
FIBER NETWORKS

As a porous material, paper primarily utilizes plant 
fibers as raw constituents [1]. The processing tech-
niques for paper have been in a continuous state 

of evolution, concomitant with modifications in its struc-
tural and performance attributes. As a customary process-
ing approach, filling use has been widely applied, incorpo-
rating fillers into many paper grades. Their usage quantity 
secures them the second position among papermaking raw 
materials, trailing only behind papermaking fibers [2]. Dur-
ing the formation process of wet paper, fibers and fillers 
are jointly retained on the web, thereby inducing alterations 
in the three-dimensional (3D) network architecture and 
diverse physical properties of paper.

Filling entails the introduction of a specific proportion 
of inorganic or organic fillers into the pulp. Generally, this 
practice confers several benefits: (1) lower cost of paper-
making fillers compared to that of paper fibers, facilitating 
a reduction in production costs; (2) enhancement of the 
optical properties of paper, such as augmenting whiteness 
and opacity; and (3) occupation of the interstitial spaces 
between fibers within the paper web, improving dewater-
ing efficiency, optimizing paper formation, and promoting 
uniformity [3]. The filler characteristics that influence the 

performance of filled paper include: particle size and its 
distribution profile, specific surface area, particle morphol-
ogy, and spatial distribution of particles in the paper web. 
Notably, filler distribution significantly impacts paper per-
meability [4], and different paper types have distinct distri-
butions in the thickness direction, which refers to the z-
direction. To elucidate the disparities in paper performance 
associated with different filler z-distributions [5], it is im-
perative to comprehensively understand the filler distribu-
tion along the z-direction of the paper.

The elements of particle size, size distribution, and other 
attributes of fillers play an important role in shaping the 
3D structure and ultimate performance of the paper. Hence, 
investigating the 3D structure of filled paper lays a solid 
foundation for probing the intricate relationship between 
its structure and performance. With the technology devel-
opment, several 3D characterization techniques have been 
enlisted for the structural elucidation of paper fiber net-
works. Presently, technologies such as confocal laser scan-
ning microscope (CLSM), focused ion beam-scanning elec-
tron microscope (FIB-SEM), and X-ray computed 
tomography (X-CT) have garnered significant attention [6], 
providing essential knowledge for understanding the prop-
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erties of paper. In comparison to CLSM and FIB-SEM, X-CT 
offers the unique advantage of high-precision 3D non-de-
structive imaging, thereby driving significant progress in 
simulation research on the structures and properties of fi-
ber-based porous media. By contrast, since the operation 
of CLSM depends on sample transparency, which is heav-
ily influenced by the scattering coefficient of fillers, it is 
ineffective for the purposes of this study. 

A non-destructive 3D imaging technique, X-CT has its 
origins in medical and biological fields [7]. Operating on the 
principle of X-ray interaction with matter, it retrieves internal 
compositional and structural information of the inspected 
object through projection reconstruction. Its efficacy in re-
vealing the 3D structure of paper fiber networks has been 
well-established [8]. FIB-SEM is suitable for generating coat-
ing sections, but it is not ideal for visualizing a detailed 3D 
pore structure [9]. Samuelsen was the first to obtain non-de-
structive cross-sectional images of paper interiors using X-CT 
[10]. Ahmad et al. utilized X-CT scanning imaging technology 
to contrast the pore structures of foam-formed fiber paper 
and traditional handcrafted paper [11]. Notably, Ramaswamy 
et al. further employed X-ray microtomography to reconstruct 
the 3D pore-fiber structure of paper, analyzing its relationship 
with moisture transport and highlighting the anisotropic pore 
characteristics in different directions [12]. Thus, the aforemen-
tioned studies demonstrate that X-CT has been an effective 
technique for analyzing the internal structure of paper, par-
ticularly for revealing the 3D architecture of fiber networks 
and pore structures.

The advances in microscopic imaging, image processing, 
computer simulation, and computational capabilities have 
spurred the development of computer simulation method-
ologies for investigating internal fluid permeation behavior 
in materials preparation, reinforcement, and structural de-
sign. In recent years, some scholars have initiated the re-
search on permeability of fillers and pulp fiber mats. 
Lavrykov discovered that filler addition influenced the fil-
tration time of pulp fiber mats [13], and Singh pioneered 
the exploration of the permeability of pulp fiber networks 
[14]. Also, Pan developed a 3D structural model of paper-
based filter materials by combining X-CT and FIB-SEM 
technologies and predicted the filtration performance [15]. 
Given that the fiber structure and physical properties of wet 
paper undergo significant changes during the subsequent 
formation process, it is essential to study the permeability 
of the formed paper web. 

