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Abstract: Eco-friendly pervious concretes containing fly ash (FA) and blast furnace slag (BFS) were
prepared in this study. The compressive strength and hydraulic behaviors were investigated to
explore the effect of replacement content of FA and BFS. Rheological tests of cementitious pastes were
first conducted and the results showed that FA could increase the apparent viscosity and BFS did not
change the rheology performance. Compared to traditional concretes, FA and BFS both decreased
the compressive strength of pervious concrete at 28 d, while pervious concrete incorporated with
FA and/or BFS presented comparable strength at 60 d. Compared to the control concrete mix, at the
same replacement rate, FA changed the compressive strength more obviously than BFS. FA and BFS
both decreased the effective porosity and permeability coefficient of pervious concrete. However,
when the replacement rate (30%) was the same, concretes with ternary blends presented obviously
larger porosity than binary blends. The relationships between porosity and permeability, and strength
were also established.

Keywords: pervious concrete; fly ash; blast furnace slag; hydraulic properties; compressive
strength; porosity

1. Introduction

Pervious concrete is a special type of Portland cement concrete composed of rationally graded
coarse aggregate and cementitious materials which provide the mixture with an interconnected
macro-pore internal structure [1,2]. Because of the structural characteristics, many benefits can be
achieved by using pervious concrete, including quick water drainage, tire-pavement interaction
noise abatement and reduction in urban heat island effect [2–7]. Because of these benefits, pervious
concrete is widely used nowadays and it is attracting extensive concerns. In the US, pervious concrete
pavements are considered as a structural infiltration best management practice (BMP) [8,9].

Generally, the porosity of a typical pervious concrete varies in the range of 15–25% [10] and
the water permeability coefficient is about 2–6 mm/s [11]. The aggregate gradation for the pervious
concrete typically consists of single-sized coarse aggregates. Cementitious material is used to coat and
bond the aggregates together. Right now, there is no standard which gives the optimal cement content
in the pervious concrete design. Cement content in literatures varied from 150 [12] to 500 kg/m3 [13]
according to different design purposes. The cementitious material coating thickness has been found
to be a very important factor in assessing the structural and hydrological performances of pervious
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concrete [14,15]. An increase in the cement content generally increases the paste thickness around the
aggregate, which may lead to a higher strength of pervious concrete but will defeat the purpose of
using pervious concrete pavements in providing better permeability.

It has been reported that 4200 million metric tons of cement was produced worldwide [16] in
2016. The production of cement increases the carbon dioxide emissions, which presents a serious
environmental burden. Using alternative materials (fly ash, blast furnace slag, et al.) to partially
replace the cement is a sustainable approach to reduce the carbon dioxide emissions and is more
environment-friendly.

Fly ash (FA) is a by-product of the process of coal burning. The fly ash cannot be directly
released into the atmosphere because of the serious air pollution. All around the world, fly ash is
generally stored at coal power plants or placed in landfills, which occupies a great quantity of soils
and induces soil contamination. Therefore, the comprehensive utilization of fly ash is imperative.
Fly ash generally includes substantial amounts of silicon dioxide (SiO2), aluminum oxide (Al2O3),
calcium oxide (CaO), etc., which makes it possible to be used in the concrete preparation because
these components also extensively exist in cement. Blast furnace slag (BFS) is a by-product of iron
and steel-making. The disposal of BFS has become a thorny and expensive process as a result of
the increasing strictness of environmental regulations. BFS generally consists primarily of silicates,
alumina-silicates, and calcium-alumina-silicates. Nowadays, the utilizations of FA and BFS in the
cement concrete industry bring lots of environmental and economic benefits.

