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Abstract: Compression and mercury intrusion porosimetry (MIP) tests were conducted to analyze the
effect of municipal solid waste incineration fly ash (MSWIFA) content on the mechanical performance
and pore structure of geopolymer mortar. The MSWIFA weight contents were 0%, 5%, 15%, 25%,
and 35% and the pore diameter distribution, specific surface area, and pore volume were considered
to assess the pore structure of the geopolymer mortars. The popular fractal model was used to
investigate the fractal features of the geopolymer mortars. Additionally, mathematical models of
fractal dimension with pore structural parameters and compressive strength were established. The
results showed that the compressive strength of geopolymer mortars decreased while the total pore
volume and total specific surface area of mortars increased with the increase in MSWIFA content. As
the MSWIFA content increased, the harmless pores (pore diameter < 20 nm) were refined. Specifically,
the pores with a diameter of 5–10 nm increased in number but the pores with a diameter of 10–20 nm
decreased in number with the increase in MSWIFA content. The pore structure in the mortars showed
scale-dependent fractal characteristics. All fractal curves were divided into four segments according
to the pore diameter, namely, Region I (<20 nm), Region II (20–50 nm), Region III (50–200 nm), and
Region IV (>200 nm). The surface fractal dimension (DS) in Region I and Region IV was between 2
and 3. However, the DS in Region II and Region III was greater than 3, indicating the pores in Region
II and Region III were non-physical according to the surface geometry because of the presence of ink
bottle pores which distorted the result of the MIP. The complexity of pores in Region I and Region IV
was reduced by the addition of MSWIFA. The DS is a comprehensive parameter that well describes
the spatial and morphological distribution of pores in geopolymer mortars and exhibited a good
correlation with the specific surface area, pore volume, and compressive strength. A mathematical
model based on the DS was established to predict the compressive strength of the geopolymer mortar
containing MSWIFA.

Keywords: municipal solid waste incineration fly ash; geopolymer mortar; compressive strength;
pore structure; surface fractal dimension

1. Introduction

Cement is widely used the world over as a building material because of its low price
and excellent performance. However, its production consumes a lot of energy and causes
carbon emissions [1]. It is reported that the energy consumption of cement production
accounts for 75% of the entire building materials industry. The production of 1 t cement
emits about 1 ton of CO2 and is listed as one of the main factors causing global warming [2].
Geopolymers are considered environmentally friendly materials with the most potential to
replace cement [3,4]. In total, 73% of carbon emissions and 43% of energy consumption can
be reduced using geopolymers instead of cement as cementing material [5,6]. Additionally,
geopolymer composites exhibit characteristics of early strength, fast hardening, excellent
durability, low shrinkage, and high-temperature resistance [7]. Furthermore, geopolymers
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show outstanding solidification performance compared to heavy metals due to their special
tetrahedral cavity structure. Therefore, geopolymers are the most competitive substitute
for cement because of their wide application prospects.

Geopolymers are mainly prepared by alkali activators and aluminosilicate materials
(calcined natural minerals or industrial wastes) [8]. Metakaolin (MK), Fly ash (FA), and
ground granulated blast furnace slag (GGBFS) are the most commonly used precursors.
These three raw materials are also used as mineral admixtures in cement-based composites.
Different raw materials reveal their own distinctive characteristics due to various mineral
compositions, morphology, and particle size distribution. GGBFS-based geopolymer mortar
presents excellent mechanical performance and low preparation temperature requirements,
but poor workability resulting from a fast-hardening speed [9,10]. FA-based geopolymer
mortar exhibits remarkable workability and durability, whereas its strength development
depends on high-temperature curing (60–90 ◦C). MK-based geopolymer mortar shows
prominent mechanical performance and durability, however, it also presents poor worka-
bility, large water demand, high reaction heat, and high permeability [11]. Moreover, MK is
preferred for preparing geopolymer mortar due to its excellent dispersion in alkaline solu-
tions and easy adjustment of the Si/Al ratio. However, the preparation of MK compared
with that of solid wastes leads to extra carbon emissions and energy consumption [12,13].
Therefore, many studies have been conducted on the preparation of geopolymers using
solid wastes such as rice husk ash, red mud, slag, and municipal solid waste incineration
fly ash (MSWIFA) [14]. These studies thus expand the utilization method of solid wastes.

