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ABSTRACT

In order to explore the relationship between the macroscopic properties and pore structure characteristics of bak-
ing-free slag-sludge bricks, the compressive strength and water absorption rate using aluminum industrial slag
and sludge of different substitution rates were tested. Optical instruments and image analysis software were used
to measure the parameters of the pore structure. Specifically, a fractal model was built based on the fractal theory,
in which the fractal dimension was used as the characteristic index of the pore structure to analyze the correlation
and interaction mechanism between the fractal dimension and the macroscopic mechanical properties. Based on
this study, conclusions were drawn as follows: (1) The plane pore structure of baking-free bricks shows good frac-
tal characteristics. With the increase of the aluminum industrial slag content, the fractal dimension becomes smal-
ler and the pore structure develops well; with the increase of the sludge content, the fractal dimension becomes
larger and the pore structure becomes worse; (2) As the fractal dimension of the plane pore structure increases,
the compressive strength of baking-free bricks falls, and the porosity and water absorption rise; (3) The optimum
content of baking-free slag-sludge bricks is aluminum industrial slag 30% and sludge 10%. After 7 days of curing,
baking-free bricks boast higher performance, and fully meet the performance requirements of solid concrete
bricks (MU40), which can reduce time costs, and enhance enterprise revenue.
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1 Introduction

Baking-free concrete bricks are made of cement, aggregates, required admixtures and additives by
mixing with water, molding and curing, and feature regular size and high strength. With the improvement
of solid waste recycling technology, using massive low-cost urban solid waste as a substitute for
conventional raw materials to mix with concrete materials has become a research trend and offers a
direction for material development [1−3]. In China, the annual discharge of slag is up to tens of millions
of tons, which not only occupies land resources, but also threatens the safety of the ecological
environment [4]. In recent years, many researchers have used slag as a raw silicon aluminum material to
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prepare a “geopolymer” green inorganic cementing material [5,6]. Due to its advantages of high strength,
excellent resistance to penetration, good durability, and good sealing ability for toxic metals, the
“geopolymer” green inorganic cementing material has replaced conventional portland cement used in the
industrial and civil construction and nuclear industry [7−10].

The sludge disposal policy based on the differences in sludge sources, composition and physical
properties gives rise to a plurality of utilization methods such as composts, soil improvers, product
recycling, cementing materials and building material production [11,12]. Xu et al. [13] adopted red mud,
fly ash and other solid wastes produced in the process of smelting alumina to prepare baking-free bricks
and studied their mechanical properties and durability. A new process for preparing baking-free bricks
using non-sintered wrap-shell lightweight aggregates made from dredged sludge, and studied their
density, water absorption rate, compressive strength and frost resistance [14]. A research used drinking
water sludge (DWS) and rice husk ash (RHA) to make alternative bricks and believed that the firing
temperature can modify and enhance the studied mechanical characteristics [15]. Carlos et al. [16]
developed concretes consisting of a cement matrix, silica, sand, marble and sludges, a way of utilizing
sludge is thus provided together with a way to improve the compressive strain at yield point of concrete.
Zhou et al. [17] put forward that the preparation of porous insulation bricks based on municipal sewage
sludge to realize environment protection and waste reclamation. From these related studies, it can be
found that the application of sludge in the construction industry for resource utilization has become a
research trend.

However, the preparation process of baking-free bricks is different from that of concrete, and it is easy to
form a porous structure; the pores, number of voids, and distribution characteristics affect the mechanical
properties and damage evolution of the materials [18−20]. The porosity, as a characteristic parameter of
the pore structure of materials, is hard to accurately quantify the complex pore structure of materials. The
emerged CT, MIP, NMR and other scanning imaging techniques and fractal methods provide
opportunities for a comprehensive study of the pore structure of cement-based materials [21,22]. Many
studies have proposed using the fractal theory to characterize the complex pore structures, and confirmed
the correlation between the fractal dimension and macroscopic properties of materials [23,24]. Therefore,
studying the pore structure characteristics of baking-free slag-sludge bricks is of great significance for
enhancing the performance of baking-free slag-sludge bricks.