The use of FA and BFS in ordinary concretes has been confirmed as a sustainable way to provide
better or comparable properties of concrete in some aspects. FA and BFS were reported to increase
the early-term thermal cracking resistance because of the lower hydration speed in comparison to
ordinary Portland cement [17]. On the other hand, the slow hydration speed leads to a slow strength
increase, so FA and BFS generally have a negative effect on the short-term strength development,
while FA and BFS could both slightly increase the long-term strength [18]. Generally, FA and BFS
which are used to partially replace the cement are very fine and show glassy texture. The small size
and glassy texture of FA and BFS make it possible to reduce the water consumption to reach the
required workability of the fresh concrete [17,19,20]. As to the durability, FA and BFS could both
improve the resistance to diffusion of chloride ions, which may be due to the fact that FA and BFS
improve the pore size distribution and more C-S-H gels are formed to adsorb more chloride ions and
block diffusing path [21,22]. As far as the pervious concrete is concerned, replacement of cement
by fly ash (≤20%) reduced the compressive strength and the total porosity of pervious concrete [23].
Compressive strength of pervious concrete with cementless binder (FA, BFS) decreased in comparison
to the ordinary pervious concrete, but the difference was insignificant [24]. FA and BFS were also
found to reduce the relative dynamic modulus of pervious concrete [24]. The aforementioned literature
review shows that although the utilization of FA and BFS in pervious concrete is becoming a concern,
the properties of pervious concrete containing FA and/or BFS are still very limited, especially in the
study of the coupling effect of FA and BFS on various properties of pervious concrete.

2. Objective

The primary objective of this study was to evaluate the possible use of FA and BFS in
pervious concrete and investigate the effects of FA and BFS on the mechanical and hydraulic
properties of pervious concrete. Binary blends and ternary blends of cementitious materials were
prepared. The rheology tests were first conducted to obtain the rheological behavior of cementitious
pastes. Response of the mechanical and hydraulic performance to the content of FA and BFS was
further studied.
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3. Experimental Program

3.1. Materials

The materials for the concrete in the paper are as follows:

• Cement: P.O 42.5 cement was selected, which was from Hunan Pingtang Cement Plant in Hunan,
China. P.O 42.5 means ordinary Portland cement and the 28-day cement mortar strength is
42.5 MPa when the water-cement ratio is 0.45. The chemical components of the cement is shown
in Table 1.

• Aggregate: single-sized gravel aggregates with the size in 16–19 mm.
• The FA and BFS used in this study came from Xiangtan Power Plant in Hunan, China.

The chemical components of FA and BFS are shown in Table 1.

Table 1. Chemical components.

Components Cement (%) FA (%) BFS (%)

SiO2 21.38 50.15 30.7
Al2O3 5.63 30.51 9.8
Fe2O3 3.56 2.08 2.1
CaO 63.72 12.5 47.5
MgO 2.15 0.088 3.8
SO3 1.75 0.4 4.4

Na2O 1.02 1.32 1.07
LOI 0.79 1.13 0.63
Total 100 98.2 100

3.2. Sample Preparation

The specimens for mechanical and hydraulic tests were prepared with the standard rodding
efforts in accordance with the Chinese specification GB/T 50081-2002 [25] in two layers. Fresh concretes
were prepared based on the design ratio in the later parts. Cube samples were prepared for
mechanical test with the size 150 × 150 × 150 mm, while cylinder samples were made for hydraulic
test with the size φ150 × 150 mm. Moulds with the corresponding size were selected to make the
samples. After moulding, waterproof membranes were used to cover the surface of the concrete
until the specimens were demolded 24 h after being casted. The specimens were cured at an air
temperature 20 ± 2 ◦C and at a relative humidity of 95%. The relative humidity was provided
and controlled by a humidifier. The mechanical tests were performed after 28 d and 60 d curing.
The hydraulic-performance tests, such as permeability and effective porosity, were conducted after
28 d curing. For each type of test, triplicate specimens were used.

3.3. Test Methods

3.3.1. Rheology Test

All cementitious materials were dry blended prior to wet mixing. RS/SST rheology tester was
used to obtain the rheological properties of cementitious pastes. The length and diameter of the spindle
is 8 cm and 4 cm, respectively. The size of the cylinder containing cementitious materials is φ12× 16 cm.
The amount of cementitious material and the rheological behavior affect the hydraulic and mechanical
properties of pervious concrete [26]. Viscosity and shear stress of cementitious materials were recorded
when the shear rate changed from 0 to 100 s−1. The mix proportions of cementitious pastes can be
seen in Table 2. There are no fine aggregates in M1 to M6 in Table 2. The rheology test was performed
immediately after the preparation of the cementitious paste.
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Table 2. Cementitious pastes mix.