Power generation by waste incineration is considered the preferred method of mu-
nicipal solid waste treatment due to the production of green energy and the substantial
reduction in waste volume [15]. The bottom ash and MSWIFA are by-products of the waste
incineration. The bottom ash is generally considered non-toxic and has been used as an
aggregate or admixture because of its high content of silica and aluminum and low content
of lithophilic heavy metals such as copper and nickel [16]. However, the MSWIFA needs
to be treated because it is rich in heavy metals. Washing, heat processing, and solidifi-
cation/stabilization (S/S) are the three main methods for MSWIFA treatment [17]. The
first two methods are used less often than S/S due to their high cost and complex process.
The S/S method encapsulates hazardous substances in the MSWIFA with cementitious
materials. Heavy metals will be synthesized as less-toxic compounds or adsorbed on the
C-S-H gels when the cement is used for S/S treatment [18]. However, the cement S/S
matrix shows poor stability in a long-term environment because the sulfate and chloride
salts in the MSWIFA lead to the degradation of the matrix [19]. The use of geopolymers
in the S/S treatment of MSWIFA has been widely considered in recent years [20,21]. The
three-dimensional amorphous network structure of geopolymers can solidify harmful
substances in the MSWIFA because of its strong adsorption and ion exchange performance.
In addition, the compact three-position tetrahedral structure of geopolymers can resist
chloride ions, resulting in a high stability for the encapsulation of heavy metals [22]. There-
fore, geopolymers show broad application prospects in the encapsulation and resource
utilization of MSWIFA.

The pore structure obviously affects the physical and mechanical performance and
durability of geopolymer mortar [23]. The pores show a wide range of pore diameters,
including gel pores, capillary pores, and air bubbles in the mortar. Pores with different
pore diameters exhibit various effects on the properties of the mortar [24]. It is generally
believed that gel pores affect the shrinkage and creep of mortar but have no effect on
the strength. The air bubbles and large capillary pores exhibit an adverse influence on
the mechanical properties and durability of mortar but are beneficial to the freeze-thaw
resistance [25]. Additionally, the distribution and morphology of pores are disorganized.
These characteristics are difficult to describe in the pore structure due to pore volume,
pore size distribution, pore surface area, and other parameters. The fractal theory is a
popular and active new theory, established by Mandelbrot in 1977, focusing on random
phenomena and irregularities [26]. In 1985, Winslow applied fractal theory to analyze
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the pore structure of cement for the first time and reported that the complexity and self-
similarity of cement pore structure could be quantitatively characterized using fractal
theory [27]. In addition, the fractal theory has been used to analyze the fracture surface and
powder morphology of cement-based materials [28]. The fractal dimension is a parameter
that quantifies fractal characteristics and can be used to characterize the pore structure, air
voids, and fracture surfaces of the mortar and concrete [29]. In order to study the different
properties of cementitious composite materials, a series of fractal dimensions have been
defined, such as the fractal dimension of the pore surface (DS), the fractal dimension of
the pore volume (DV), the fractal dimension of the air void (Da), the fractal dimension of
the fracture surface (D f s), and the fractal dimension of the crack (DC) [30]. DS is used to
characterize the pore surface roughness and pore size distribution, which is usually found
by using Neimark’s model, Menger sponge model, and Zhang and Li’s model [31]. In the
above fractal models, Zhang and Li’s model is closely related to the principle of the MIP
test; therefore, it is more suitable for the fractal analysis of pore structure characteristics and
has been widely used. Han et al. reported that the DS was closely related to the other pore
structure parameters such as pore volume and surface area and pore size distribution [32].
Moreover, many studies have shown that the fractal dimension can be used to relate
pore structures with macroscopic properties, such as mechanical performance, corrosion
resistance, impermeability, and frost resistance [16,26,33]. Therefore, the fractal theory is an
effective method to analyze the pore structure of geopolymer composites and its correlation
with macroscopic properties.