In the study, the evolution of filler characteristics after 
filler application in the paper web and its impact on the 
permeation behavior of filled paper are investigated. Tar-
geting the nontransparent filled paper and the nonde-
structive characterization, the X-CT scanning technology 
was employed to establish the 3D structural models. 
Three samples were considered in the study, unfilled 
paper and two filled papers with different filler particle 
sizes, and the permeation simulations were conducted ac-

cordingly. With the developed 3D structural models, the 
study results reveal two points: (1) the characteristics and 
spatial distributions of pore, fiber, and filler in the inte-
rior of paper web can be obtained based on the three ex-
tracted components; and (2) the relationship between the 
structure and permeation performance can be further 
established, offering a valuable insight for the structure-
performance study of the paper web.

EXPERIMENTAL
In this study, cotton linter pulp and precipitated calcium 
carbonate (PCC) filler were used as raw materials, and cat-
ionic polyacrylamide (CPAM) served as a pre-flocculation 
modifier. The characteristics of the cotton linter pulp are 
shown in Table I.

Preparation and characterization of filled paper
The PCC filler was prepared as a 1% mass fraction of filler 
suspension, designated as PCC1. The suspension was sub-
jected to magnetic stirring at a rate of 300 rpm for 5 min. 
Subsequently, a CPAM solution with a concentration of 
0.02% (based on the mass of PCC) was added to the PCC1 
suspension, and the mixture was stirred for an additional 
5 min to produce the pre-flocculated filler suspension, des-
ignated as PCC2. The particle sizes of the fillers in PCC1 
and PCC2 suspensions were measured using a laser particle 
size meter (LA-960S, HORIBA; Kyoto). It should be men-
tioned that the employed pre-flocculation process in the 
study was used to increase the apparent particle size of the 
fillers rather than to modify the filler, therefore studying 
the effects of different filler particle sizes on the 3D network 
structure of the paper.

The cotton linter pulp was disintegrated and subse-
quently beaten to a beating degree of 30 ± 2 °SR using a 
beater (Valley, IMT Instruments; Dongguan City, China). 
One 3.30-g portion of the pulp was disintegrated, formed 
into paper, and dried (RK3AKWT, Frank-PTI; Birkenau, 
Germany) to produce a pure fiber paper (with a basis 
weight of 105 ± 1 g/m²), serving as a blank reference. For 
the filled paper samples, 2.80 g of the pulp was combined 
with either filler PCC1 or PCC2 (at an addition rate of 15%), 
disintegrated, formed into paper, and dried to achieve two 
types of filled paper with the basis weight of 105 ± 1 g/m². 
The dried papers were stored in a constant temperature 
and humidity chamber maintained at 25°C and 50% relative 
humidity for subsequent use.

The pore structure of the prepared paper samples was 
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Average  
Length,  

mm

Weight-Average 
Length,  

mm

Width,  
μm

Coarseness,  
mg/m

0.549 0.818 32.3 0.1396

I. Main properties of the cotton pulp.
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characterized using a Micromeritics (Norcross, GA, USA) 
AutoPore IV 9500 automated mercury intrusion porosim-
eter (MIP), enabling the determination of parameters such 
as porosity, pore fractal dimension, pore tortuosity, and 
permeability.

X-ray CT scanning 
The prepared samples of pure fiber paper, filled paper 
PCC1, and filled paper PCC2 were cut into 1 mm × 1 mm 
dimensions and affixed to the sample stage of an X-CT 
scanner (SkyScan 2211, Bruker; Billerica, MA, USA) for 
scanning. The scanning mode was set to the nano-resolu-
tion mode with a source voltage of 50 kV, rotation range of 
0.25° to 0.30° with the rotation step of 0.3°, an exposure 
time of 800–950 ms, and a pixel size of 400 nm.

The X-CT scanning acts on the basis of detecting the 
energy attenuation of X-rays within the sample. Different 
elements have different absorption coefficients for X-rays. 
Notably, the elements with high atomic numbers tend to 
have high absorption rates of X-rays, which consequently 
leads to relatively high grayscale values in the resultant im-
ages due to their low transmission of radiation.

THREE-DIMENSIONAL MODELING AND 
NUMERICAL SIMULATION METHODS 

This section undertakes the preprocessing of X-ray CT scan 
2D images obtained in the Experimental section under 
“Construction of 3D structural models of paper.” Subse-
quently, the pore structure parameters (porosity, pore tor-
tuosity, and pore fractal dimension) and the filler charac-
teristic parameters (filler particle size, specific surface area, 
and spatial distribution) are estimated, and the correspond-
ing conditions are established for conducting permeation 
simulation in thickness and horizontal directions. The road-
map is illustrated in Fig. 1.

Construction of 3D structural model of paper 
The original 2D X-ray CT slice images were acquired in the 
X-Z plane by X-CT scanning. To improve the image quality 
(contrast and substantial noise), image processing was im-
plemented prior to the 3D digital model construction. The 
non-local means (NL-means) filter was employed for noise 
reduction, leveraging patch-based similarity to suppress 
noise while preserving texture details. Specifically, for each 
pixel, the algorithm computed a weighted average of simi-
lar patches within a search window, where weights were 
determined by patch similarity using a Gaussian kernel. 
The parameters used for the NL-means filter were as fol-
lows: the search window radius was set to 4.5 (resulting in 
a search window size of 9); the similarity window radius 
was set to 1 (resulting in a similarity window size of 3); and 
the filter strength parameter was set to control the balance 
between noise reduction and detail preservation. Subse-
quently, the Otsu dual-threshold segmentation algorithm 
was used to divide the images into the phases of pore, fiber, 
and filler based on the gray variance among different com-
ponents of the paper. The Otsu algorithm automatically 
determines the two optimal thresholds by maximizing 
between-class variance. The segmentation was performed 
using the software of MATLAB R2021a (MathWorks; Natick, 
MA, USA).