Based on the material effects of slag and the active components in the sludge, this paper started from the
perspective of solid waste recycling, and intended to prepare baking-free slag-sludge bricks by mixing
admixtures and press-vibration molding. The laboratory test and fractal theory were used to study the
pore structure characteristics of baking-free slag-sludge bricks and their relationship with the bricks’
performance and analyze the effect of the admixture and sludge content on the performance, and
suggestions for optimization of applying sludge to baking-free bricks were proposed. This study provided
a theoretical basis for the extension of such resource utilization technology as using solid waste materials
as an admixture in baking-free bricks.

2 Raw Materials and Test Methods

2.1 Raw Materials
Cement was P•O42.5 ordinary Portland cement from Tianrui, whose key performance indicators are as

shown in Tab. 1.

Aluminum Industrial Slag is produced Henan Yulian Energy Group Co., Ltd., referred to as slag in the
text, white, oxide composition of slag shown in Tab. 2.
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Sludge was taken from a lake in Zhengzhou, and after drying, impurity removal and screening, its bulk
density was 1,218.0 kg/m3, no heavy metals and odor. Coarse aggregates was selected gravel with the
diameter of 5 mm–10 mm and bulk density of 1,541.3 kg/m3. Sand was bought from Tanghe County
Xinmiao Sand Co., Ltd., with a bulk density of 1,625.0 kg/m3, a fineness modulus of 2.95, and a clay
content of 1.5%. Passing rate of aggregates curve is shown in Fig. 1.

Water-reducing agent mixed by 1% was naphthalene series water reducer.

Activator mixed by 1% was NaCl + Na2SO4 solid powder composite activator. Among then, the water-
reducing agent and the activator were both admixtures, which is the mass fraction of the cementing material.

2.2 Specimen Molding and Curing
The baking-free slag-sludge bricks adopted the self-made mold as shown in Fig. 2. The prepared brick

samples with specifications of 240 mm × 115 mm × 53 mm can be seen in Fig. 3, The standard design
strength was MU40 [25]. First, 10% slag and 10% sludge were taken as the baseline group. In the first
stage, slag was used to replace cement, with the replacement rate increasing from 10% to 40%. Through
the performance test, the optimal replacement rate was 30%. In the second stage, 30% slag and 10%
sludge were taken as the baseline group, and the sludge replacement rate increased to 50%. Details of the
mix ratio are shown in Tab. 3.

Table 1: Physical and mechanical properties of cement P.II.42.5

Specific surface
area/(m2·kg-1)

Density
/(kg·m-3)

Setting
time/min

Compressive strength/MPa Flexural strength/MPa

Initial Final Three days Twenty-eight days Three days Twenty-eight days

348.7 3035 176 244 25.9 49.6 5.9 8.6

Table 2: Oxide composition of slag and cement powder

Chemical constituents /% CaO Fe2O3 SO3 Al2O3 MgO SiO2 K2O Na2O LOI

Cement 51.27 3.65 2.46 9.25 4.98 24.13 0.79 1.95 3.55

Slag 0.57 1.94 – 24 1.22 47.6 7.43 – 2.43

Figure 1: Passing rate of aggregates
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First, weigh the aggregates, cementing materials and sludge particles and then the mixture was stirredin a
mixer for 30 s. Then the water reducing agent and the activator were added about 80% of the water in the
mixer and stirring was continued for 60 s. A remaining water was then poured in to mixer, stirred for
240 s. Finally, the resultant mixture was poured into molds and formed through vibration and vertical
compression. The pressure source is self-made counterweight with a weight of 20 kg, as shown in Fig. 4.

Figure 2: Self-made mold

Figure 3: Baking-free brick

Table 3: Baking-free brick mix design

Sample Cement
kg/m3

Stone
kg/m3

Slag
kg/m3

Sludge
kg/m3

Sand
kg/m3

Water-
binder ratio

Activators/% Water-reducing
agent/%

SS1 288 900 32 95 885 0.36 1
(NaCl:
Na2SO4=1:1)

1

SS2 256 900 64 95 885

SS3 224 900 96 95 885

SS4 192 900 128 95 885

SS5 224 900 96 190 760

SS6 224 900 96 285 665

SS7 224 900 96 380 570

SS8 224 900 96 475 475
Note: Both the water reducing agent and the activator are externally blended, which is the mass fraction of the cementing material
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After the mold was removed, the molding test block was transferred to a standard curing room (20 ± 2°C,
95%) for 7 days before the performance test was carried out.