In summary, many studies have been conducted on MSWIFA geopolymer mortar and
the fractal features of geopolymer mortar. However, only a few studies have been conducted
on the effect of different contents of MSWIFA on the mechanical properties and pore
structure of geopolymer mortars. In addition, the fractal characteristics of pore structures in
geopolymer mortars containing MSWIFA and their correlation with compressive strength
are rarely investigated. In this study, the compressive strength and pore structure of
geopolymer mortar containing MSWIFA were investigated. The pore structure of the
mortars was investigated using the pore volume, specific surface area, pore diameter
distribution, and fractal characteristics based on mercury intrusion porosimetry (MIP).
The DS of different pore regions of the mortars was calculated by Zhang and Li’s model.
Additionally, mathematical models of the correlation between the DS and pore volume,
surface area, and compressive strength were established.

2. Materials and Methods
2.1. Materials

MK, FA, and MSWIFA were used as precursors in this study. The SEM images of these
precursors are shown in Figure 1. The particle size distribution of these three precursors is
shown in Figure 2, measured by Mastersizer 2000 laser (Malvern Instruments Co. LTD.,
Malvern, UK) particle size analyzer. The volumetric average sizes of MK, FA, and MSWIFA
were 4.5 µm, 23.13 µm, and 35.8 µm. Table 1 lists the chemical compositions of these
three raw materials as characterized by X-ray fluorescence. The total contents of silica and
alumina in MK and FA were 97.83% and 85.45%, whereas little calcium was detected in
the MK and FA. On the contrary, the MSWIFA contained up to 35.9% calcium and little
silica and alumina. The activating solution was prepared by a sodium silicate solution
(SiO2/Na2O = 3.2, 34.3% solid content) and sodium hydroxide (99% purity). The modulus
(SiO2/Na2O) of the alkali activator was adjusted to 1.3 by dissolving the sodium hydroxide
in the sodium silicate solution. The fineness modulus of river sand used in this study
was 2.7. A superplasticizer with a 25% water-reducing rate was employed to improve the
flowability of the geopolymer mortar.
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Figure 1. The SEM images of MK, FA, and MSWIFA. 
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Figure 1. The SEM images of MK, FA, and MSWIFA.
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Figure 2. The particle size distribution of MK, FA, and MSWIFA.

Table 1. The chemical compositions of MK, FA, and MSWIFA (wt. %).

Precursors SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O Cl LOI

MK 54.31 43.52 0.42 1.17 0.35 0.26 0.18 - 0.50
FA 60.98 24.47 5.58 6.70 0.68 - - - 0.75

MSWIFA 3.20 2.70 35.90 0.30 - 9.40 15.40 24.00 12.80

2.2. Synthesis of Geopolymer Mortar

The mix proportions of the geopolymer mortar are summarized in Table 2. The weight
content of the MSWIFA in the precursor was 0%, 5%, 15%, 25%, and 35%. The MK was
substituted by the MSWIFA with equal weight. The alkali activator was prepared first
and stood for 12 h to ensure that the solid sodium hydroxide was completely dissolved.
Then, the MK, FA, MSWIFA, and sand were mechanically mixed for 2 min. Afterward, the
alkali activator was introduced and mixed for 2 min, and then the superplasticizer and
water were poured and mixed for another 2 min. The geopolymer mortar samples were
demolded after being cured in the test mold for 24 h. Finally, the samples were cured in a
standard curing room (20 ◦C, 95% relative humidity).
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Table 2. The mix proportions of the geopolymer mortars.