The processed 2D slice images were imported into Avizo 
software (Thermo Fisher Scientific; Waltham, MA, USA) for 
3D structure modeling. Due to the limitations of both ra-
diographic imaging and computing power, the concept of 
the representative volume element (RVE) is introduced for 
the subsequent analysis and permeation simulation, which 
represents the smallest unit cell that yields representative 
results in a statistical sense [16]. Specifically, the RVE size 
was determined by balancing geometric statistical deviation 
(e.g., 5% standard deviation for porosity and specific surface 

1. Technical roadmap of the study (CT: computed tomography; 3D: 3 dimensional; PCC: precipitated calcium carbonate).
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area) and the Brinkman screening length criterion, ensur-
ing consistency between microstructural representative-
ness and macroscopic transport property simulation. 

The RVE size is determined by the estimated parameters 
such as porosity, pore tortuosity, and pore fractal dimension, 
in which the porosity and pore fractal dimension are calcu-
lated by the volume fraction and fractal dimension modules 
in Avizo software, respectively, and the pore tortuosity in 
the z-direction is obtained through the generated pore net-
work model function [17]. These parameters are defined as 
follows: 

1. �Porosity quantifies the relationship between the pore 
and solid phases in the paper sample, which is close-
ly associated with the mechanical strength and fluid 
transport property of poral material. 

2. �Pore tortuosity, a crucial characteristic parameter of 
pore structure, describes the path traversed by liquids 
or gases during transport, having significant influence 
on the transport performance of material.

3. �Pore fractal dimension characterizes the geometric 
complexity of pore structure and impacts the me-
chanical strength and fluid transport behavior of po-
rous material. This approach aligns with the method 
where correlations between pore structure parame-
ters and REV size are established to determine the 
unified REV size [18].

Extraction of filler parameters from  
3D structural model

Based on the determined RVE, through digital image pro-
cessing techniques, the parameters of applied filler in paper 
were estimated and quantitatively analyzed. A workflow 
for extracting the characteristics (filler particle size distri-
bution, specific surface area, and spatial distribution) from 
the X-CT images of filled paper was established, whose 
specific steps are as follows:

1. �The X-CT images of filled paper segmented by the 
Otsu dual-threshold method were imported into 
Avizo software, and the interactive thresholding mod-
ule was used to extract the filler particles based on its 
gray value of 255.

2. �The label analysis module was utilized to sample and 
analyze the estimated filler particles, extracting the 
parameters of particle size, area, volume, and the 3D 
position of filler, in which the specific surface area was 
calculated by defining it as the ratio of area to volume.

3. �The volume rendering command was applied to per-
form 3D volume rendering on the estimated filler par-
ticles so that the distribution of the filler particles in the 
internal 3D space of paper can be observed visually.

Permeation simulation for filled paper
To make the simulation be consistent with the experimen-
tal method, i.e., mercury intrusion porosimetry, the fluid 
of liquid mercury is used for the simulation, which is as-
sumed to be incompressible, stable, and viscous. The sim-
ulation principle and boundary setting conditions are dis-
cussed here.

The governing equation employed in the permeation 
simulation is the recognized Navier-Stokes equation [19], 
including mass conservation equation (Eq. 1) [20] and mo-
mentum conservation equation (Eq. 2) [21]:

(1)

(2)

where ρ is fluid density, ν→  is flow velocity, p is pressure, μ 
is fluid viscosity, and f→ is the external force of zero under 
gravity action.

In addition, prior to the permeability simulation for filled 
paper, boundary conditions (physical conditions on the 
boundary) require definition. In this study, three types of 
boundary conditions are considered in the permeability 
simulation: pressure boundary condition, solid wall bound-
ary condition, and symmetric boundary condition. In gen-
eral, the inlet/outlet pressure boundary condition is used 
for fluids with unknown inlet flow velocity [22]; the solid 
wall boundary condition is applied to distinguish the 
boundary between the fluid domain and the solid domain; 
and the symmetric boundary condition is employed to re-
duce the size of the computational domain, improve effi-
ciency, and ensure accuracy.

Based on the determined RVE, permeation simulations 
of paper were conducted in the thickness direction and the 
horizontal direction, respectively. The inlet pressure Pin was 
set to 300 Pa, and the outlet pressure Pout was zero, which 
opened to air. The boundary conditions for the external 
surfaces of RVE are set as symmetric boundaries, and the 
interfaces between the fibers and pores are set as solid wall 
boundary conditions. The detailed settings of boundary 
conditions are shown in Table II and Fig. 2. 