2.3 Experimental Method
2.3.1 Compressive Strength Test

The test specimen was prepared according to the “Test Methods for the Concrete Block and Brick” [25],
referring to Fig. 5. The test used a WAW-1000 electro-hydraulic servo universal testing machine. During the
test, the specimen was placed flat in the center of the compression plate, a load was applied perpendicular to
the pressure surface at a speed of 5 kN/s until the specimen broke, and at that time, the peak failure load P was
recorded to calculate the compressive strength.

2.3.2 Water Absorption Test
The 24 h water absorption rate was used to characterize the water absorption capacity of baking-free

bricks. Test blocks were absolutely dried at 100°C in the ZTE 202 electrothermal constant-temperature
drying box, then taken out and measured after cooling down to the room temperature, with the mass
denoted by m0. The test blocks were placed in water at average 21°C for 24 h, and then taken out for
measurement after the water on the surface was wiped with a wet towel. The weight of water leaking
from the pores on the surface of the specimen during the weighing was also included in the water
absorption mass, and the mass obtained was m24. The water absorption rate W24 was calculated
according to the following Eq. (1) [25].

Figure 4: Baking-free brick molding process

Figure 5: Compressive strength text-block
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W24 ¼ m24 � m0

m0
� 100% (1)

where, W24 is water absorption rate of the specimen at 24 h; m24 is mass of the specimen after saturation
(accurate to 0.01 g); m0 is absolute dry mass (accurate to 0.01 g).

2.3.3 Micro Structure Analysis
Baking-free bricks was sampled with their original shape retained. A small amount of residual blocks

were tweezered and fixed on the conductive adhesive of the sample pedestal with the fracture surface
facing up, and then coated before analysis and detection. The instrument used was QUANTA-
650 environmental scanning electron microscope (ESEM) from EDAX Company. The measurement was
carried out under the following conditions: working voltage 25 kV, working distance 10mm, and
scanning time 30 s.

2.3.4 Pore Structure Test
The pore structure characteristics of baking-free bricks were obtained by using the optical method in

combination with the image recognition software and the optical instrument. The extractable plane pores
were larger than 200 μm. The industrial-grade camera was used to capture the image of the upper and
lower parts of the cut face. Clipping and brightness of the collected images were applied using the
Photoshop (PS) technology. Pores and Cracks Analysis System (PCAS) software was used with reference
to the technique adopted by Liu et al. [26]. By setting an appropriate threshold value, the image of the
cut face was grayed to highlight the plane pore distribution in the image to establish its binary feature,
where the black parts represent the pores on the cut facewhile the brown parts are the aggregate and the
cementing slurry. The binary image of the pore distribution was converted into two indicators of plane
porosity and fractal dimension for quantization [27]. The test process is as shown in Fig. 6.

Figure 6: Pore structure test process
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3 Image-Based Fractal Calculation

Fractal analysis was firstly introduced by Mandelbrot to natural science in the 1970s to characterize
complex figures and processes [28]. Fractal theory can provide a quantitative description of complex or
extremely irregular shapes or behaviors with self-similar or statistically self-similar characteristics in
nature. Fractal dimension divides the geometric hierarchy from various angles and measures the system’s
ability to fill space and the disorder of the system. For geometric shapes with certain dimensions,
D calculation Eq. (2) is as follows:

D ¼ logNk

log1=k
(2)

where: k represents the reference scale; Nk represents the total number of line segments measured using the
reference scale k.

The fractal model of baking-free bricks was built using the optical method. Considering the data
characteristics and the relatively simple numerical calculation of box counting dimension, the box
counting dimension was introduced to characterize the pore distribution rule and its impact on the
macroscopic performance of baking-free bricks. The fractal set was selected and then was covered using
the box of size, r. The number of occupied boxes was marked, N (r) With the change of r, N (r) will
inevitably change. When r→0, the fractal dimension, D is obtained from Eq. (3) [23]:

D ¼ � lim
r!0

logNr

log1=r
(3)

The main process of the box counting method based on binary image is shown in Fig. 7. The box-
counting was then calculated using the Matlab’s Fraclab toolbox.

4 Results and Analyses

Tab. 4 shows the experiment results, and Fig. 8 shows the fractal dimension calculation results. It can be
found that for the plane pore structure of the same series of baking-free bricks, the fractal dimension can
better characterize the development law of the pore structure. The correlation index R2 of box-counting
fitting curve was greater than 0.9, indicating that the plane pore structure of baking-free bricks has good
fractal characteristics.

