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Abstract: In order to reduce stormwater runoff, permeable brick was prepared by compounding
with fly ash and steel slag as the main substrate. The study found that the amount of steel slag has a
significant influence on the compressive strength of permeable brick. When the proportion of steel
slag is 6.5%, the compressive strength of permeable brick after 28 days curing can reach 26.32 MPa.
The strength of permeable brick decreases with the increase of fly ash content, but the permeability
coefficient increases significantly. The results show that the compressive strength and permeability
coefficient of permeable bricks can reach a good level when the composite ratio of steel slag is 6%,
fly ash is 30%, and the design target of porosity is 20%.
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1. Introduction

In recent years, the rapid urbanization has led to a large area of urban surface covered by
impervious materials such as concrete, resulting in a significant increase in surface rainwater runoff,
which not only aggravates the pollutant load of the receiving water body, but also makes urban flood
control and urban stormwater management face more severe challenges [1,2]. On the other hand,
China, as an industrial power, has a large output of steel slag and fly ash. Although it has been
applied in the fields such as building materials, its second utilization rate is still at a low level [3,4].
Existing studies found that steel slag and fly ash have a significant removal effect on phosphorus in
wastewater [5]. Therefore, this kind of industrial waste residue can be mixed into permeable brick by
certain technical means and used for urban pavement or riverbank paving, which can not only reduce
rainwater runoff and reduce phosphorus pollution, but also recycle industrial waste [6–8].

Based on the above background, the experiment used fly ash and steel slag as the base material,
basalt crushed stone and cement as the aggregate and adhesives supplemented by a plant-type foaming
agent. The constituents were stirred and mixed in the container, then injected into the formwork for
forming and curing. The optimum material mix ratio was determined by investigating its influence
on the permeability and strength of the permeable brick. On this basis, the intensive research on the
compressive strength and water permeability coefficient of the permeable brick after forming was
carried out with reference to the relevant ASTM standards and regulations.

2. Materials and Methods

2.1. Test Materials

Steel slag and fly ash were used as the base material for the preparation of permeable brick. Basalt
gravel was used as the aggregate and cement was used as the binder. A small amount of plant foaming
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agent was added to expand the porosity of the material. The mixture of steel slag and fly ash has
good thermal stability and no obvious change in thermal expansion coefficient at normal temperature.
Combined with the previous research results, factors such as compressive strength, porosity, water
permeability, and material forming were taken into comprehensive consideration [9,10], and relevant
parameters of the prepared materials were selected as follows:

Cement (C): P.O 42.5 ordinary Portland cement; Steel slag: ≥90 mesh; Fly ash: ≥70 mesh; Basalt
gravel (G): Gravel with a particle size of 2.36–4.75 mm and 4.75–9.5 mm continuous grade; Plant
cement foaming agent: pH value 4.5 ± 0.5, specific gravity 1.28 ± 0.02; Water (W): General tap water.
The particle size distribution of the substrate is shown in Table 1.

Table 1. The size distribution of the substrate.

Particle Size of Fly Ash/Mesh <6 6–18 18–45 45–70 >70
Proportion/% 7.45 12.76 42.93 23.55 11.87

Particle size of Steel Slag/Mesh <12 12–80 80–320 >320
Proportion/% 2.49 7.68 32.40 57.36

The fly ash used in the test was taken from the raw ash storage yard of a power plant. The main
oxide components are shown in Table 2.

Table 2. Percentage of oxides in fly ash.

Oxide Al2O3 SiO2 Fe2O3 CaO TiO2 SO3 SrO K2O ZrO2 MgO P2O5 Cl

Percentage
Composition (%) 45.9 44.4 4.39 1.31 1.26 0.66 0.465 0.356 0.273 0.261 0.241 0.125

The steel slag used in the test was taken from the water quenching slag of a steel plant without
magnetic separation, which was taupe powder with a density of about 2.64 g/cm2. The oxide content
and particle size distribution are shown in Table 3.

Table 3. Percentage of oxides in steel slag.