Condition Description Inlet/Outlet
Symmetric  
Boundaries

No-Slip Solid Wall  
Boundaries

Case 1
Single outlet in the  
thickness direction

A/B C, D, E, F Internal fiber-pore intersection

Case 2
Single outlet in the 
horizontal direction

C/D E, F A, B, internal fiber-pore intersection

II. Defined boundary conditions for the permeation simulations of filled paper.
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2. Schematic of the boundary labeling of representative volume element (RVE) for the permeation simulation.

3. Tomographic slice image sequences of unfilled paper, PCC1 filled paper, and PCC2 filled paper obtained by X-ray computed 
tomography (X-CT) scanning.

RESULTS AND DISCUSSION
Development of 3D structural model  
for filled paper

Processing of 2D X-CT scanning image 
As shown in Fig. 3, after the X-CT scanning of unfilled 
paper (resolution of 3000 × 700 pixels), PCC1 filled paper 
(resolution of 3000 × 600 pixels), and PCC2 filled paper 

(resolution of 3000 × 600 pixels), tomographic slice images 
(2102-pixel sequences of 8-bit 2D grayscale) along the x–z 
direction were obtained for each paper sample.

Prior to the 3D digital model construction, to improve 
the contrast and decrease the substantial noise of the ob-
tained 2D images, the image processing was conducted by 
the methods described in the Experimental section under 
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“Construction of 3D structural model of paper.” As dis-
played in Fig. 4, the processed results indicate that, with 
the strategies of Otsu segmentation and NL-means denoise, 
the filler, fiber, and pore are effectively separated. After 
separation, the grayscale values of the components of filler, 
fiber, and pore in Fig. 4 are 255, 128, and 0, respectively.

Establishment of 3D structural models
After image processing, the 2D X-CT scanning slice images 
in the x–y direction are imported into Avizo software for 

the development of the 3D structural model. Along the  
z-direction of paper web, the volume rendering module of 
Avizo software was applied to reconstruct the isosurface 
and was followed by performing 3D volume rendering to 
construct the 3D structural models of paper web. 

The constructed 3D structural models for unfilled 
paper, PCC1 filled paper, and PCC2 filled paper are shown 
in Fig. 5. It can be observed from Fig. 5 that, under the 
same grammage, the application of filler results in the re-
duced thickness for both PCC1 and PCC2 filled papers, 

4. Processing of two-dimensional (2D) X-CT scanning images of unfilled paper and PCC1 and PCC2 filled papers.

5. Three-dimensional (3D) structural models of unfilled paper and PCC1 and PCC2 filled papers.
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decreasing from 630 pixels for unfilled paper to 470 pixels 
for PCC1 and 560 pixels for PCC2. The bulk of the two 
filled papers also showed a decline. This can be explained 
by the fact that, with a constant grammage (105 ± 1 g/m²), 
the addition of fillers leads to a reduction in the number 
of fibers in the matrix, and therefore, the decreased thick-
ness of the filled papers. Moreover, applying the same 
filler addition of 15%, compared to PCC2 with larger particle 
sizes, the small filler particles of PCC1 tend to fill the inter-
stitial spaces between fibers more effectively, while the large 
filler particles of PCC2 can expand the fiber interstices. Con-
sequently, the paper web with larger filler particles (PCC2) 
demonstrates a greater thickness than that of PCC1.

As described in the Experimental section under “Con-
struction of 3D structural models,” the RVEs require deter-
mination to save computing power for the subsequent per-
meation simulation. The method for determining RVE is 

illustrated in Fig. 6, in which the side length of RVE was 
set to range from 50 pixels to 800 pixels, retaining their 
thickness, and the estimated parameters (porosity, pore 
tortuosity, and pore fractal dimension) were used to deter-
mine the RVE size. When enlarging the side length in the 
plane of RVE with an increment of 50 pixels (Fig. 6), the 
evolutions of the estimated porosity, pore tortuosity, and 
pore fractal dimension of RVE are given in Fig. 7. It can 
be observed that, with the increased side length, all three 
parameters of the unfilled paper and PCC1 and PCC2 filled 
papers tend to be stable when their side lengths reach 600 
pixels. Therefore, the determined RVE dimensions are as 
follows: 600 × 600 × 630 pixels for the unfilled paper, 600 
× 600 × 470 pixels for the PCC1 filled paper, and 600 × 600 
× 560 pixels for the PCC2 filled paper.

6. Schematic diagram of the method for determining RVE size.

7. Relationship between the side length of RVE for three kinds of paper and porosity, pore fractal dimension, and pore tortuosity. 
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Characterization of filled paper with  
established 3D structural model

Pore structure characterization of filled paper
Based on the determined RVE dimensions, using the meth-
od described in the Experimental section regarding “Con-
struction of 3D structural models of paper,” the pore struc-
tures of the unfilled paper and the PCC1 and PCC2 filled 
papers were characterized with the estimated parameters 
of porosity, pore tortuosity, and fractal dimension. In ad-
dition, these estimated values were compared with the 
experimental results (porosity, pore tortuosity in z-direc-
tion, and fractal dimension) by the AutoPore IV 9500 auto-
mated MIP.