No.
Mass Percentage

W-C Ratio
C FA BFS

M1 100 0 0 0.35
M2 70 0 30 0.35
M3 70 10 20 0.35
M4 70 15 15 0.35
M5 70 20 10 0.35
M6 70 30 0 0.35

3.3.2. Hydraulic Tests

The effective porosity was determined by testing the volume of water displaced by samples
according to ASTM C1754/1754M-12 [27]. The sample was firstly oven dried at 110 ◦C for 24 ± 1 h.
Specimens after drying should not be used to determine other properties. Hydraulic tests were
conducted after the specimen cooled at room temperature for 1 to 3 h. Then, specimens were immersed
in water for up to 24 h. By measuring the difference in the water level before and after immersing the
sample, the volume of water repelled by the sample (Vd) can be readily determined. Subtracting Vd
from the sample bulk volume (Vb) yields the volume of open pores. The percentage of an effective
porosity was expressed as: pe = (Vb − Vd)/Vb × 100%.

Water permeability of the pervious concrete was measured using the constant head method
similar with ASTM D2434 [28], which is shown in Figure 1. To protect from the water leakage between
sample and test device, the cylindrical specimen was wrapped with a rubber tube and tightened by
circular clamps. Water was allowed into the specimen to obtain a steady state flow. The time in seconds
(t) required for the water in the tuber (Q) to drop from the top to bottom was recorded. The coefficient
of water permeability (k) in terms of centimeters per second (cm/s) was calculated using Darcy’s Law
as shown in Equation (1).

k =
QL

HAt
(1)

where k is coefficient of permeability; Q is quantity of water discharged; L is the height of the specimen;
H is the distance between two water surface; A is the cross-section area of the specimen; t is time
in seconds.

Figure 1. Constant-head permeability test.
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3.3.3. Mechanical Tests

In the study, strength tests were conducted on pervious concrete specimens by following the
testing procedures specified in GB/T 50081-2002 [25]. Compressive strength tests were performed on
the specimens at the 28 and 60 curing days, respectively.

To determine the optimal amount of cement, trail samples with different amounts of cementitious
material were prepared first. It should be noted that there were no FA and BFS in the trail samples.
The mix proportions and the 28 d compressive strengths, permeability coefficients and effective
porosities are shown in Table 3. The aggregate content was 1450 kg/m3. Aggregate size was in the
range 16–19 mm. Water to cementitious material ratio was kept as 0.35. As expected, as the content
of cement increased, the compressive strength increased and the permeability coefficient decreased.
In this study, the mass amount of cement was determined as 280 kg/m3 by considering both the
compressive strength and permeability coefficient.

Table 3. Performance of pervious concrete incorporating different amounts of cement.

Cement (kg) Compressive Strength (MPa) Effective Porosity (%) Permeability Coefficient (Cm/s)

160 3.3 35.0 25.0
210 4.5 33.3 19.1
240 5.5 30.8 11.7
280 8.4 28.3 6.9
320 10.6 26.3 4.5

To evaluate the effects of FA and BFS on the mechanical and hydraulic properties, concretes with
binary and ternary blends of Portland cement, FA and BFS were prepared. It should be noted that
the total amount of cementitious material is 280 kg/m3, which was determined in Table 3. The mix
proportions are shown in Table 4. It should be noted that the aggregate content and the water-cement
ratio were the same as in Table 3.

Table 4. Mix proportions.