Mix
ID

FA MK MSWIFA Sand Na2SiO3 NaOH Water Superplasticizer

kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 %

M-00 355.9 355.9 0 712 446.6 71.9 40.6 1.0
M-05 355.9 320.3 35.8 712 446.6 71.9 40.6 1.0
M-15 355.9 249.1 106.7 712 446.6 71.9 40.6 1.0
M-25 355.9 178.1 178.1 712 446.6 71.9 40.6 1.0
M-35 355.9 106.7 249.1 712 446.6 71.9 40.6 1.0

2.3. Methods

The compressive strength of samples was measured by a microcomputer servo testing
machine at a speed of 1.5 kN/s according to the Chinese standard JGJ70-2009. The size
of the test specimens was 70.7 × 70.7 × 70.7 mm3. The MIP test was conducted using a
MicroActive AutoPore V 9600 (ATS Scientific, Burlington, ON, Canada). The pore size
distribution and pore volume were measured by the cumulative volume and incremental
volume of intruded mercury during the compression steps. According to the above tests,
the effect of MSWIFA on the compressive strength and pore structure of geopolymer mortar
was analyzed. Then, Zhang and Li’s model was employed to obtain the surface fractal
dimensions of pores in different diameter ranges based on the MIP results. Finally, the
relationship of fractal features to other pore structure parameters and compressive strength
was investigated.

2.4. Fractal Model

The fractal theory is widely used to analyze the pore characteristics of mortar because
it is difficult to characterize the complex pore structure of mortar using only traditional
parameters such as pore distribution, pore volume, and specific surface area [31]. Several
fractal models have been proposed to calculate the DS; Zhang and Li’s model is a widely
used model according to thermodynamics. In the model, the cumulative injection work
(Wn) of mercury and the total volume of mercury (Vn) intruded into pores follow the
logarithmic law [34,35], as shown in Equation (1).

ln
(

Wn

r2
n

)
= DS ln

V
1
3

n
rn

+ C (1)

where rn and Vn are the pore radius and the volume of the cumulative pore at the n-th
mercury intrusion; DS is the fractal dimension of pore surface; C is a regression constant;
and Wn can be determined by Equation (2)

Wn =
n

∑
i=1

Pi∆Vi (2)

where i refers to the i-th, whose value ranges from 1 to n; Pi is the average pressure of intruded
mercury at the stage of i; and ∆Vi is the volume of intruded mercury at the stage of i.

Additionally, if Qn is defined as Equation (3), Equation (1) would be simplified into
Equation (4).

Qn =
V

1
3

n
rn

(3)

ln
(

Wn

r2
n

)
= DS ln(Qn) + C (4)

where Qn is a function of pore volume Vn and pore radius rn at the stage n of the mer-
cury intrusion.
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The Wn, Qn, Vn, ln
(

Wn
r2

n

)
and ln(Qn) can be calculated based on the MIP results and

Equations (2) and (3). The DS is the slope of the fitting line in Equation (4). In this study,
DSI , DSII , DSII I , and DSIV were defined and corresponded to the surface fractal dimensions
of pores with the diameter ranges of <20 nm, 20–50 nm, 50–200 nm, and >200 nm.

3. Results and Discussion
3.1. Compressive Strength

The compressive strength of geopolymer mortars with different contents of MSWIFA
is shown in Figure 3. The compressive strength of the mortars decreases with the increase
in MSWIFA content. The compressive strength of geopolymer mortar decreases by 24.7%,
52.2%, 58.3%, and 77.6% at 5%, 15%, 25%, and 35% MSWIFA content. Casanova et al. also
reported that the MSWIFA decreased the strength of geopolymer mortar [36]. The decrease
in compressive strength in geopolymer mortars is mainly due to three reasons. Firstly,
the calcium silicate aluminate (C-A-S-H) and sodium silicate aluminate (N-A-S-H) mainly
provide the strength of the samples [37]. The MK, which was partially replaced by MSWIFA,
contains 97% SiO2 and Al2O3. However, the total content of SiO2 and Al2O3 in the MSWIFA
only accounts for 4%. Therefore, with the increase in MSWIFA content, the amount of
N-A-S-H and C-A-S-H gels decreased, resulting in a decrease in the compressive strength of
the geopolymer mortar. Secondly, the high specific surface area and low activity of MSWIFA
led to excess water adsorbing on the surface of MSWIFA that would not participate in
subsequent hydration reactions [19]. Consequently, the excess water evaporated gradually,
resulting in an increase in porosity and adversely affecting the strength of geopolymer
mortar [38]. Thirdly, the presence of chloride ions in the MSWIFA could deteriorate the
internal structure and reduce the strength of the mortar [39]. However, several researchers
reported that the compressive strength of geopolymer mortars increased first and then
decreased with the increment in MSWIFA content [22,38]. This was because the MSWIFA
used in their studies contained more active substances (CaO and SiO2) compared with that
used in this study. Therefore, the MSWIFA provided from various sources shows different
compositions and properties.
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Figure 3. The compressive strength of geopolymer mortars.

