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This study aims at analyzing the influence of contents and types of various nanocelluloses
(e.g., CNF, CNC, and MFC) and intermediate microstructure on strength/fracture features of
cementitious tailings backfill (CTB). This is important in understanding the environmental
implications of tailings and crushed rock accumulation. Researchers explored the strength
behavior of nanocellulose-reinforced CTB (NRCTB) while analyzing quantitatively their
spatial structure/fractures through SEM and CT (computed tomography) methods. Results
highlight that optimizing the content of nanocelluloses can boost the pore structure of
NRCTB. CTB reinforced with CNF and CNC exhibit specific pore structures, while MFC-CTBs
shows a different pattern. The addition of nanocellulose helps in suppressing cracking. The
overall porosity of the different CTB samples varied. The study also proposes a dual
nanocellulose-pore network model to explain the microscopic enhancement mechanism.
The findings subsidize the understanding of NRCTB's microscopic enhancement mecha-
nisms and can have implications for mitigating environmental damage caused by tailings-
crushed rock accumulation.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

From the basis of carbon peaking and carbon neutral era,
cementitious tailings backfill (CTB: a new composites con-
sisting usually of tailings, cement and water [1,2]) promotes

green, low carbon, recycling and sustainable development of
traditional mines [3] and is extensively used in mines at home
and abroad [4]. Therefore, technologies that provide relatively
high energy and low carbon emissions will become first pri-
orities in the value chain in civilization [5,6]. In fact, industries
such as iron and steel, non-ferrous, chemical and cement
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consume high energy and face these defies [7]. Zero-carbon
steel/cement/buildings [8] have emerged, and bio-based ma-
terials have recently appealed lots of research concerns since
they have great potential to create many high-value goods
havingless ecological effects [9]. Several scholars explored the
influence mechanism of external additives such as flocculant
[10], fly ash [11], desulfurized gypsum [12] and water reducer
[13] on CTB's strength. Researchers also recognized that the
fill's strength is principally linked to its curing age [14], slurry
concentration [15], additive type [16], and efficient lab tool [17].
Nanocellulose (NCM) has several benefits such as high
strength/elastic modulus [18], large specific surface [19], and
durable hydrophilicity [20]. It can inhibit crack growth at the
nanometer scale, and has a physical filling effect [21]. It im-
proves the composite's microstructure and the strength
behavior of cemented materials [22]. Being a crystalline part of
cellulose molecules, NCM has some properties such as
biodegradability/sustainable regeneration [23] and high pu-
rity/crystallinity/transparency [24]. Varisha et al. [25] selected
four different NCM aqueous suspensions to evaluate the
impact on the final performance of mortar, and obtained that
CNC was more effective in improving the compressive
strength (up to 21%). Haque et al. [26] explored the application
of diverse NCMs such as CNF, BNC and CNC within cement-
based composites. The effects of some NCM materials (e.g.,
CNC, CNF, and MFC) on strength development of filling were
experimentally explored [27]. Stephens et al. [28] also shows
that the addition of CNF bending and bending strength in-
creases. Fan et al. [29] showed that the addition of 0.3% CNC as
areinforcing agent to the mixture resulted in a 22% increase in
compressive strength. MFC interacts more strongly with OPC
hydration products, which may result in delayed cure,
increased hydration and improved mechanical properties.
Siqueira et al. [30] also indicated that NCMs could reduce
cracking due to thermal shrinkage and stress induced by
structural constraints.

Relevant discussions on this important aspect were made
by some scholars. Cui et al. [31] proposed a series of image
analysis methods such as industrial-, micro-, and nano-CT
and fluids. The shale pores were characterized by injection
method. Chalmers et al. [32] believed that a multidisciplinary
method was needed to evaluate the pore distribution of fine-
grained sedimentary shale reservoirs, and a single method
could not evaluate shale reservoirs in detail. Organic
petrology, FE-SEM and BSE microscope were used to jointly
confirm its microscopic composition [33]. Although the fusion
of multiple methods has solved the multi-scale problem of
shale pore characterization to a certain extent, since the pore
testing principles and theoretical foundations of various
methods are diverse [34], the key to the fusion of multiple
methods is to ensure that similarities in pore test principles,
such as fusion of fluid injection methods, fusion of diverse
scale image analysis, and fusion of non-fluid injection
methods [35]. Pore characterization covers image analysis,
fluid injection (e.g., mercury intrusion, gas adsorption and
other fluid injection) and non-fluid injection. These methods
can reveal the structure and distribution characteristics of
pores [36—38]. Ghamgosar et al. [39] adopted 3D CT scan
technique to analyze the images of rock under cyclic loads,
determined crack propagation/evolution mode in rock failure,

