolution.
Quantitative description of individual structures and
phases in the obtained 3D tomographic model is based
on the thresholding of the voxel values and their sub-
sequent registration. It is necessary to realize that
the values of voxels forming the 3D image information
is given by a huge range of variables, starting with
the parameters of the examined object (e.g. thick-
ness, density, proton number of atoms in individual
structures, etc.) through the parameters of the X-ray
radiation (e.g. accelerating voltage, efficiency of en-
ergy transformation to photon radiation, filtration,
etc.) and used detector (e.g. method of the transmit-
ted radiation detection and its conversion to a digital
signal, size of pixel matrix, point spread function, sen-
sibility, etc.) to parameters of resulting 3D matrix
(e.g. method of reconstruction, image correction, data
type, etc.). For this reason, it is generally not possible
to determine exactly the threshold for the separation
of structures of interest (e.g. voids, fibers, inclusions,
etc.) from other present structures. It can be deter-
mined more accurately only under the assumptions
that comparative measurement of the standard of the
material under investigation with known parameters
is available. However, this is not common in the case
of tomographic research of building materials and thus
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the threshold setting is dependent on the operator’s
decision. In such case, the results may be affected by
a relatively large error and should be checked / paired
using other methods.

2. MATERIAL AND METHODS

2.1. SPECIMEN AND MECHANICAL PROPERTIES
EVALUATION

Powdered waste ceramics as precursors for the prepa-
ration of alkali-activated aluminosilicate composites
have not been much studied in terms of fracture me-
chanics in the past [I3] 4] but they have good pre-
requisites for future application as environmentally
friendly substitutes of cement-based composites. The
pilot characterization of special alkali-activated alu-
minosilicate composite (AAAC) material composed
of waste brick powder (grain size range 0 — 1 mm),
brick rubble (grain size range 0 — 4mm) and solu-
tion of potassium water glass with silicate modulus
Mg =0 — 4mm was intended. Specimens of nominal
dimensions of 40 x 40 x 160 mm) were provided with
an initial edge notch in the middle of the span (the
longest dimension) extending to 1/3 of the specimen's
depth as seen in Figure

FIGURE 1. Illustration of fracture test in three-point
bending (left), selected specimens after the fracture
tests in three-point bending (top right), and specimen
after test in compression (bottom right).

Fracture tests were conducted on specimens via
three-point bending according to [I5] with a sup-
ports span of 140mm. The 28-days basic mechan-
ical fracture parameters (mean value, coefficient of
variation) — bulk density (1911kg-, m~3, 0.9 %), mod-
ulus of elasticity (4.64 GPa, 18.6 %), effective fracture
toughness (0.374 MPa - mz, 7.6 %), effective tough-
ness (30.6N-m~!, 10.1%), and specific fracture en-
ergy (45.7J-m™2, 5.0%) — of the proposed material
were obtained from the tests performed on the set of
seven test specimens [16]. Fracture parameters were
evaluated from load versus deflection diagrams us-
ing Effective Crack Model [I5] and Work-of-Fracture
Method [I7]. The informative compressive strength
value (30.6 MPa, 6.3 %) was determined on the spec-

imen's fragments after the fracture tests were com-
pleted [I8]. Photos in Figure |1} illustrate mentioned
AAAC specimens, fracture test, as well as test in
compression of parts of specimens after three-point
bending test. Further mechanical fracture charac-
terization of this AAAC is beyond the scope of this
article.

2.2. X-RAY COMPUTED TOMOGRAPHY

Before and after the fracture test in three-point bend-
ing, one of the specimens was investigated using micro-
tomography to supplement the results with the visual
information about the inner structure of the proposed
material. Data acquisition for X-ray CT measure-
ments was performed using patented Twinned orthog-
onal adjustable tomograph (TORATOM, EP 2835631
B1) depicted in Figure The specimen was tomo-
graphed by one pair of the X-ray source—detector.
The micro-focus X-ray tube (XWT-240-TCHR, X-Ray
WorX, Germany) operating at a voltage of 210kV, cur-
rent on the target of 157 uA and a power of 33 W was
used for both CT scans. Gadox flat panel (XRD-1622-
AP-14, Perkin Elmer, USA) with an active area size
of 409.6 x 409.6 mm, a matrix of 2048 x 2048 px and a
resolution of 200 um per pixel operating at a capacity
of 0.5 pF was used as an imaging detector.

FiGure 2. TORATOM tomography system: Active
damped anti-vibration table with high-precision CNC
positioning system (1) holds two imaging pairs of the
X-ray tube (2, 3) and detector (4, 5) in an orthogonal
arrangement with shared rotary stage (6) accommo-
dating the investigated specimen.