3.2. Pore Diameter Distribution

The incremental and cumulative pore volumes of geopolymer mortars are shown in
Figure 4. The pressure range of mercury intrusion was 0.5–33,000 psia (0.0034–228 MPa),
corresponding to a pore diameter of 5.48 nm–355 µm. According to Figure 4a, the incremen-
tal pore volume curves of mortars containing different MSWFIFA contents exhibit similar
contours. At 5–50 nm of pore diameter, the highest peaks of incremental pore volume
curves can be observed, indicating that the most probable pore diameters of mortars are
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between 5 and 50 nm. Additionally, it can be seen that the increased pore volume at the
500–5000 nm diameter range increases with the MSWIFA content. When the pore diam-
eter exceeds 5000 nm, even though the contours of curves are not uniform, it can still be
observed that the MSWIFA increases the pore volume of the geopolymer mortar. This is
because using MSWIFA instead of MK reduced the hydration products available to fill
pores, resulting in an increase in the pore volume. Moreover, the MSWIFA brought more
adsorbed water, whose evaporation created pores. Therefore, the use of MSWIFA led to
an increase in pore volume for almost all pore sizes in the tested range. Long et al. also
reported that the decrease in MSWIFA content significantly reduced the volume of pores
larger than 20 nm [40].
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Figure 4. The incremental pore volume (a) and cumulative pore volume (b) of geopolymer mortars.

Five cumulative pore volume curves with similar shapes are shown in Figure 4b. The
cumulative pore volume curves move up with the increase in MSWIFFA content, indicating
that the pore volume in geopolymer mortar increases as the MSWIFA content increases. The
threshold pore diameter is the pore diameter corresponding to the junction of the slow and
fast-rising part of the cumulative pore volume curve. The applied intrusion pressure would
increase significantly when the mercury intruded into pores with the threshold diameter,
and the pore volume obviously increased at the same time. The threshold pore diameter of
mortars increased with the MSWIFA content. This indicates that the MSWIFA increased
the overall pore size in the mortars, which corresponds to the incremental pore volume
result. Bai et al. also reported that the addition of MSWIFA would produce soluble salt and
inhibit the hydration process, which increased porosity and loosened microstructure [38].

3.3. Pore Volume and Specific Surface Area Distribution

The pore morphology in the mortar is diverse, including open pores, ink-bottle pores,
closed pores, and open-ended pores [41,42]. In addition, the diameter of pores ranges
from nanometers to centimeters. The distribution of pores with different sizes and shapes
in mortar is irregular. Pores with different sizes show various effects on the properties
of the mortar. Therefore, researchers often divide pores into several regions based on
the pore diameter. However, there is no consensus on the classification criteria of pores.
To analyze the relationship between the strength and pore structure of the geopolymer
mortar, the pores were classified into harmless pores (<20 nm), slightly harmful pores
(20–50 nm), harmful pores (50–200 nm), and very harmful pores (>200 nm). Figure 5
indicates the pore volume distribution of geopolymer mortars. As the MSWIFA content
increases, the total pore volume increases. The volume of slightly harmful, harmful, and
very harmful pores increases but the harmless pore volume decreases as the MSWIFA
content increases. Combined with the compressive strength of mortars, the increase in
slightly harmful, harmful, and very harmful pores volumes decreased the strength of
geopolymer mortar, and the reduction in harmless pore volume did not result in an
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increase in strength. Bai et al. [38] and Long et al. [40] also observed that the volume of
pores (<30 nm) decreased while the pore volume in the range of 30–2000 nm increased with
the MSWIFA content. As seen in Figure 4, the pore volume from 5 to 10 nm (gel pores)
increases but the pore volume in the range of 10–20 nm decreases with the increase in
MSWIFA content. This is probably because the addition of MSWIFA increased the CaO
content, which accelerated the hydration reaction and refined the pores [37]. However, the
decrease in the SiO2 and Al2O3 content reduced the formation of N (C) -A-S-H generation,
which reduced the gel accumulation and increased the gel pores.
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Figure 5. The pore volume distribution of geopolymer mortars.