and found that initiation/aggregation of micro cracks during
the rock failure are the main characteristics of crack propa-
gation in rock. Kumari et al. [40] conducted CT experiments on
propagation of cracks in granite under compression condi-
tions, and studied the propagation path of cracks from macro/
micro scales. The study showed that the propagation path of
cracks was primarily governed by the rock's stress state/het-
erogeneity while cracks tended to propagate and evolve along
mineral grain limits and big-grained quartz and biotite. Wang
et al. [41] extracted cracks of diverse scales from CT images at
diverse deformation stages by combining 3D reconstruction
system with image threshold segmentation. By recording the
processes of crack closure, generation, expansion and pene-
tration, they found that the existence of banded pyrite affects
the initiation and evolution of cracks [42]. CTB is a heteroge-
neous porous material with a complicated micro-structure
having gel/capillary pores [43—45]. The backfill pores are
related to the mechanical properties and transmission per-
formance [46], and characterized by the X-ray CT scan method
which is adopted to obtain not only conventional pore pa-
rameters but also open pores, closed pores, effective con-
nected pores and ineffective connected pores [47—-49]. The
transmission performance of concrete can be studied through
the connectivity of pores [S0].

The pore defects within CTB make a great contribution to
the development of cracks [51]. The macro distortion of
specimens under external loadings is recognized by modifying
the interior microstructure factors [52—55]. As a non-invasive/
destructive image technique, CT scan has been used for a long
time to detect the internal structure of materials [56]. Xue et al.
[57] detected the crack growth of fiber reinforced backfills by
UCS tests, revealing the destruction process of interior struc-
ture. Bharath et al. [58] employed CT system to detect grouting
effect of cement asphalt slurry, and analyzed the proportion
of crack volume and connectivity in the grouting body. Tian
et al. [59] studied the meso-damage evolution process of
specimen through CT scan image of concrete specimen, and
quantitatively characterized the specimen's failure process
[60]. The images captured in combination with CT scan tech-
nique are transformed to mathematical models or 3D pictures
by many imaging codes so as to analyze the cemented prod-
uct's internal structure more quantitatively and intuitively
[61-65]. In addition, in combination with stereology and
fractal theory, Jianhua et al. [66] explored the cross-scale
correlation characteristics between SEM image quantitative
analysis and mesoscopic parameters of CTB, and revealed the
mechanism of pore structure on its strength development. Hu
et al. [67] obtained pore characteristics of diverse aerated fill
concrete by PC image science method, and then analyzed the
effect of pore properties on concrete's strength/frost resis-
tance [68]. As capturing the inner structure evolution of CTB
subjected to external load is a challenging task, numerical
simulation is of great significance to reveal its damage and
fracture mechanism. Gang et al. [69] conducted conjugate heat
transfer simulation/thermal deformation simulation on coal
micro-pore fracture structure (3D model reconstructed by CT)
using the ANSYS software to study the temperature effect on
coal seepage/pore fracture structure deformation [70]. Li et al.
[71] scrutinized link between strength and crack width/vol-
ume of specimens by industrial CT and SEM, and
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Fig. 1 — Schematic diagram of NCM reinforced backfills adopted in underground mines.

demonstrated that incorporating fibers expressively increased
CTB's strength features and meritoriously improved the
toughness of CTBs as a task of different backfill recipes.
Above-given works reviewed the existing status of investi-
gation on the implementation of NCM in CTB materials and the
strength properties of CTB by CT scan techniques and the means
of detection. To enhance the academic rigor of this study on
evaluating the pore structure of NCM reinforced fills (Fig. 1)
under uniaxial compression, we have made the following ad-
vancements and incorporated innovative approaches: 1) Com-
bination of damage mechanics and image processing
techniques: This study integrates the principles of damage
mechanics with advanced image processing methods to assess
the pore structure of NCM reinforced backfills. By utilizing CT
scan techniques and image processing algorithms, the three-
dimensional (3D) structural characteristics of NCM reinforced
CTBs can be truly analyzed and quantified. 2) Quantitative
functional relationships: This study creates quantitative func-
tional links among important parameters such as porosity, CT
number, fractal dimension, and compressive strength. It aids a
systematic analysis of how these parameters affect the strength
features of NCM reinforced fills, providing valuable insights into
the underlying mechanisms. 3) Deeper understanding of
structure-strength correlation: By inspecting the 3D structure of
NCM reinforced fills, this study aims at untying the inner link

mechanism between the structure and strength properties. This
deeper understanding enhances the knowledge base of backfill
mechanics and contributes to the optimization of strength and
stability control in deep mining fill bodies. In summary, the
combination of damage mechanics and image processing
techniques, along with the establishment of quantitative func-
tional links, offers an innovative approach to studying NCM
reinforced fills. The insights gained from the present investi-
gation have influential theoretical effects and practical appli-
cations for fill mechanics field in deep mining operations.