Before the parameter extraction of pore structure, the 
pore skeleton networks of paper samples were isolated 
from the determined RVE using the maximum sphere al-
gorithm [23]. As shown in Fig. 8, the pore structures in 
RVE are expressed by the network of balls and rods, where 
the balls represent pores and the rods represent pore 
throats. The colors correspond to their equivalent spherical 
radii. The obtained pore network skeleton models charac-
terize the pore distribution and their connections in the 
paper structure virtually. The specific steps for extracting 
pore structure parameters (pore equivalent radius distribu-
tion, pore throat equivalent radius distribution, and pore 
throat coordination number) are as follows:

1. �Based on the determined RVE size, the binary x–y 
slice images were cropped. The cropped data were 
imported into Avizo software.

2. �The Volume Fraction and Fractal Dimension modules 
of Avizo software were used to calculate porosity and 
fractal dimension, respectively.

3. �The Separate Object Module was used in the Skeleton-
Aggressive mode of Avizo software to separate the 
pore space into pores and pore throats (pore throats 
are the narrow channels connecting pores in Fig. 8).

4. �The Generate Pore Network Model function of Avizo 
software was used to create the pore skeleton net-
work model in the z-direction, and the parameter of 
pore tortuosity in the z-direction was obtained from 
the model properties.

5. �The generated pore skeleton network models were 
visualized by the Volume Rendering module of Avizo 
software, and the model properties could be ob-
tained, including the equivalent spherical radii of in-
dividual pores and pore throats, as well as the coor-
dination number.

6. �The obtained data were exported to OriginLab soft-
ware (OriginLab; Northampton, MA, USA) to plot the 
histograms of pore equivalent radius distribution and 
pore throat equivalent radius distribution.

The experimental and estimated results are compared 
in Table III. It can be observed that the experimental re-
sults of three paper samples before and after filling opera-
tion align with the estimated pore parameters from RVE, 
which are the porosity (unfilled 0.65/0.67; PCC1 filled 
0.60/0.58; and PCC2 filled 0.61/0.60), pore tortuosity in z-
direction (unfilled 1.77/1.98; PCC1 filled 1.89/2.05: and 
PCC2 filled 1.71/1.94), and fractal dimension (unfilled 
2.57/2.42; PCC1 filled 2.98/2.51; and PCC2 filled 2.58/2.44). 
Furthermore, the estimated pore tortuosity in the horizon-
tal directions (x and y) of the paper samples are lower than 
those in the z-direction (unfilled 1.51/1.50/1.98; PCC1 filled 
1.52/1.54/2.05; and PCC2 filled 1.56/1.46/1.94), indicating 
that the fluid traverses a shorter path along the horizontal 
plane, facilitating permeation. The tortuosity in the x and 
y directions of the three papers are comparable (unfilled 
1.51/1.50; PCC1 filled 1.52/1.54; and PCC2 filled 1.56/1.46), 
and no significant differences are observed in the horizon-
tal pore tortuosity between the filled papers and the un-
filled paper.

(a) (b) (c) 

8. Pore skeleton network models of (a) unfilled paper, (b) PCC1 filled paper, and (c) PCC2 filled paper.
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Overall, in Table III, the pore parameters estimated from 
RVE are close to the experimental ones by MIP, demonstrat-
ing the feasibility of the X-CT scanning technique com-
bined with digital image processing method adopted in the 
present study. Additionally, it is noted that the pore tortu-
osity in z-direction estimated from RVE is relatively higher 
than the experimental ones (unfilled 1.98/1.77; PCC1 filled 
2.05/1.89; and PCC2 filled 1.94/1.71). It can be explained 
that, based on the measuring principle of the MIP, some 
tortuous sections of the pore structure cannot be complete-
ly penetrated by mercury; only those accessible pores can 
be detected, leading to an underestimation of the experi-
mental pore tortuosity.

Based on the obtained pore skeleton networks of the 
three paper samples in Fig. 9, the equivalent sphere radii 
of pores and pore throats within the RVE were quantita-
tively estimated. It can be observed that the experimen-
tally measured pore radius distribution (Fig. 9a) is similar 
to the distribution of the equivalent spherical radius of 
pores estimated by RVE (Fig. 9b). The radius of most pores 
lies in the range of 1–5 μm, and less distribution for the 

large pores can be observed. Also, all of the estimated 
equivalent spherical radii of pore throats (Fig. 9c) of the 
three paper samples are in the range of 3–5 μm. In par-
ticular, as revealed in Fig. 9b and Fig. 9c, the PCC1 filled 
paper with small filler particle size exhibits abundant dis-
tributions of pore and pore throat radii in the range of 1–5 
μm. These phenomena are attributed to the fact that during 
the forming process of paper, the applied filler particles 
move into the area between fibers, partitioning large pores 
into small ones and promoting uniform pore distribution. 
The small filler particles are conducive to form a tightly 
bound paper structure with small pores interconnected by 
small pore throats.