By adjusting the assembly to the X-ray spot-
detector distance of 1149.90 mm and the X-ray spot-
sample distance of 174.26 mm, a geometrical magnifi-
cation of approximately 6.6 X was achieved, leading
to a voxel size (resolution) of 30.3 um. The geomet-
rical parameters were chosen in order to obtain the
best possible resolution with respect to the size of the
detector area and the size of the area of interest on
the object being examined, which was determined as a
cube with 40 mm edge centered in the area of the initi-
ation notch. For the correction of acquired projections
standard "dark field" and "open beam" (FFC) correc-
tions were used. FFC data was averaged over 100
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images with an acquisition time of 1200 ms. A total
of 2880 projections were taken for each tomography
with an acquisition time of 1200 ms. The resulting 3D
models were calculated by the filtered back projection
method using VG Studio Max 3.2 software (Volume
Graphics GmbH, Germany).

2.3. POROSITY ANALYSIS

For the porosity and voids analysis, the threshold al-
gorithm embedded in the Porosity / inclusion analysis
module of the VG Studio Max 3.2 software (Volume
Graphics GmbH, Germany) was used. Based on the
three dimensional analysis of dataset binarized ac-
cording the selected threshold the algorithm finds all
structures below/above this threshold and provides
many parameters for each such structure. During
the void analysis each voxel is considered a defect if
the grey value is below the specified threshold. The
threshold was determined by the results of the auto-
matic surface determination procedure based on the
histogram. The result is the material boundary de-
fined by one gray value globally applied to the object
serving as a threshold: brighter areas are considered
as a material, darker areas are considered as a back-
ground (air). The surface determination calculates the
material boundary in sub-voxel accuracy by trilinear
interpolation.

To avoid registration of the noise particles, porosity
analysis result was filtered so that only voids bigger
than 8 voxels (0.22 - 1072 mm?) were taken into ac-
count. According to the number of voids and their
volume, partial and total porosity ratio was calculated.
For each detected void, the surface area, volume and
number of voxels it consists of was monitored. Atten-
tion was also paid to sphericity, which is a measure
for the ratio between the surface area of a sphere with
the same volume as the void and the surface of the
void itself.

2.4. FRACTAL DIMENSION ESTIMATION

Fracture surface (magistral crack) registered during
void analysis was extracted in a form of 3D binary
image and its fractal dimension D was estimated by
applying the box-counting algorithm embedded in
BonelJ plugin of the free open source software Im-
ageJ [19, 20]. In this algorithm — according to the
Equation [I| — grids of diminishing size are scanned
over the 3D image and the number of boxes n contain-
ing at least one foreground voxel (part of investigated
structure) is counted. As the box size m decreases and
the grid becomes finer, the proportion of foreground
boxes increases in a fractal structure.

_ lolg(m) ()
—log(n)

The box counting algorithm produces a pair of
log(m), —log(n) values for each iteration it runs.
These pairs are passed to a curve-fitting algorithm,
which returns the slope of the linear function which
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describes them (regression fit). The coefficient of this
slope is the fractal dimension value. The box counting
algorithm was applied with starting box size of 232 px
and box scaling factor of 2. Four grid translations
were performed to find the optimal covering.

3. RESULTS AND DISCUSSION

The tomographic investigation of the alkali-activated
aluminosilicate composite was focused mainly on the
determination of the resulting fracture surface from
acquired 3D tomographic models. Attention was also
paid to the porosimetric parameters or more accu-
rately parameters of voids including both pores and
cracks and other defects.

The acquired CT reconstructions were spatially
aligned to each other so that the individual tomo-
graphic cross sections of the sample before and after
loading corresponds. Then the region of interest (ROI)
shown in Figure[3|was subsequently selected from both
models, large enough not to lose its meaningful value,
however not including the areas of the surrounding
air and initiating notch, which would interfere with
further processing. Dimensions of the selected ROI
were 39.82 X 26.58 x 39.42 mm.

FIGURE 3. Visualization of the obtained 3D model
of the scanned area. Part indicated by the red color
specifies the volume used for the determination of
porosimetric parameters and further investigation of
the crack spatial distribution.

A differential model was calculated to visualize and
highlight the differences in the internal structure of
the specimen caused by fracture. An example cross
sections are shown in Figure [6] and Figure [7] 3D
spatial model of the magistral crack registered during
void analysis was extracted. From the results shown
in Figure[§] the macro-crack fractal dimension of 2.154
was estimated, which is typical value for concrete.