2. Materials and methods
2.1. Materials

New green low carbon filling material has been recently pro-
posed in China. In other words, NCMs are mixed into
cementitious tailings to form a new filling type called NRCTB
(nanocellulose reinforced cemented tailing backfill). Thus, the
tailings graded from a mine were used. CNF, CNC, and MFC
were selected as a blending NCM. Table 1 shows the content of
NCMs. Type 42.5 ordinary Portland cement was designated as
a binding agent to create various NRCTB specimens. Type 42.5
OPC's/Tailings' grain size distribution was determined by laser

Table 1 — Nanocellulose content of CTBs (wt.%).

Types Diameter Length State Concentration (%)
CNF—C/P2.5 4—10 nm 1-3 um 99.6% powder 0, 0.009, 0.014, 0.019, 0.024
C—-CNC 4—10 nm 100—500 nm 99.6% powder

MFC 0.1-1 pm >20 pm Aqueous dispersion

C—CNC 4—10 nm 100—500 nm 99.6% powder 0, 0.01, 0.02, 0.03, 0.04
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Fig. 2 — The cement's grain size distribution charts: (a) distribution; and (b) composition.

particle sizer, as evidently indicated in Figs. 2 and 3. Six types
of tailings fill samples were used in the uniaxial compression
tests: CNC-0.009%, CNC-0.014%, CNC-0.019%, CNC-0.009%,
MFC-0.009%, and NONE. In this study, a subset of specimens
underwent CT scanning after the uniaxial compression tests.

2.2 Samples preparation

The amount of test materials required was calculated first and
then added to the backfill mixture. NCM needs to be dispersed
before being put into the mixing tank, all kinds of materials are
stirred evenly in the mixing tank, and then putin ¢50 x 100 mm
cylindrical mold. After pouring, the molds are left for 48 h first
and then detached to get CTB specimens only. CTBs are placed
in a cure holder for 7 d curing. Upon curing, CTB's upper/lower
surfaces are smoothed, the factors such as heights/weights are
measured, and then specimens are subjected to the UCS tests.

3. Experimental procedures
3.1. UCS experiment

CTB's strength gaining was determined by a WDW-100 auto-
matic complete test machine which has a 1 mm/min
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displacement ratio. Several information like UCS and defor-
mation are automatically acquired through a laptop. Atleast 3
NRCTB specimens for a given backfill recipe was tested
through UCS test. Compression for all samples was monitored
in real-time while recording stress-strain data concurrently.
The compression was considered complete and test was
stopped when the deformation plot reached its highest stress
and started to drop. The maximum stress stopping criterion is
based on previous observations and knowledge of the tailings
fill behavior.

3.2.  SEM micro-graphs

Zeiss Evo 18 SEM-EDS spectroscopy was employed to examine
the NRCTB's fracture surface, and to explore the inner struc-
ture of 7-day cured NRCTB specimens. EDS offers elemental/
chemical analysis of the broken NRCTB specimens. The
principal testing factors are as follows: 3 nm resolution; 20 kV
accelerating voltage; 5-1,000,000 amplification factor, and
20 keV main energy.

3.3. CT 3D reconstruction

An efficient image system, X-ray CT (it compiles 2D image
projected by a body, Fig. 4) is employed to recreate CTB's
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Fig. 3 — The tailings' grain size distribution charts: (a) distribution; and (b) composition.
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interior structure attributing into 3D images [72]. It covers X-
ray source/head, flat panel sensor, scan device, rebuilding and
scan control. CT scan's basic factors are: 3lp/mm spatial res-
olution, 6 MeV X-ray energy, and 196 mm max. depth of steel.
CT scan is respectively used for identify according to the
variances of grains, pore and water density of CTB, a 3D digital
core body is established, and the existence and attachment
forms of pore structures, cracks and NCM are gained [73—75].
3D reconstruction system, which is preferred in the lab to
analyze the microstructures of the fills utilized in mines, is
very vital for researchers because it gets it easy to make crit-
ical decisions about the backfilling in terms of cost and per-
formance. A visualization software was employed for 3D
reconstruction of piece pictures. To stop edging impacts, 3D
reconstructed model's limits were erased, Avizo software is
then used to binarize a derived 3D grayscale image, to divide
pore-grain matrix, and to get a segmented image that can be
used for pore modeling (Fig. 5).