Oxide CaO Fe2O3 SiO2 MgO P2O5 MnO Al2O3 SO3 V2O5 TiO2

Percentage
Composition (%) 55 21.5 13.4 3.65 1.84 1.75 1.51 0.51 0.41 0.29

2.2. Laboratory Apparatus

The main test instruments were as follows: pH-101B type mv/pH meter (Jiangsu Cody Instrument
Factory, Jiangyan, China, 2015); TG328A analytical balance (Shanghai Balance Instrument Factory,
Shanghai, China, 2014); GZX-9070MBE type electric heating constant temperature blast drying box
(Shanghai Boxun Industrial Co., Ltd. Medical equipment factory, Shanghai, China, 2015); HH-8 digital
display thermostatic water bath; SH2-82 constant temperature oscillator (Guohua Electric Co., Ltd.,
Changzhou, China, 2014); 752 UV-visible spectrophotometer; General “Dutch brick” plastic template;
Self-made permeability coefficient penetration instrument; YES-2000 digital display pressure testing
machine (Jinan Xulian Instrument Equipment Factory, Jinan, China, 2013).

2.3. Preparation Process

In combination with the static pressure forming process and the vibration forming process, the
materials were mixed, stirred, and placed in the “Dutch brick” plastic mold. It was stirred again evenly
to make it natural. The natural maintenance period is 28 days [11,12].
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When calculating the amount of different aggregates, the “volume method” in Specification for
Mix Proportion Design of Ordinary Concrete (JGJ55-2011) was adopted to design the material mix
proportion. The formula is as follows [13]:

mg

ρg
+

mw

ρw
+

mc

ρc
+

ma

ρa
+

mb
ρb

+ 0.01α = 1 (1)

In the formula, mg, mw, mc, ma, and mb are the amount of basalt gravel, water, cement, fly ash, and
steel slag in one cubic meter permeable brick slurry (unit: kg), respectively. The ρg, ρw, ρc, ρa, ρb are
the apparent densities of basalt gravel, water, cement, fly ash, and steel slag (unit: kg/m3). The α is the
percentage of air content in the slurry, here the value is equal to one.

2.4. Research Method

2.4.1. Study Method of Compressive Strength

The compressive strength of the samples in this test was measured according to ASTM
C109/C109M-12, Standard Test Methods for Compressive Strength of Hydraulic Cement Mortars.
Therefore, the sizes of the permeable brick samples were 50.8 mm × 50.8 mm × 50.8 mm, and the
samples were continuously and uniformly pressurized by a hydraulic universal press. The loading
speed was controlled to be 0.5 MPa/s. Compressive strength was calculated according to the following
formula [14]:

fc =
P
A

(2)

In the above formula, fc is the compressive strength (MPa) of the sample, P is the breaking load
(N) when the sample is broken, and A is the pressure receiving area (mm2).

At the beginning of the test, the strength of the samples of each group was tested for seven days
and cured for 28 days to ensure that the various parameters adopted in the subsequent test met the
relevant standards of permeable bricks [15,16]. Secondly, the water-cement ratio, steel slag content,
fly ash content, and porosity were set as variables, and the proportion design schemes of different
groups were determined according to the characteristics of different variables. Finally, based on the test
results, the effects of different variables on the compressive strength of permeable brick were discussed.

2.4.2. Study Method of Permeability

The permeability coefficient of the permeable brick was determined according to ASTM
D2434-68 [17] and ASTM C1781/C1781M-15 [18]. The water permeability coefficient test device
is shown in Figure 1 [19,20]:
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Figure 1. The water permeability coefficient test device (1—water supply system, 2—overflow port,
3—overflow water tank (the water tank with the drain port and maintaining a certain water level),
4—bracket, 5—permeable brick sample, 6—measuring cylinder, 7—water level difference, 8—water
cylinder (a cylinder with an overflow and maintaining a certain water level)).

The permeability coefficient was calculated according to the following formula [17,21]:

kT =
QL

AHt
(3)

In the above formula, kT is the water permeability coefficient (cm/s) of the sample at a water
temperature T ◦C, Q is the amount of water oozing (mL) in time t seconds, L is the thickness (cm) of
the sample, and A is the upper surface area of the sample (cm2), H is the water level difference (cm),
and t is the time (s).