Further selected porosimetric results are summa-
rized in the table in Figure [d, and dependence of
number of pores on their size and their contribution
to total porosity is graphically expressed in Figure [5}
Several conclusions can be estimated. A newly formed
macro crack with a volume of 45.66 mm?® and a surface
of 1500 mm? has been revealed. Its projected length
in X, Y, Z directions was estimated to 39.44 mm,
17.91 mm and 7.05 mm respectively. Area of the crack
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Pore volume interval | ROI before loading, volume = 40279 mm®, porosity 1.497 % ROI after loading, volume = 40280 mm’, porosity 1.699 %
From [mm’]| To [mm’] | Pores cnt |Pores vol [mm®]|avg Surface [mn¥]|avg Sphericity| Pores cnt |Pores vol [mm’]|avg Surface [mm?] lavg Sphericity
0.0000 0.0005 48354 15.4225 0.0342 0.6630 63955 20.2825 0.0350 0.6448
0.0005 0.0010 27275 18.8763 0.0596 0.6386 33078 227312 0.0614 0.6174
0.0010 0.0020 17074 237321 0.0976 0.6238 20124 279137 0.1015 0.6010
0.0020 0.0050 12376 38.0870 0.1708 0.6092 13792 42.2815 0.1783 0.5858
0.0050 0.0100 4641 32,5783 0.3079 0.5948 5145 35.8996 0.3252 0.5676
0.0100 0.0200 2502 34.8843 0.5019 0.5859 2724 37.8271 0.5340 0.5576
0.0200 0.0500 1829 56.2166 0.8699 0.5813 1893 58.0637 0.9280 0.5525
0.0500 0.1000 706 49.2620 1.6486 0.5814 753 526570 1.7064 0.5450
0.1000 0.2000 405 56.7852 25238 0.5836 401 55.8287 27893 0.5436
0.2000 0.5000 272 84.7035 46737 0.5746 289 87.7943 4.9375 0.5330
0.5000 1.0000 70 481447 9.7496 0.5449 I 51.7069 11.0301 0.4870
1.0000 2.0000 45 60.7502 17.2095 0.5504 42 56.3886 16.5300 0.4969
2.0000 5.0000 16 53.1381 21.7970 0.5656 17 56.7670 38.8571 0.4294
5.0000 10.0000 3 15.9530 22.9930 0.6400 3 17.4295 74.1824 0.4167
10.0000 20.0000 1 14.4500 457704 0.6300 1 15.0080 61.7993 0.4800
FIGURE 4. Table summarizing selected porosimetric parameters.
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FI1GURE 5. Graph of the porosimetric results. Bars in the graph represent histogram of the pore distribution within
the investigated ROI before and after the three-point bending fracture test. Curves on the secondary axis represent

the cumulative porosity at each pore volume interval.

projected in xy, xz, yz plane (for orientation see Fig-
ure |§| and Figure was calculated to 320.00 mm?,
82.06 mm? and 41.55 mm? respectively.

After the loading, the formation of new voids and
the increase of the volume of the existing ones can
be observed, which is caused by the thinning and
cracking of the material. Total porosity of the ROI
after loading increased by 0.2 % with the macro crack
contribution of 0.11%. An increase of the average
void's surface and decrease of the average sphericity
ratio indicates the formation of the micro cracks. In
the case of material with compact not interconnected
pores, as AAAC presented, these values can serve very
well to separate the results of the void analysis on
pores (high sphericity) and cracks (low sphericity) and
further investigation of one group only.

4. CONCLUSIONS

Powdered waste ceramics as precursors for the prepa-
ration of selected alkali-activated aluminosilicate com-
posite were studied in this paper. After the previously
determined mechanical fracture parameters of this ma-
terial, attention was focused on the use of advanced
tomographic method to analyze the porosity and to
determine the fractal dimension of the projected frac-
ture surface of selected specimen after fracture test in
three-point bending.

ACKNOWLEDGEMENTS

This outcome has been achieved within the framework of
the project of the specific university research of the Brno
University of Technology No. FAST-J-19-6084 and with
the financial support of the Czech Science Foundation un-

61



I. Kumpova, I. Rozsypalovd, Z. Kersner et al.

ActA POoLYTECHNICA CTU PROCEEDINGS

FIGURE 6. Visualization of tomographic cross-sections
taken in the same place parallel to the direction of
the crack propagation (zy plane). 1) Visualization
of the cross-section before three-point bending; 2)
Visualization of the cross-section after three point
bending; 3) Plane representing the position of the
visualized cross-sections (orientation of the volume
corresponds to Figure ; 4) Differential image with
highlighted differences (cracks).

FIGURE 7. Visualization of tomographic cross-sections
taken in the same place perpendicular to the direction
of the crack propagation (zz plane). 1) Visualiza-
tion of the cross-section before three-point bending;
2) Visualization of the cross-section after three point
bending; 3) Plane representing the position of the
visualized cross-sections (orientation of the volume
corresponds to Figure ; 4) Differential image with
highlighted differences (cracks).

der project No 19-01982S Alkali-activated aluminosilicate
composites based on ceramic precursors.
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