Figure 6 shows the specific surface area of the various types of pores. The total specific
surface area of geopolymer mortar increases with the MSWIFA content, which corresponds
to the increase in total pore volume. The harmless and slightly harmful pores provide most
of the surface area. This indicates that the micropores mainly determine the specific surface
area of geopolymer mortar. Previous studies also reported that the micropores determined
the specific surface area [31]. This is because the specific surface area is calculated by
the pore diameter and pore volume. It is worth noting that the specific surface area of
harmless pores increased, while the volume decreased as the MSWIFA content increased.
This was due to the refinement of harmless pores, meaning that the number of 5–10 nm
pores increased while the number of 10–20 nm pores decreased.
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3.4. Fractal Dimension Analysis

Based on the harmful degree of pores, four segments of pores were divided, namely,
Region I (<20 nm), Region II (20–50 nm), Region III (50–200 nm), and Region IV (>200 nm).
The regression lines of different regions for mortars are shown in Figure 7, and the DS
values are listed in Table 3. The surface fractal dimension shows a scale-dependent property.
According to previous studies, the scale-dependent property is a familiar property of
the pore fractal in mortar and concrete, owing to the diversity of pore morphology and
irregularity of pore distribution [26,43]. Pores in Region I and Region IV present significant
fractal characteristics. Both the DSI and DSIV values are between 2 and 3, indicating that
the pores of these two regions are rough. Based on the fractal theory, if the pore surface
is completely smooth, the DS will be equal to 2, and the pore surface becomes rougher
as the DS approaches 3. When the DS exceeds 3, it is considered nonphysical and the
surface fractal dimension value is invalid [28]. The DS of Region II and III is higher than 3
in this study. Previous studies have also shown the “nonphysical” aspect of the surface
fractal dimensions in transition regions [31,32]. This may be because the assumptions of
MIP are too idealistic. All the pores in the specimen are assumed to be open in the MIP
test. However, semi-open pores and closed pores in the mortar could not be detected. In
addition, the MIP is calculated according to the cylindrical pore model, whereas the pore
morphology in the sample is diverse. The ink bottle pores are often considered the main
reason for the non-fractal regions [41]. The inlet of the ink bottle pore is smaller than its
inner diameter, resulting in mercury hysteresis. The measured diameter is smaller than
the real diameter of the ink bottle hole; therefore, small pore numbers are overestimated
and large pore numbers are underestimated. Previous studies also reported the non-fractal
phenomenon and its reason [33,44].

The DSI values of mortars are between 2.781 to 2.735. The pores in Region I are related
to the interlayer structure of hydration products and the microstructure of each phase.
Pores with a diameter smaller than 20 nm are considered harmless to the strength and
therefore are namely harmless pores. However, they are thought to have a great effect
on the creep and shrinkage of samples [41]. Furthermore, the degree of hydration and
microstructure compactness can be speculated based on the pores in Region I. As shown in
Figure 7 and Table 3, the DSI decreases with the increase in MSWIFA content, indicating
that the addition of MSWIFA reduces the roughness and complexity of pores in Region I.
This is because the substitution of MK with MSWIFA reduced the formation of N (C)-A-S-H
gel, resulting in less accumulation of gels. Therefore, the complexity and roughness of
pores decreased with the increase in MSWIFA content.