3D structural features like pore size, number/fractal con-
nectivity of NCM backfilled bodies were obtained by region
selection and noise reduction of grayscale images, and the
different components were divided and counted. Firstly, the
three-dimensional structure, i.e., the fractal dimension of
nanocellulose backfilled body and pore fissures, was solved by
the fractal theory and counting box dimension technique, and
then the change pattern of damage presented by different
types of nanocellulose backfilled body fine structure was
analyzed by combining with CT.

4. Results and discussion
4.1. Spatial distribution features of multi-scale internal
modules

After data acquisition and reconstruction, the substances
with different densities in the actual samples were divided

/=

X-ray resource  Scanning control
subsystem

N~

CT reconstructed 3D model

according to the gray value domain. The diverse gray modules
of CT images were calibrated and further divided according to
the principle that the CT images' gray value reflects the link
between the density of substances, combined with the results
of the identification of minerals on the surface of CTB particles
by electron microscopy, in which the gray value > 1000 is
considered as high-density substances, usually nanocellulose,
marked as red. The grayscale values in the range of 1-470 are
considered as pore structures and are marked as gray. The
gray value range of 650—1000 is medium-density material,
mostly minerals and chemical products within CTB; the dark
gray part (i.e., gray value range of 470—650) is low-density
material, mostly cracks in CTB, and is marked as blue. The
three components, pores, micro cracks and nanocellulose,
were extracted to attain an intuitive three-dimensional dis-
tribution map. The further pixel counts of the gray value do-
mains were performed separately to obtain the pores’
distribution, micro cracks and nanocellulose in the backfill
specimens.

4.1.1. 2D slice characterization techniques
Fig. 6 indicates the morphological characteristics of NCM
within CTBs which are diverse in terms of the NCM types used
in the mix. From the perspective of nanocellulose
morphology, CNF and CNC are uniformly distributed, showing
a clear honeycomb structure with full-scale distribution
characteristics. Nanocellulose is filled in ‘small pores’ with a
span of below 300 nm, and in ‘large pores’ with a span of more
than 300 nm. Nanocellulose is presented as a thin film on
pore/fill's surface. MFC is mainly devoted to the surface of
grains, inter- and large-pores, and the physical form is iso-
lated. Nanocellulose contributes to the reduction of surface
fracture expansion and the enhancement of microstructure
density.

Fig. 7 also displays that pores’ morphological features
within different nanocellulose CTB specimens are different. In
terms of pore morphology, the pores of CNF and CNC

~)

Flat panel detector

=

Digital signal

Reconfiguration subsystem

Fig. 4 — Computed tomography (CT) test system technique schematic diagram.
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Fig. 5 — Nanocellulose fill's 3D reconstruction model: (a) 3-phase scanned image; (b) pore scan image; (c) NCM interpolation
chart; (d) 3D multiscale depiction; (e) NCM extraction model; and (f) 3D reconfiguration model.

reinforced CTBs have a small number of large pores, which are
cylindrical in shape, and these large pores are isolated; the
small pores as a whole show a uniform distribution of
dispersed or mineral-backfilled pores, and none of pores and
fissures are connected. The pores of MFC-CTBs are dominated
by slit-type pores, which is in keeping with the SEM observa-
tions. Pore characteristics show a fickle pore size and random
distribution of pores, with a high number of pores overall.

4.1.2. Two-dimensional fracture multi-scale characterization
techniques

Fig. 8(a), (b) and (c) show CT scan features of CNF, CNC, MFC
and no nanocellulose added CTB specimens, respectively.
Blue represents the specimen and black represents the inter-
nal fissures, which appear as long fissures. Comparing the CT
scans of the internal structure of specimens, it can be seen
that the CTB specimens without nanocellulose show dendritic

(b)

fissures, with wider and more fissures, three main fissures
penetrating specimens and expanding to create new fissures
and extending multiple micro cracks, with the fissures pene-
trating to form a large fissure network. NCM was added to
specimens, which had an inhibiting effect on cracks. It can be
found that the fracture width of CTB specimens with NCM is
significantly smaller than the fracture width of control CTB
specimens. In the observations of CNC-CTBs specimens, the
fracture development inside the specimen extends from the
end point and bifurcates in a Y-shape, the blue line is the
fracture profile line, the fractures are narrower and less
numerous, distributed throughout the area without inter-
penetration. It is because the fractures inside specimen are
sealed by nanocellulose backfill, the main fracture length is
shorter, dividing the remaining fracture part into several
small fracture segments (as shown in the horizontal section of
Fig. 8(a), the micro fractures were discrete and the overall

Fig. 6 — Nanocellulose distribution of CTBs: a) NCF, b) CNC, and c) MFC.
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Fig. 7 — Comparison of structural features and local fine characterization of CT pores in CTBs: (a) CNF-CTBs pore 2D section
(a1) a-plot local enlargement; (b) CNG-CTBs pore 2D section (b1) b-plot local enlargement; (c) MFC-CTBs pore 2D section (c1) c-
plot local enlargement; (d) CTBs pore 2D section (d1) Local enlargement of d-plot.

crack connectivity was poor; whereas the last horizontal
section of control backfill fractures formed a crack network
with the adjacent vertical fractures.