Filler characterization of filled paper
Utilizing the method detailed in the Experimental section 
on “Extraction of filler parameters from 3D structural 
model,” the filler characteristics in PCC1 and PCC2 filled 
paper were quantitatively estimated by X-CT scanning im-
ages. Employing Avizo software, 18646 (PCC1) and 7733 
(PCC2) filler particles were extracted from RVEs, respec-

Parameter

Experimental Value Estimated Value

Unfilled PCC1 Filled PCC2 Filled Unfilled PCC1 Filled PCC2 Filled

Porosity 0.65 0.60 0.61 0.67 0.58 0.60

Tortuosity (z) 1.77 1.89 1.71 1.98 2.05 1.94

Tortuosity (x) - - - 1.51 1.52 1.56

Tortuosity (y) - - - 1.50 1.54 1.46

Fractal dimension 2.57 2.98 2.58 2.42 2.51 2.44

(a) (b) (c) 

III. Comparison of pore parameters estimated from representative volume element (RVE) and experimental characterization (PCC: 
precipitated calcium carbonate).

9. Distributions of pore radius and pore throat radius in the (a) unfilled paper, (b) PCC1 filled paper, and (c) PCC2 filled paper.
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tively. The reduction of PCC2 filler particle number dem-
onstrates the significant pre-flocculation effect of filler.

Figure 10 plots the particle size distributions of the fill-
ers estimated from X-CT and measured by the laser particle 
size analyzer. The experimental particle size distribution 
reflects the filler particle size prior to its incorporation into 
paper, whereas the estimated distribution reveals the filler 
particle size and their distributions in the formed paper. As 
depicted in Fig. 10, both before and after their additions to 
the paper, the particle size of PCC2 filler is consistently 
larger than that of PCC1 filler, and PCC2 appears to exhibits 
a more pronounced distribution in the region above 5 μm 
compared to PCC1, suggesting that the pre-flocculation 
treatment induces the filler particle flocculation and in-
crease of particle size. Both results with laser particle size 
analyzer and X-CT scanning indicate the increased particle 
sizes of PCC1 (3.47–4.15 μm) and PCC2 (5.43–5.45 μm) after 
their additions, which may have arisen from the forming 
process. Since the experimental and estimated data repre-
sent the filler particle size before and after the filling pro-
cess, these data reveal the evolution of filler particle size, 

which may have arisen from the forming process. Notably, 
the PCC2 filler with greater particle size remains relatively 
stable after paper incorporation (from 5.43 to 5.45 μm); how-
ever, the low particle size of the PCC1 filler increases by 20% 
upon its direct addition to pulp (from 3.47 to 4.15 μm), sug-
gesting that the filler with small particle size is more likely 
to undergo flocculation and subsequent size augmentation 
in the subsequent forming process.

In addition to the particle size distribution of fillers in 
paper samples, the surface area, volume, and specific sur-
face area distributions of fillers were also estimated by X-CT 
scanning. The Label Analysis module in Avizo software was 
used to sample and analyze the filler particles within the 
3D models, extracting parameters such as area, volume, 
and the 3D centroid positions. The specific surface area was 
calculated as the ratio of surface area to volume. As shown 
in Fig. 11 (with data presented on a logarithmic scale), the 
surface area (Fig. 11a) and volume (Fig. 11b) of the PCC2 
filler increase following the pre-flocculation treatment, and 
the specific surface area distribution (Fig. 11c) peaks of 
both PCC1 and PCC2 fillers are approximately 1 μm-1. The 

(a) (b) 

10. Experimental and estimated particle size distributions of fillers for PCC1 and PCC2.

(a) (b) (c) 

11. Estimated distribution of filler (a) surface area, (b) volume, and (c) specific surface area by X-CT analysis.
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majority of PCC1 and PCC2 filler particles possess a volume 
below 100 μm³. In addition, the comparison of specific sur-
face areas (Fig. 11c) of fillers reveals that the smaller PCC1 
filler particles exhibit a larger overall specific surface area. 
A large specific surface area is advantageous for enhancing 
the binding between filler and fiber, mitigating the negative 
impact of filling on strength properties [24]. However, the 
tight binding may consequently lead to a reduction of paper 
porosity.

To analyze the 3D distribution of filler particles within 
the paper, Avizo software was utilized to visualize their 
spatial distribution by the X-CT scanning images. As illus-
trated in Fig. 12, the PCC1 filled paper contains smaller 
and more numerous filler particles, whereas the PCC2 fill-
er particles demonstrate larger ones. The PCC2 is predom-
inantly concentrated near the bottom part of paper, while 
the PCC1 is relatively uniformly distributed.