The DSIV values range from 2.762 to 2.724 can be seen in Figure 7 and Table 3. The
pores in the Region IV of >200 nm correspond to the capillary pores between hydration
product particles, and the air voids entrained in the geopolymer mortar. Previous studies
showed that although the evenly distributed pores could improve the frost resistance of the
mortar, the large pores exhibited a negative effect on strength and permeability [28]. The
DSIV also decreased as the MSWIFA content increased in this study. This indicated that
the admixture of MSWIFA reduced the complexity and roughness of pores in Region IV;
probably because the addition of MSWIFA limited the hydration, which reduced the amount
of hydration product. Consequently, the compactness of hydration particle accumulation
decreased, resulting in an increase in pore volume and a decrease in the complexity of
pores. It is worth noting that the DSI is always greater than DSIV , suggesting that the pores
in Region I are more complex than that in Region IV.

Generally, the internal characteristics and spatial distribution of pores in mortar can be
well described by fractal curves and fractal dimensions. However, both scale-dependency
and self-similarity of pore surface for mortar only exist in certain ranges. Therefore, reason-
able ranges of pore diameter should be chosen to analyze the pore structure when the test
method is MIP. The following analysis in this study mainly focuses on the pores in Region I
and Region IV.
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Table 3. The DS of geopolymer mortars.

Mortars Region I Region II Region III Region IV

M-00 2.781 4.796 3.006 2.762
M-05 2.766 4.623 3.039 2.758
M-15 2.755 4.453 3.073 2.748
M-25 2.742 4.242 3.132 2.737
M-35 2.735 4.114 3.2 2.724

3.5. Correlation between Pore Structure Features and Fractal Dimension

To characterize the pore structure of mortar, many parameters are used, such as pore
volume, specific surface area, porosity, and pore size distribution. None of these parameters
can accurately describe the pore structure. Some of these parameters can be calculated
using other parameters, for example, the porosity and average pore size can be calculated
by the pore surface area and pore volume. Both the pore volume and pore surface area can
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be regarded as fractal objects. The relationships between the fractal dimension and specific
surface area and pore volume in Region I and Region IV are investigated because the pore
structure shows the fractal feature only in these two regions. The relationship between the
pore volume and fractal dimension is shown in Figure 7a,b. There is a positive correlation
between pore volume and DSI but a negative correlation between pore volume and DSIV .
The correlation coefficients of Region I and Region IV are 0.969 and 0.835, respectively,
indicating a good correlation between the pore volume and fractal dimension. The links
between the specific surface area and fractal dimension of Region I and Region IV are
shown in Figure 8c,d, showing a negative correlation in both regions. The correlation
coefficient in Region IV is less than that of Region I because the formation mode of pores in
different regions of mortar is different, leading to multifractal characteristics.
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Figure 8. The correlation between fractal dimension and (a,b) pore volume and (c,d) specific surface area.

According to the relationship between DSI and specific surface area and pore volume,
the surface area increases while the pore volume decreases with the decrease in DSI . This
was because the increase in MSWIFA content led to the refinement of the pores in Region
I, meaning that the volume of larger pores (10–20 nm) decreased, while the volume of
smaller pores (<10 nm) increased. The increase in the proportion of smaller pores (<10 nm)
caused an increase in specific surface area and a decrease in the pore volume. Additionally,
the refinement of pores resulted in an increase in the pore roughness in Region I and an
increase in the DSI , which is consistent with the fractal theory. The DSIV is negatively
correlated with both the specific surface area and pore volume as shown in Figure 8. This
was because the specific surface area and pore volume increased with the MSWIFA content.
The complexity and roughness of pores in Region IV decreased, resulting in a decrease in
the DSIV . In general, the pore structure characteristics of geopolymer mortar containing
MSWIFA can be clearly described by fractal dimension. Furthermore, the specific surface
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area and pore volume show a good relationship with the fractal dimension. Therefore, they
can be deduced by the fractal dimension.