4.1.3.  Characterization techniques for pores’/NCM's 3D
spatial distribution

In this study, the Otsu technique is employed to control the
inauguration for segmentation, and then watershed algo-
rithm is used for the separation of adjacent pores. According

to 3D reconstruction model, spatial distribution pattern of
pores, nanocellulose and mineral matrix (spheres are isolated
pores, red is NCM and gray is the CTB matrix) can be obtained.
NRCTB interacts with pores and NCM is uniformly distributed
in the pore fissures; NCM is clustered into groups with
different morphology. The spatial distribution and contact
link between filling matrix and pores are seen in Fig. 9 (g), (h)
and (i), which clearly displays the dissemination of the pore
fractures within CTB specimens. Pores are scattered in all

Fig. 8 — Comparison of structural features and local fine characterization of CT fractures in tailing sand-filled bodies: 2D
sections of CNF-CTBs (a), CNC-CTBs (b), and MFC-CTBs (c) fractures.
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modeling; (g) three-phase scan section; (h) nanocellulose-pore 3D spatial distribution; and (i) specimen stereo 3D modeling.

areas of the model, with pore sizes varying and the
morphology of large and fine pore sizes varying, with the large
pore sizes having good penetration, while fine pore sizes are
scattered in all spaces.

From Fig. 10, one can see the distribution of diverse NCM
types/contents within specimens, from the morphology of
NCM, CNF and CNC are evenly distributed, showing an
obvious complex honeycomb structure with full-scale distri-
bution characteristics, the nanocellulose in the ‘small pores’
with small relative radius is filled, and NCM in the ‘large pores’
with large relative radius is in a form of thin film on pore's
surface or fill's surface. Nanocellulose in the “small pores”
with small relative radius is filled, and NCM in the ‘large pores’
with large relative radius is deposited on the pore surface or
the surface of the filler in a thin film.

Fig. 10 (a) shows that the NCM content of the tailing sand
filler is low, and the NCM content is not enough to form a

honeycomb mesh structure, which cannot effectively fuse the
pores to enhance the strength of the specimen. The CNC-CTBs
in Fig. 10(b) shows an obvious complex honeycomb structure
with full-scale distribution characteristics, and the nano-
cellulose fills the small pores so that the CTBs is combined as a
whole; the CNC-CTBs in Fig. 10(c) is dominated by the floc
mesh cluster, and the flocs occupy most of the space, and the
nanocellulose flocs become the porous media skeleton of
CTBs, so that specimens can be strengthened by nano-
cellulose With increasing volume/surface area/pore water of
CNC-CTBs, and it is more tough to take away water, which
reduces specimen's strength.

3D reconstructed model of MFC-CTBs was interspersed
with nanocellulose, which was distributed in strips in the
matrix of CTBs. Combining the three-dimensional model with
the cross-sectional images, it can be found that MFC-CTBs’

pores are of various scales and have cross-scale
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characteristics as a whole, and MFC presents a shelf-like
structure in the CTB matrix also forms large pore size pores,
and the formation of MFC-CTBs’ pores is influenced by the
distribution of MFC, so pore structure is so linked to the con-
tent and decomposition of NCM.

4.2. Quantitative characterization of multi-scale pore
and fissure structures

4.2.1. Pore characteristics

The difference in pore volumes of different NRCTB is large,
and the number of pores of CNC-CTBs is about twice that of
MFC-CTBs, while the difference in pore volumes of different
specimens is small. Fig. 11 shows the pore volume distribution
of the four specimens, and it can be seen that the pore vol-
umes of the four specimens are mostly between 0.01 and
0.02 mm?®. Statistical analysis shows that the pore volume of
NRCTB has a large variability, reflecting the inhomogeneity of
pore shape and volume of NRCTB composition. After quali-
tative analysis and quantitative calculation of the CT scan

pore volumes of different NRCTB, it was found that 68.03% of
CNC-CTBs were between 0.01 and 0.02 mm?, and their average
pore volumes were 0.015 mm?; 60.57% of CNF-CTBs volumes
were between 0.01 and 0.02 mm?, and their mean volumes
were 0.017 mm?, with less variability between pore structures.
24.49% of the pore volumes of MFC-CTBs ranged from 0.015 to
0.02 mm?, 15.34% ranged from 0.025 to 0.03 mm? and 10.34%
ranged from 0.035 to 0.04 mm?, with greater variability in pore
number and greater variability between pore volumes. In
blank control group, 64.96% were between 0.01 and 0.02 mm?,
and the variability of pore structure was smaller due to the
similar causes of pore formation. The reason for this is that
CNC is 3.07% more than the blank control group in the pore
volume between 0.01 and 0.02 mm?, because CNC is uniformly
distributed with full size distribution features, and nano-
cellulose is filled in the large pores with pore volume greater
than 0.02 mm?. The quantification illustrates that adding MFC
augmented the backfill matrix pores. The existence of MFC
augmented the amount of the pores connected within CTB
and enhanced MFC-CTBs’ porosity.