To further quantify the filler distribution within the 
paper interior, the centroid positions of filler particles are 
estimated along the x, y, and z axes. The results presented 
in Figs. 13a–13b indicate that both the PCC1 and PCC2 
fillers are relatively evenly distributed along the x and y 
axes. However, notably along the z axis, as shown in Fig. 
13c, both filler distributions initially increase with the in-
creasing z-depth, and then rapidly diminish near the mid-
dle bottom of paper with a turning point of approximate 
depth of 180 μm, signifying a lower filler concentration on 
the paper surfaces and a relatively higher concentration in 
the middle bottom of the paper. These observations in Fig. 
13 can be interpretated such that compared with pulp fi-
bers, the filler particles with higher density generally ap-
proach the forming wire earlier during the paper forming 

process. However, due to its small particle size, it is rather 
difficult for it to be retained alone on the forming wire. 
Once a fiber mat forms on the forming wire, the fillers start 
accumulating, and owing to its high specific gravity, the 
filler settles rapidly, resulting in a relatively high filler con-
tent at the bottom part of the paper. The aforementioned 
explanation can interpret the observation in Fig. 13c that 
compared with PCC1, the larger particle size of PCC2 fa-
cilitates its faster sedimentation, leading to a more pro-
nounced accumulation near the bottom part of paper.

Permeation simulation
Using the method described in the Three-Dimensional 
Modeling and Numerical Simulation Methods section about 
the permeability simulation, simulations for the three pre-
pared paper samples were conducted in the thickness and 
horizontal directions, respectively. The simulation results 
are discussed with regard to the aspects of permeation flow 
and pressure drops within the paper samples.

Case 1: Permeation simulation in the thickness direction
As depicted in Figs. 14a–14b, the streamline distributions 
in the unfilled paper and PCC2 filled paper (with large 
filler particles) are relatively straight, indicating their lower 
pore tortuosity. In contrast, the streamlines in the PCC1 
filled paper (with small filler particles) are highly curved, 
suggesting that the addition of small PCC1 filler particles 
complicates the paper pores, elongates the fluid flow path, 
and impedes the fluid permeation. As depicted in Fig. 14b, 
the unfilled paper and PCC2 filled paper contain numerous 
high-velocity flow regions (indicated by red streamlines), 
which can be attributed to the larger pore (unfilled 7.12 μm; 

(a) 

(c) (d) 

(b) 

12. Three-dimensional (3D) distribution of filler particles in paper: (a) 3D view of PCC1 filled paper; (b) x–z view of PCC1 filled paper; 
(c) 3D view of PCC2 filled paper; and (d) x–z view of PCC2 filled paper.
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13. Distribution of the centroid positions of filler particles within the paper interior.

14. Simulated permeation flow lines and pressure drops in the thickness direction of paper samples: (a) permeation flow line in fiber 
phase; (b) permeation flow line in pore phase; and (c) pressure drop in fiber phase.

(a) 
(b) 

(c) 

(a) (b) (c) 
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PCC2 7.50 μm) or pore throat sizes (unfilled 4.27 μm; PCC2 
4.22 μm) in these paper samples. 

As for the pressure drops within the paper samples in 
Fig. 14c, it can be seen that the pressure distribution of the 
unfilled paper is relatively uniform among the three sam-
ples, indicating that its pore structure is relatively uniform 
along the thickness direction. However, in the PCC2 filled 
paper, the pressure distribution undergoes significant vari-
ations near the paper bottom, which correlates with its 
filler distribution within the paper. As displayed in Fig. 12d, 
the filler in the PCC2 filled paper is more concentrated near 
the bottom, filling the pores and reducing the porosity and 
pore size, which in turn increases its fluid flow resistance 
and causes a rapid pressure drop. As for the PCC1 filled 
paper with small filler particles, the filler is more uniform-
ly distributed along the thickness direction (Fig. 12b), re-
sulting in a lower overall porosity (Table III). Consequent-
ly, the fluid encounters substantial resistance upon entering 
the paper interior, leading to an immediate pressure decline 
and a relatively uniform pressure distribution.

Based on the simulated permeation, the absolute perme-
ability K of the determined RVE can be solved according 
to Darcy’s Law, Eq. 3:

(3)

where Q represent the mass flow rate, l is the permeation 
path length, A is the cross-sectional area perpendicular to 
the fluid direction, and Pinlet and Poutlet are the pressures at 
the inlet and outlet, respectively.

The Kozeny-Carman (K-C) equation [25] is generally ap-
plicable to the calculation of creeping flow in porous media 
[26], which refers to the flow with a relatively low velocity 
and a Reynolds number less than 1. As shown in Eq. 4, the 
absolute permeability is described as a function of poros-
ity and the specific surface area of the medium:

 

(4)

where φ is the porosity of the porous medium, S is the spe-

cific surface area of the porous medium, and c is the coef-
ficient related to the pore structure.

Referring to the reports of Fu [27] and others, the K-C 
equation for the randomly arranged fibrous porous media 
is:

is rewritten as Eq. 5:

(5)

where φ is the porosity of the porous medium, and df is the 
experimental value of the cotton fiber diameter in the lit-
erature [28].  