3.6. Correlation between Compressive Strength and Fractal Dimension

Many studies have reported that the strength of porous gel materials is dependent
on the pore structure and the mathematical models between strength and pore structure
have been established [26,41]. However, the mathematical model will be too complex if
all of the pore structure parameters are considered. Therefore, it is necessary to use a
representative pore structure parameter in order to ensure the simplicity and accuracy of
the mathematical model. According to the analysis in Section 3.5, the fractal dimension of
pores is a comprehensive parameter that can reflect the spatial distribution and morphology
of pores. Hence, the fractal dimension was used to predict the compressive strength of
the geopolymer mortar in this study. As shown in Figure 9, the compressive strength
of samples is linearly correlated with the fractal dimension. The correlation coefficients
between the compressive strength and DSI and DSIV are 0.956 and 0.893, respectively. The
compressive strength increases with the DSI and DSIV .
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Figure 9. The relationship between compressive strength and fractal dimension.

The pore with a large fractal dimension has a complex pore structure, meaning a
stable accumulation mode of hydration products. Therefore, the amount and compactness
of the hydration product decreased with the increase in MSWIFA content, resulting in a
decrease in DSI and DSIV and the compressive strength of the geopolymer mortars. It is
reported that large pores have a greater effect on compressive strength than small pores [45].
Consequently, the compressive strength of mortars increased with the DSIV . The pores
in Region I are considered harmless pores, while the DSI reflects the degree of hydration
and the pattern of gel accumulation. Therefore, the DSI is also positively correlated with
compressive strength. Han et al. also reported that the surface fractal dimensions in Region
I and Region IV showed a positive correlation with compressive strength [32]. However,
contrary to the report by Han et al., the correlation coefficient in Region IV is even smaller
than that in Region I in this study. This is probably because the addition of MSWIFA
increased the irregularity of pore distribution in Region IV.

Overall, the mathematical model in Figure 9 well expresses the relationship between
the macroscopic compressive strength and microscopic pore structure of geopolymer mor-
tars. In contrast, the DSI has a better correlation with compressive strength. Therefore, the
model in Region I is a better choice to predict the compressive strength of the geopolymer
mortar containing MSWIFA.
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4. Conclusions

In this study, compression and MIP tests were used to analyze the effect of MSWIFA
content on the compressive strength and pore structure of geopolymer mortar. The pore
structure features and fractal dimension based on Zhang and Li’s model were investigated.
Additionally, the correlations between the fractal dimension and compressive strength and
pore structure were considered. The following conclusions were drawn:

(1) The compressive strength decreases with the increase in the MSWIFA content in the
geopolymer mortar. When the MSWIFA content was 35%, the compressive strength
of the mortar decreased by 77.6%. The addition of MSWIFA increases the overall pore
size in the mortar. The total specific surface area and pore volume of the mortars
increase with the increase in MSWIFA content.

(2) The addition of MSWIFA causes an increase in the specific surface area and pore
volume for the slightly harmful, harmful, and very harmful pores. As the MSWIFA
content increases, the decrease in the specific surface area and the increase in the
pore volume of the harmless pores suggests the refinement of the harmless pores.
Specifically, the number of pores in the 5–10 nm range increases but the number of
pores in the 10–20 nm range decreases with the increase in the MSWIFA content.

(3) The DSI values of mortars are between 2.788 to 2.719 and the DSIV ranges from 2.708
to 2.766, indicating the obvious fractal characteristics in Regions I and IV. However,
some pores do not conform to fractal characteristics because the pore morphology
is different from the hypothetical pore model. The DSII and DSII I exceed 3, which
means that the pores in Regions II and III are non-physical according to the surface
geometry. The complexity of pores in Regions I and IV decreases with the increase
in the MSWIFA content, and the pores in Region I always show a more complex
structure than that in Region IV.

(4) The fractal dimension exhibits a good relationship with the specific surface area and
pore volume. The D is a comprehensive parameter that can reflect the morphol-
ogy and the pore spatial distribution in geopolymer mortars. The DSI and DSIV
are linearly related to the compressive strength of the geopolymer mortar, and the
correlations are good. Therefore, the pore surface fractal dimension of geopolymer
mortar containing MSWIFA can be used to predict the specific surface area, pore
volume, and compressive strength.
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