@ e ©

®

Fig. 10 — 3D spatial distribution of different types and concentrations of NCM: (a) CNC-0.009%; (b) CNC-0.014%; (c) CNC-

0.019%; (d) CNG-0.009%; () MFG-0.009%; and (f) NONE.
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Fig. 11 — Particle size distribution of different NRCTB’ pore volumes.

4.2.2. Porosity
Porosity is the rate of bulk elements to entire elements of
pores. Porosity is one of key considerations to characterize the
inner configuration of coal particle accumulation, and 3D
reconstructed model's porosity is computed according to Eq.
(1):

Violid

Van @

Among them, ¢ is the porosity; Vg is the number of pore
voxels in reconstructed model; V; is the number of all voxels

in reconstructed model. The trends of porosity of different
NCM-CTBs are shown in Fig. 12.

The porosity of CNC is lower at 5.64% with less variation,
and the porosity is concentrated at less than 10%, indicating
that the internal microstructure of CNC-CTBs is more stable;
for the scanned CNF-CTBs, the porosity is 11.8% porosity is
concentrated at 10%—20%, and the internal microstructure of
its CNF-CTBs is also more stable; the porosity of MFC-CTBs
was higher at 19.56%, the minimum porosity was 14%, and
the maximum porosity was 81%, which was 8 times higher
than that of CNC-CTBs, and the porosity was more variable
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Fig. 12 — Porosity along vertical direction.
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chart.

with a deterioration of nearly 86%. The overall porosity of the
blank control group was 21.65% porosity concentration of
10%—50%.

4.2.3.  Fractal dimensional analysis
The fractal measurement is a degree of self-similarity and
quantitative nature of the object of study, and an effective

metric for measuring and comparing surface roughness. The
geometric fractal can define the irregularity/complexity of
material harm processes at a deeper/broader scale, and it has
been shown that the geometric fractal is an efficient tech-
nique for describing pore structure [76]. Thus, this study will
employ the box including dimension way to obtain NRCTB's
pore fractal dimension. Here are the specific steps.


https://doi.org/10.1016/j.jmrt.2023.08.004
https://doi.org/10.1016/j.jmrt.2023.08.004

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;26:1428—-1444

1439

0.91 091
0.90 4 ' 0.90 /f
0.89 0.89 4 ,-"/
£ 0.88 g
Z 0.88 S
g y=21.1x+0.84 g 0831
& o057 g
S R?=0.9306 2 071
s S
S 0.86 S
= S 0861 y=19.2x+0.84
0.85 - 2
0.85 R"=0.9584
0.84
. 0.84 1
0.83
T T T T T T 0.83 T T T T T T T T
0 10 20 30 40 50 0 s 10 15 20 25 30 35 40
Porosity / % Porosity / %
0.91 - 091
/ e
0.90 - 0.90 4
0.89 0.89
g g
g 0.88 Z 0.88+
2 S
E y=23.4x+0.84 g
= 0871 5 S 087
g R2=0.9306 E
S 0.86 - S 056
& = y=22.7x+0.84
0.85 0.854 R2=0.9750
084 A 0.84 4
¥
083 T T T 2 T T 083 T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Porosity / %

Porosity / %

Fig. 14 — Relationship between fractal dimension and porosity.

1. Image segmentation: Choose an initial scale and divide the
image into square boxes of equal size. The choice of initial
scale directly affects the calculation of the fractal dimen-
sion and may need to be adjusted based on the specific
characteristics of the image.

2. Object counting: For each box at each scale, count the
number of objects contained within it. Objects can be
features like holes, fractal structures, particles, etc.

3. Scale-object count relationship: Treat the scale as the in-
dependent variable epsilon (¢) and the number of objects
within each box as the dependent variable N(¢), establish a
relationship between scale and object counts. By fitting a
curve to the scale-object count data, a function that de-
scribes this relationship can be obtained.

4. Calculation of fractal dimension: Fractal dimension D
means self-similarity and intricacy of image. By calcu-
lating the slope of the scale-object count curve, the
fractal dimension can be determined. A larger slope in-
dicates a more pronounced fractal feature and higher

self-similarity.