The results were averaged over three samples with an accuracy of 1.0 × 10−3 cm/s.
The viscosity of water is determined by the nature of the water itself and generally decreases

with increasing temperature [22]. Therefore, the lower the temperature, the worse the permeability of
permeable brick. The permeability coefficient of the sample is affected by the water viscosity to some
extent, so the measured results must be converted after the test to obtain the standard permeability
coefficient. The water temperature at 15 ◦C is the standard temperature, and the water permeability
coefficient at the standard temperature should be calculated according to the following formula:

k15 = kT
ηT

η15
(4)

In the above formula, k15 is the permeability coefficient (cm/s) of the sample at the standard
temperature, ηT is the dynamic viscosity coefficient (kPa·s) of water at T ◦C, and η15 is the dynamic
viscosity coefficient of water at 15 ◦C (kPa·s).

3. Results and Discussion

3.1. Effects of Different Variables on Compressive Strength

The compressive strength tests were carried out for different variables. The test results are
summarized in Table 4.
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Table 4. The compressive strength of permeable bricks at different water cement ratios.

Samples Water-Cement
Ratio (%)

Porosity
(%)

Compressive Strength
under 7 Days Curing (MPa)

Compressive Strength under
28 Days Curing (MPa)

1 15 22.3 17.69 21.06
2 20 22.1 18.68 21.35
3 22 22.0 23.57 23.68
4 25 21.8 22.86 24.63
5 28 21.6 27.54 27.23
6 32 20.8 25.63 26.32

As shown in Figure 2, when the water-cement ratio is less than 20%, with the increase of
water-cement ratio, the compressive strength of the permeable bricks increases, but the range is
considerably small. When the water-cement ratio is about 28%, the compressive strength after seven
days (28 days of curing) reaches the maximum, which is 27.54 MPa (27.23 MPa). When the water-cement
ratio is larger than 28%, the compressive strength decreases significantly with the increase of the
water-cement ratio. This is because when the water-cement ratio is less than 20%, the slurry prepared
for water-permeable brick is insufficiently hydrated, its fluidity is weak, the workability of concrete is
poor, and concrete vibration and compaction are very difficult. The coating layer and bonding layer on
the surface of aggregate particles are not evenly distributed. Therefore, the mechanical performance is
relatively weak. When the water-cement ratio is about 28%, the slurry is fully hydrated, the structural
layer is evenly distributed, the overall structural stability is reliable, and the effective void ratio of the
formed brick is less, so the compressive strength exhibits a maximum value. When the water-cement
ratio continues to increase, the cementitious material located at the upper part flows to the lower part
of the structural layer under the action of gravity, resulting in blockage of the concrete bottom and
the insufficient thickness of the upper surface slurry, which reduces the compressive strength of the
permeable brick [4].
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Figure 2. Compressive strength under different water-cement ratio conditions.

As seen from Table 5 and Figure 3, when the proportion of steel slag is less than 6%, the compressive
strength of permeable brick will increase with the increase of steel slag proportion. When the content
of steel slag continues to increase, the compressive strength increases within a small range. This is
because part of the steel slag can fill the voids during the preparation of the brick, increasing the
contact point between the slurry particles, thereby causing the compressive strength increase within a
certain range. When the internal voids of the slurry are fully filled, the compressive strength reaches
the maximum value and it no longer increases [12].
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Table 5. Compressive strength at different steel slag contents.

Samples Steel Slag
Content (%)

Compressive Strength
under 7 Days Curing (MPa)

Compressive Strength under
28 Days Curing (MPa)

1 5 19.69 21.06
2 5.2 21.68 21.35
3 5.5 22.57 23.68
4 5.8 21.86 23.63
5 6.1 25.54 26.23
6 6.5 25.63 26.32
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Figure 3. Compressive strength at different steel slag contents.

In order to make the permeable brick having a certain compressive strength, in the subsequent
tests, the proportion of the steel slag was adjusted to 6.5%.

It can be seen from Table 6 and Figure 4 that the fly ash content has a great influence on
the compressive strength of the permeable brick. With the increase of the fly ash content, the
compressive strength of the permeable brick shows a downward trend. When the fly ash content is 30%,
the compressive strength of the 28 days curing permeable brick reaches a maximum value of 26 MPa.
This is because of the poor plasticity of fly ash. When the proportion of the fly ash increases, the overall
mechanical properties of the shaped permeable bricks are closer to the fly ash, so the compressive
strength decreases [9]. Therefore, in subsequent tests, the proportion of fly ash was controlled to 30%.