4.1 Relationship between Fractal Dimension and Plane Porosity
As seen from Fig. 9a, with the increase of the slag content, the porosity decreases. The plane porosity

and fractal dimension both show a downward trend, and their correlation is positive. The increase of slag
makes the plane pore structure more uniform, the pore size smaller and the regularity much better, which
indicates that the micro-aggregate effect of slag can effectively improve the pore structure of baking-free
bricks, decreasing the porosity. It can be seen from Fig. 9b that when the sludge content remains
unchanged at 30%, with the increase of the sludge content, the plane porosity undergoes a slow to abrupt
increase, and the fractal dimension decreases first and then increases. When the sludge content exceeds
20%, the pore structure of baking-free bricks begins to worsen and evolves into an irregular shape.

That's because that: (1) As the sludge content increases, particles in the aggregates also increase and
wrap on the surface of coarse aggregates and fine sand, resulting in the decrease of the fluidity of baking-
free brick mixtures and the increase of the irregularity of the pores formed; (2) The flocculation of the
sludge particles makes the pore structure changed from elliptical closed pores to small and interconnected
irregular pores, and the more the sludge is added, the more irregular the pore structure is, so the fractal
dimension increases and the pore structure deteriorates. In summary, there is a good positive correlation
between fractal dimension and plane porosity. The larger the fractal dimension is, the more the large
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pores are or the more complex the pore structure will be. Therefore, under certain conditions, the relative size
of the porosity and the change trend of the pore structure can be inferred from the fractal dimension of the
plane pore structure [29].

Figure 7: Box-counting calculation process

Table 4: Experiment results

Sample Fractal
dimension (R2)

Compressive
strength/MPa

Plane
porosity/%

Water
absorption/%

Sample Fractal
dimension (R2)

Compressive
strength/MPa

Plane
porosity/%

Water
absorption/%

SS1 1.46(0.996) 24.04 8.30 2.70 SS5 1.09(0.984) 27.50 2.55 2.78

SS2 1.37(0.945) 28.22 5.47 2.48 SS6 1.12(0.939) 17.31 4.21 6.02

SS3 1.33(0.925) 43.86 2.40 2.13 SS7 1.23(0.997) 16.07 4.76 6.64

SS4 1.13(0.923) 32.20 2.29 2.03 SS8 1.50(0.993) 14.19 5.31 8.21
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4.2 Relationship between Fractal Dimension and Water Absorption
The relationship between fractal dimension and water absorption at different slag content is shown in

Fig. 10a. With the increase of the slag content, the fractal dimension and water absorption rate both
decrease, and maintain a good positive correlation, because the porosity of baking-free bricks gradually
decreases and the pores become much smaller, resulting in a decrease in water absorption capacity. The
relationship between fractal dimension and water absorption at different sludge content is shown in
Fig. 10b. When the sludge content is more than 20%, the water absorption rate and fractal dimension of
baking-free bricks continue to increase, showing a basically positive correlation.

Figure 8: Results of fractal dimension calculation
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Figure 9: Relationship between fractal dimension and plane porosity for (a) Different slag contents and
(b) Sludge contents

Figure 10: Relationship between fractal dimension and water absorption at (a) Different slag content and
(b) Sludge content

Figure 11: Relationship between fractal dimension and compressive strength at (a) Different slag content
and (b) Sludge content
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This is because a large amount of sludge mixed reduces the fluidity of the mixture of baking-free bricks,
changes the stacking method among the aggregates, and leads to poor wrapping of cementing materials on
the aggregates [30]. In such case, large pores are easily formed at the interface between the aggregates and the
mortar, increasing the fractal dimension and the water absorption rate, as exhibited in Fig. 12 [31]. When the
sludge content is within 10%–20%, the water absorption rate and fractal dimension has no marked
relationship. This is because in this paper, the fractal dimension was used to reflect the characteristics of
the pore structure with the pore diameter greater than 200 μm, while the water absorption rate was used
to reflect the volume of all pores.