Counting box dimension is defined as dividing the CT
image into a grid with a square of side length e. Due to the
presence of NRCTB matrix in the original CT graphics, some
small boxes do not cover the pores and some small boxes
cover part of the pores, calculate the number of small boxes
covering the pores, then reduce the box size, when the box
size e—0, the box counting dimension D, is obtained, and

the calculation formula (2):

(2)

. InN
Db:hm (S)
e=0 Ine
where, N(¢) is the sum of small box covering pore pattern
(counted as long as the grid contains pore structures,

18th(MPa)

ssive strep,

Uniaxiay Conmpre

Fig. 15 — Strength of different types and concentrations of
NRCTB specimens.
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Fig. 16 — NCM 3D models: (a) CNF/CNC honeycomb
network; and (b) NCM MFC ball/stick structure models.

regardless of the proportion of the grid area occupied by the
pore structures); € is the small box side length.

Under certain conditions, the higher the dimensional fractal,
the more complicated pore, the value of dimensional fractal
gained by box counting dimension method is exposed in Fig. 13.
In general, NRCTB's fractal dimension of fluctuates up and down
with large fluctuations. CNF-CTBs have a maximum value of
NRCTB fractal dimension of 0.91579 at 41.0 mm height position
and a minimum value of 0.835398 at 44.3 mm height position. In
general, the fractal dimension of NRCTB fluctuates up and down
with relatively small fluctuations; CNC-CTBs are concentrated
in the fractal dimension of 0.8653. MFC-CTBs fluctuate up and
down in the fractal dimension of 0.8779. Porosity and dimen-
sional fractal are linked, and it is important to form the link
between dimensional fractal and porosity to study the perfor-
mance indexes of NRCTB and analyze the pore structure's
characteristics, Fig. 14 shows the link between dimensional
fractal and porosity. Porosity is well fitted to each other.

(©)

B i i

4.3. Compressive strength test

The impact of diverse NCM types on NRCTB's strength
behavior was analyzed by matching the UCS of specimens
with the one of NRCTB specimens. As shown in Fig. 15, the
overall trend of specimens' UCS was all decreasing and then
increasing, with slight differences in the changes of different
types of nanocellulose curves, with slow growth phase of CNF
and accelerated growth phase of MFC, while the changes of
different magnitude concentrations made the trend of
strength changes more obvious. The peak strength of
damaged surface fracture specimens with high concentration
of NRCTB with are less than NCM content of 0.009% CTBs, CNF,
CNC content of 0.009% NRCTB is less than CNC-CTBs. One can
interpret that the influence of strength development of NRCTB
enhanced by diverse types and content of NCM will be
different.

4.4.  Modeling of dual nanocellulose-pore networks for
different types of NRCTB

Clarifying the characteristic distribution of NRCTB is the base
for revealing the specimen's strength mechanism. In this
study, 3D level distribution characteristics of the nano-
cellulose of the specimen are quantitatively characterized,
and considering the complicated calculation of specimen's 3D
structure, a double nanocellulose-pore network model is used
instead of the large-size model to study the results, which can
reflect the microscopic enhancement mechanism inside the
specimen in space realistically and intuitively [77]. As seen in
Fig. 16, the gray part is CTBs as the matrix, and the red part is
nanocellulose. This model can characterize the

nanocellulose-pore structure of specimen more accurately,
but due to the specimen's complex internal structure, the
overall structure will be partially different from the actual one.
The dual nanocellulose-pore network model can offer some
reference for the microscopic enhancement mechanism in-
side the specimen.

Fig. 17 — Schematic diagram of model building process: (a) CNC specimen 3D modeling; (b) CNC internal structure; (c) CNC
scan image; (d) MFC specimen 3D modeling; (e) MFC internal structure; (f) MFC scan image.
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Fig. 18 — SEM images of tailing-stabilized recycled aggregates from NCM-CTBs: (a) CNG; and (b) MFC.

The CNF, CNC structure model simplified the space of
NRCTB but retained the spatial distribution characteristics of
NRCTB. The honeycomb network structure model is to select
any point in the extracted nanocellulose mesh and extend it
as the center of the sphere in all directions until it touches the
nearest nanocellulose, forming a collection of all nano-
cellulose as the mesh structure nanocellulose. Mesh-like
nanofibrils of each slice overlap with mesh-like nanofibrils
of its neighboring slices to form a honeycomb mesh-like
nanofibril structure model. The results of NCM honeycomb
mesh model (Fig. 15) can be seen, where the blue color rep-
resents NCM. The nanocellulose network is well embedded
with the pores of CT scanned specimens, and the nano-
cellulose honeycomb network structure modeling results are
reliable.