Porosity is the main parameter reflecting the structure of permeable concrete. The porosity can
also basically reflect the water permeability of permeable concrete. At the same time, porosity also
provides direct information for the mix design.

Table 6. Compressive strength at different fly ash contents.

Samples Fly Ash Content (%)
Compressive Strength
under 7 Days Curing

(MPa)

Compressive Strength
under 28 Days Curing

(MPa)

1 55.2 19.69 20.12
2 50.3 20.36 21.68
3 45.6 22.54 22.93
4 40.4 23.05 23.63
5 35.7 23.54 24.63
6 30.5 25.63 26.52
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It can be seen from Table 7 and Figure 5 that the compressive strength of the permeable bricks
decreases with increasing porosity. This is because when the porosity increases, the contact points
and contact faces between the various components of the permeable brick decrease, so it is liable to be
destroyed under external force [12]. Fitting the data in Figure 5, it is found that there is an approximate
relationship between the compressive strength and porosity of the permeable brick.

F = 35.41− 0.363p− 0.02p2 (5)

where F is the compressive strength of permeable brick and p is the observed porosity.

Table 7. The 28 days curing compressive strength at different permeable brick porosity.

Target Porosity (%) 10 12 14 16 18 20 22 25

Observed Porosity (%) 11.4 12.8 14.2 16.3 17 19.4 21.3 23.2
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Figure 5. The 28 days curing compressive strength of different observed porosity.

3.2. The Influence of Different Variables on Permeability

In the analysis of the water permeability of the molded permeable brick, only three variables (steel
slag content, fly ash content, and porosity) were selected. A suitable mix design scheme is obtained by
variable analysis. The test results are organized as shown below.



Appl. Sci. 2019, 9, 1542 8 of 11

As seen from Figure 6, the permeability coefficient of permeable brick fluctuates between 1.08 cm/s
and 1.16 cm/s when the proportion of steel slag content changes, and there is no obvious alteration.
This is because the steel slag has a small particle size and is wrapped by fly ash. At the end of the
molding, a reasonable space is still left so that the water can still be infiltrated through the pores [5].
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As seen from Figure 7, when the fly ash content rises from 30% to 55%, the permeability coefficient
of the permeable brick increases gradually from 1.12 cm/s to 1.21 cm/s. This is because the fly ash
particles are mixed with other materials during the slurry forming process to form colloidal particles
which have a smaller particle size. No further polymerization occurs between such colloids. When
the content of fly ash increases, the number of colloidal particles grows and the space between the
particles expands, so the water permeability coefficient also increases [3]. The purpose of this study
was to use fly ash and steel slag to make permeable bricks. The key objective was to improve the
proportion of fly ash and steel slag in permeable brick as much as possible. When the content of fly ash
is 30%, the compressive strength of permeable brick can meet the requirement to use this material.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 9 of 11 

the particles expands, so the water permeability coefficient also increases. The purpose of this study 
was to use fly ash and steel slag to make permeable bricks. The key objective was to improve the 
proportion of fly ash and steel slag in permeable brick as much as possible. When the content of fly 
ash is 30%, the compressive strength of permeable brick can meet the requirement to use this material. 

 
Figure 7. Permeability coefficient corresponding to different fly ash content. 

As can be seen from Table 8 and Figure 8, when the porosity is constant, the permeability 
coefficient increases with the rise of water level difference. When the water level difference is 
constant, the permeability coefficient increases with the higher porosity. When porosity is less than 
16%, the difference of permeability coefficient under different water level difference is very small, 
because when porosity is low, there are fewer effective pore channels in the material, which cannot 
reflect the actual effect of water head difference on permeability coefficient. When the porosity is 
more than 16%, the influence of water level difference on the permeability coefficient becomes 
obvious, indicating that the permeable brick has good permeability. When the porosity is more than 
25%, the permeability coefficient changes little with the increase of porosity, indicating that the 
internal pores of the permeable brick are fully utilized, and the permeable brick has the best 
permeability. 

Table 8. Permeability coefficient (cm/s) corresponding to different porosity and water level difference. 