Using Eqs. 3-5, the absolute permeabilities K1 of the un-
filled paper, PCC1 filled paper, and PCC2 filled paper are 
calculated and compared with the experimental permea-
bilities K2 and the theoretical permeabilities K3 by the mod-
ified K-C equation. The comparison results are presented 
in Table IV. It shows that the simulated permeability val-
ues (K1) are consistent with the experimental values (K2), 
validating the simulation method. The addition of small-
sized fillers (PCC1) significantly reduces paper permeabil-
ity, while larger fillers (PCC2) have a lesser impact, high-
lighting the critical role of filler size in determining the fluid 
transport properties of paper. In our previous research, Xu 
reported that the absolute permeability of unfilled paper 
was 1.70 µm² in the thickness direction [29]. This indicates 
that the addition of fillers, especially small-sized fillers, sig-
nificantly reduces the permeability in the thickness direc-
tion. These study results are also consistent with Singh’s 
finding that the addition of PCC and kaolin particle fillers 
at certain concentrations leads to a decrease in permeabil-
ity [14].

Case 2: Permeation simulation in the horizontal direction
To investigate the impact of filling on the horizontal per-
meation performance of paper, permeation simulations in 
the horizontal direction (x-direction) were further conduct-
ed for the unfilled paper, PCC2 filled paper, and PCC1 filled 
paper. Figure 15 presents the x-direction simulation 
streamline and pressure diagrams for the three paper sam-
ples. As observed, the internal streamlines of all three pa-

Sample
Simulated  

Permeability K1, 
μm2

Experimental  
Permeability K2,  

μm2

Theoretical  
Permeability K3,  

μm2

Unfilled paper 1.97 1.88 2.65

PCC1 filled paper 0.32 0.28 1.14

PCC2 filled paper 0.48 0.45 1.35

IV. Comparison of absolute permeability of paper samples in the thickness direction (PCC: precipitated calcium carbonate).
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pers are more uniformly distributed compared to those in 
the thickness direction, indicating a more homogeneous 
pore distribution in the x-direction.

It should be mentioned that, in contrast to the simulation 
results in the thickness direction, as shown in Fig. 15c, the 
pressure distributions in the horizontal direction are rela-
tively uniform. However, the filling operation still causes a 
more pronounced pressure drop in the paper, and the filler 
distribution renders the internal pore structure less uniform, 
affecting the lateral fluid permeation. Comparing Fig. 14 and 
Fig. 15, it is obvious that the impact of filling on the perme-
ation performance in the thickness direction is more sub-
stantial than that in the horizontal direction.

CONCLUSIONS 
In this study using cotton linter pulp and precipitated cal-
cium carbonate (PCC) filler as raw materials, the pure fiber 
paper and PCC1 and PCC2 filled papers (with different 
filler particle size) were prepared, followed by scanning 
with X-CT equipment. The experimental parameters (po-
rosity, tortuosity, and fractal dimension) of the pore struc-
ture of paper samples were firstly characterized by MIP. 
Secondly, their 3D microstructures were constructed based 
on the X-CT slice images, the parameters of the construct-
ed structures were estimated, and the filler characteristic 

parameters and 3D distribution were further characterized 
quantitatively. Eventually, the permeation simulations for 
three paper samples were conducted in the thickness and 
horizontal directions. The following remarks can be con-
cluded:

1. �The filling alters the paper porosity. Pore tortuosity 
differs by direction; the horizontal values are lower 
than those in thickness direction, showing filler dis-
tribution affects pore structure.

2. �The estimated pore-throat radius distribution peaks 
for all paper samples are in the range of 3–5 μm, and 
that of the PCC1 filled paper with small filler particles 
increases to 1–5 μm, making it more uniform and 
tightening the paper structure.

3. �The PCC1 filler with small particles is evenly distrib-
uted in paper samples, while PCC2 filler with big par-
ticles concentrates near the paper bottom. Both fillers 
distribute evenly along the horizonal direction. How-
ever, notably along the thickness direction, their dis-
tributions initially increase with the increasing z-
depth, and then rapidly diminish near the middle 
bottom of paper.

4. �Permeability of paper differs in directions. In the 
thickness direction, unfilled and PCC2 filled paper 
with big filler particles had relatively straighter stream-

(a) (b) (c) 

15. Simulated permeation flow lines and pressure drops in the horizontal direction of paper samples: (a) permeation flow line in 
fiber phase; (b) permeation flow line in pore phase; and (c) pressure drop in fiber phase.



lines and higher permeability than that of PCC1 filled 
paper, revealing that small-sized filler tends to hinder 
fluid penetration. Compared with the thickness direc-
tion, filling has a tiny impact on horizontal permeabil-
ity, indicating the effect of directional differences in 
filler distribution on paper permeability.

This simulation-based approach provides a viable meth-
odology for analyzing the effects of additives in materials, 
contributing to understanding the relationship between 
structure and performance of materials. 
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