MFC ball-and-stick model is to select any linear MFC from
the extracted nanocellulose and extend it in all directions
until it touches the nearest pore, with the red line represent-
ing MFC and MFC connecting the adjacent pores. The redder
the color, the higher the MFC content and the better the
connectivity. As shown in Fig. 16, the number of red con-
necting lines of specimen slices cracks increased significantly
and there were multiple stitching cracks with MFC. As shown
in Fig. 17, the existence of MFC amplified the sum of connected
pores and enhanced porosity of MFC-CTBs.
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Fig. 19 — The element percentage diagram of NRCTB
specimen.

4.5.  Micro analysis of NRCTB

NCM-CTBs hydration products include calcium hydroxide,
CSH gel, and hydrated calcium sulfate aluminate/calcium
aluminate/calcium ferrate. CNC-CTBs hydration product CSH
gel extends outward from clinker particles and gradually
forms a continuous mesh structure, interspersing with other
crystals to enhance adhesion and generate strength. MFC-
CTBs hydration product CSH gel is gradually embedded in
the fibers as the hydration product grows on the surface of the
fibers, and the MFC presents a hollow structure in the matrix
of the tailing sand filler, which also forms large pore size
pores. The formation of CTBs' pores is influenced by the dis-
tribution of MFC, so pore structure is so connected to the
content and decomposition of nanocellulose. Small size NCM
can vividly increase the cementitious composites’ strength
development.

Its composition was analyzed by energy spectrum. Results
(as shown in Fig. 19) display that hydration products are made
up of C, K, O, S, S, K, Ca, and Al. NRCTB is mainly composed of
three types of products having an-hydrate cement clinker,
NCM and hydration product. Fig. 18 also shows that the con-
tent of C element in NRCTB is the highest, and its components
are NCM. The content of Ca element in NRCTB is the second
uppermost, and its component is numerous hydration mate-
rials. Hydrated silicates typically exhibit more irregular par-
ticle shapes, whereas calcium hydroxide particles tend to be
more uniform and regular. Moreover, the bulk of hydrated
silicate elements is usually larger than the one of hydrated
silicates in which the main elements are silicon (Si), oxygen
(0), calcium (Ca) and hydrogen (H), while calcium hydroxide
contains mainly calcium and oxygen elements. Nanocellulose
has a large number of hydroxyl functional groups, which can
interact with water molecules and adsorb on the nano-
cellulose surface. This surface adsorption mechanism can
reduce the activity of water molecules and reduce the for-
mation of hydrated silicates.

5. Conclusions

Based on the extensive lab tests conducted, the ensuing
robust assumptions can be made regarding micro-mechanical
and damage properties of NRCTBs under uniaxial compres-
sion loads and the effects of different types of nanomaterials.
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1. Morphological characteristics: CNF/Enhancement CTBs
exhibit isolated large cylindrical-shaped pores and uni-
formly distributed small pores, while MFC-CTBs mainly
consist of randomly distributed slit-type pores. The control
group's CTBs displayed wider and more numerous cracks,
forming a crack network. The addition of nanomaterials
inhibited crack formation.

2. Morphology of nanomaterials: CNF/CNC manifested a
distinct complex honeycomb structure, while MFC pri-
marily attached to the particle surface and existed between
the pores.

3. Pore volumes and porosity: The pore volumes of all speci-
mens ranged between 0.01 and 0.02 mm? The overall
porosity of the control group was 21.65%, whereas CNC-
CTBs exhibited lower porosity at 5.64%, concentrated
below 10%. CNF-CTBs had an overall porosity of 11.8%,
while MFC-CTBs had a higher porosity of 19.56%.

4. Fractal analysis: The porosity of NRCTB specimens dis-
closed a robust linear link with dimensional fractal, with a
determination coefficient (R?) of >0.9306.

5. Strength  enhancement mechanisms: The dual
nanocellulose-pore network model elucidated the mecha-
nisms behind the strength enhancement in the specimens.
For CNF and CNC, the strong specimen strength mecha-
nism is based on the honeycomb network structure model,
whereas MFC's enhanced strength mechanism is attrib-
uted to the ball-and-stick model.

6. Hydration products: In CNC-CTBs, the hydration product
CSH gel gradually formed a continuous mesh structure,
enhancing adhesion strength. In MFC-CTBs, the hydration
product continuously grew on the fiber surface, gradually
encapsulating the fibers. However, MFC presented a hollow
structure in CTBs, resulting in the formation of large-pore
size pores. Adding nanomaterials subsidized a rise in UCS
values of cementitious composites.

These findings provide valuable insights into the micro-
mechanical behavior and performance of NRCTB specimens
with different nanomaterials, paving the way for further ad-
vancements in this field.
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