Porosity (%) 12.2 13.4 15.8 17.6 18.5 20.1 23.6 24.3 25.2 
H = 6 cm 0.35 0.42 0.45 0.52 0.67 0.82 0.93 0.95 1.08 
H = 8 cm 0.36 0.42 0.48 0.61 0.72 0.91 0.98 1.05 1.12 
H = 10 cm 0.38 0.43 0.51 0.65 0.73 0.92 1.13 1.16 1.18 
H = 12 cm 0.38 0.45 0.56 0.65 0.82 0.97 1.15 1.20 1.21 

* H denotes the water level difference. 

1.05

1.07

1.09

1.11

1.13

1.15

1.17

1.19

1.21

1.23

25 30 35 40 45 50 55 60

pe
rm

ea
bi

lit
y 

co
ef

fic
ie

nt

Fly ash content (%)

Permeability coefficient

Figure 7. Permeability coefficient corresponding to different fly ash content.

As can be seen from Table 8 and Figure 8, when the porosity is constant, the permeability
coefficient increases with the rise of water level difference. When the water level difference is constant,
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the permeability coefficient increases with the higher porosity. When porosity is less than 16%,
the difference of permeability coefficient under different water level difference is very small, because
when porosity is low, there are fewer effective pore channels in the material, which cannot reflect
the actual effect of water head difference on permeability coefficient [9]. When the porosity is more
than 16%, the influence of water level difference on the permeability coefficient becomes obvious,
indicating that the permeable brick has good permeability. When the porosity is more than 25%, the
permeability coefficient changes little with the increase of porosity, indicating that the internal pores of
the permeable brick are fully utilized, and the permeable brick has the best permeability.

Table 8. Permeability coefficient (cm/s) corresponding to different porosity and water level difference.

Porosity (%) 12.2 13.4 15.8 17.6 18.5 20.1 23.6 24.3 25.2

H = 6 cm 0.35 0.42 0.45 0.52 0.67 0.82 0.93 0.95 1.08
H = 8 cm 0.36 0.42 0.48 0.61 0.72 0.91 0.98 1.05 1.12

H = 10 cm 0.38 0.43 0.51 0.65 0.73 0.92 1.13 1.16 1.18
H = 12 cm 0.38 0.45 0.56 0.65 0.82 0.97 1.15 1.20 1.21

* H denotes the water level difference.
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Figure 8. Permeability coefficient (cm/s) corresponding to different porosity and water level difference.

Therefore, porosity had the greatest influence on the permeability coefficient of permeable bricks.
When porosity increased from 12% to 25%, the permeability coefficient increased from 0.4 cm/s to
1.2 cm/s.

In the test, the data when the water level difference of 6 cm was selected for polynomial fitting.
The fitting results are as follows:

P= 0.039+0.011x + 0.001x2 (6)

where P denotes the permeability coefficient, x denotes the porosity. The coefficient of determination
R2 = 0.98.

The formed permeable bricks prepared by the test basically meet the requirements of GB/T
25993-2010 and the ASTM C902-15. Moreover, the source materials are widely used and the cost is low.
It can reduce the surface runoff of rainwater, and at the same time, the industrial waste can be recycled.
Therefore, such permeable bricks have broad engineering application prospects.
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4. Conclusions

The test results showed that the water-cement ratio, steel slag, and fly ash content have significant
effects on the compressive strength and water permeability of the permeable brick. Considering the
compressive strength and water permeability, the best mix proportion of permeable bricks was 6.5%
for steel slag, 30% for fly ash, and 25% for target porosity.

In this study, the cement content was fixed, which is 10%. The fly ash and steel slag were replaced
with cement. With the increase of substitution rate, the compressive strength of permeable brick
decreases, but the increase in permeability was significant.

The compressive strength of permeable brick could be effectively improved by increasing the steel
slag content. When the content of steel slag increased from 5% to 6.5%, the corresponding 28 days
curing compressive strength increased from 21 MPa to 26 MPa. When the content of steel slag was
larger than 6.5%, the compressive strength of permeable brick did not change significantly. The content
of fly ash was negatively correlated with the strength of permeable bricks. As the content of fly ash
increased, the strength of permeable bricks decreased.

The steel slag content had little effect on the water permeability coefficient, and the water
permeable property was stable when the steel slag content was kept at about 6%. The fly ash content
had a great influence on the permeability coefficient. The higher the content, the larger the porosity
and the better the water permeability.
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