4.3 Relationship between Fractal Dimension and Mechanical Properties
Fractal dimension as a comprehensive description of the pore structure of a material can directly reflect

the pore structure quality, indicating that it has a correlation with mechanical properties of the material
[23,32]. It can be seen from Fig. 11a that with the decease of the fractal dimension, the overall
compressive strength increases, indicating that the two factors are negatively correlated. When the slag
content is at 30%, the compressive strength of baking-free bricks reaches the peak value (43.86 MPa) and
fully meet the performance requirements of solid concrete bricks (MU40). Upon analysis, we found two
reasons: (1) The pozzolanic effect of slag [33−35]. The slag improves the micro-pore structure of baking-
free bricks, reduces the porosity of the cement paste and the fractal dimension, strengthens the adhesive
force at the aggregate interface, and thus increases the overall strength, as shown in Fig. 13; (2) The
action of composite activators [36]. The activators Na2SO4 and NaCl diffuse to the hydration layer on the
surface of slag particles, advancing the pozzolanic reaction of slag; besides, they react with the active
Al2O3 to generate hydrated calcium sulcitrate (i.e., ettringite) and hydrated calcium chloroaluminate,
causing the increase in solid phase ratio and the decrease in porosity, so the fractal dimension decreases
and the compressive strength increases. The composite activator, the material effect of slag and the
cohesive force of sludge are synergistic with each other, and this synergy reaches the best when the slag
content is 30%, effectively compensating for the deterioration of the compressive strength due to the
reduction of cement content.

The relationship between the fractal dimension and the compressive strength of baking-free bricks at
different sludge content is shown in Fig. 11b. When the sludge content is within 10%–20%, both the
fractal dimension and the compressive strength decrease; when the sludge content is within 20%–50%,
the fractal dimension and the compressive strength show a negative correlation. This is because: (1) The
fractal dimension is proposed to characterize the degree of irregularity of an object. When the sludge
content is within 10%, pores on the baking-free bricks are regular in shape and evenly distributed. In
such case, the fractal dimension exhibits less characterization effect, so it decreases first and then

Figure 12: Baking-free brick slice images
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increases; (2) The increase in fine aggregates enlarges the specific surface area of aggregate particles in the
cement mortar. As a result, the aggregates are difficult to be completely wrapped by the cementing material,
and thus the cementation at the interface between the gel and aggregates worsens, as shown in Fig. 14a. In
addition, irregular pores concentration is more likely to form a weak surface, as shown in Fig. 14b. During
the compressive strength test, the micro-cracks around the deteriorated pore structure continuously
accumulate and expand rapidly to the mortar body, resulting in fast damage to baking-free bricks [37,38].

The test results show that quantitatively converting the plane pore structure of baking-free brick slices
into fractal dimension through imaging technology, PCAS software and Matlab toolbox can accurately
describe the influence of different slag and sludge mixing amounts on the pore structure of baking-free
bricks. Through the correlation analysis, the effect of the pore structure on the macroscopic properties of
baking-free bricks can be further clarified.

5 Conclusions

To reduce manufacturing costs, this study uses slag and sludge to prepare high-strength baking-free
concrete bricks, and proves the feasibility of this method through experimental investigation, providing a
new method for recycling of solid wastes such as slag and sludge. The conclusions are drawn as follows:

Figure 13: SEM images of SS3 groups

Figure 14: (a) The SEM images of SS7 groups and (b) The weak surface diagram
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(1) The fractal dimension of the plane pore structure of baking-free bricks calculated by the optical
method and computer technology can accurately reflect the variation of the pore structure of baking-free
bricks. The plane pore structure of baking-free bricks shows good fractal characteristics. With the
increase of the slag content, the fractal dimension becomes smaller and the pore structure develops well;
with the increase of the sludge content, the fractal dimension becomes larger and the pore structure
becomes worse.

(2) The fractal dimension of the plane pore structure shows a good correlation with the compressive
strength, porosity and water absorption rate of baking-free bricks. As the fractal dimension of the plane
pore structure increases, the compressive strength of baking-free bricks falls, and the porosity and water
absorption rise. Under certain conditions, the macro-mechanical properties of baking-free bricks can be
predicted reasonably through the study of their pore structure.

(3) Mixing of slag produces a chemical effect, while mixing of sludge produces a physical effect. The
replacement rate of slag can be increased by creating suitable hydration reaction conditions, and the
replacement rate of sludge can be increased by improving the accumulation of aggregates. The optimum
content of baking-free slag-sludge bricks is slag 30% and sludge 10%. After 7 days of curing, baking-free
bricks boast higher performance, and fully meet the performance requirements of solid concrete bricks
(MU40), which can improve the turnover rate of baking-free bricks, reduce time costs, and enhance
enterprise revenue.
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