No. C (kg/m3) FA (kg/m3) BFS (kg/m3)

C 280 0 0
A1 224 56 (20%) 0
A2 224 0 56 (20%)
A3 196 84 (30%) 0
A4 196 0 84 (30%)
A5 196 28 (10%) 56 (20%)
A6 196 56 (20%) 28 (10%)

4. Results and Discussions

4.1. Rheology Test

Viscosity and shear stress under different shear rates were obtained and are shown in Figures 2
and 3. Viscosities of all cementitious pastes showed the general decreasing trend with the increase
of shear rate from 0 to 100 s−1. However, it can be observed that the viscosity increased in shear
rate between 10 and 40 s−1 for 10% FA-20% BFS, 15% FA-15% BFS and 20% FA-10% BFS. There are
two main causes of the humps. First, the initial inadequate mixing in the paste preparation caused the
increase of the apparent viscosity. As the shear rate increased, cementitious paste became relatively
homogeneous. Second, particle migration may occur in the rheology tests because of the difference in
shear gradient [29], which may cause the abnormal change of viscosity in certain range of shear rate.
After the shear rate was larger than 80 s−1, viscosities reached stable values. It can be clearly observed
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that the incorporation of FA significantly increased the apparent viscosity. While the sample with 30%
BFS did not show viscosity increase after the shear rate was larger than 40 s−1.

Non-Newtonian curves between the shear stress and shear rate as shown in Figure 3 was used to
interpret the relationship between shear rate and the shear stress. The curves were fitted using a least
square function corresponding to the Bingham model as shown in Equation (2) [30].

τ = τ0 + µpγ̇ (2)

where τ is the shear stress, τ0 is the yield stress, µp is the plastic viscosity and γ̇ is the shear rate.
All the pastes showed an essentially linear proportionality between the shear stress and shear rate
for the range of shear rates selected. Replicated measurements on three separately prepared samples
of cementitious paste indicated coefficients of variation of 16% and 9% for yield stress and plastic
viscosity, respectively.

From Figure 2, it can be observed that the high shear rate reduced the viscosity of all mixtures.
At low shear rates (<40 s−1), viscosities of pastes with binary and ternary blends of FA and BFS were
larger than the control paste. At large shear rates (≥40 s−1), paste containing 30% BFS presented
the same viscosity as the control mix, while the incorporation of FA significantly increased both
the apparent viscosity and shear stress. Research [31] showed that particle size and content of FA
significantly affects the rheology behavior of cementitious pastes. It is the particle morphological
difference between FA and BFS that led to the different rheology behavior of the six mixtures.
A reconciling effect could be found by combining the effects of FA and BFS at all shear rates when
the cementitious pastes were made with ternary blends of FA and BFS. In Figure 3, shear rates were
plotted along with shear stresses. Linear regression was conducted, and the fitted curves showed all
the mixtures belonged to the Bingham model. It can be observed that there was no obvious difference
between the control mix and the mix with 30% BFS.

Figure 2. Viscosity.

Figure 3. Shear stress.
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4.2. Compressive Strength

The cubic compressive strength of all the mixtures were shown in Figure 4. It can be clearly
observed that the incorporation of FA and BFS had an adverse effect on the compressive strength at
28 d, which was caused by the fact that the hydration speed of FA and BFS was slower than cement [32].
In harden concretes, it is the C-S-H providing the mechanical properties [17]. C-S-H is the reaction
product of SiO2 and Ca(OH)2. The formation of C-S-H was still in progress and the strength was still
developing at 28 d for concrete incorporated FA and/or BFS [32]. As the content of FA or BFS increased,
the compressive strength decreased. Compared to BFS, concrete with the same content of FA showed a
lower compressive strength, which was caused by the different chemical components in FA and BFS.
In Table 1, compared to FA, BFS contained a larger content of calcium oxide (CaO), which provided a
more suitable alkaline environment for the pozzolanic reaction, so FA showed more adverse effect on
the 28 d strength than BFS. However, Figure 4a shows that A6 (10%FA-20%BFS) presented a slightly
larger strength compared to A5 (30% BFS). The increase is about 1.3%. Compared to the standard
deviation of A5, the increase can be negligible. On the other hand, some uncontrollable test errors
may also lead to this result. At 60 d, there existed a slight increase in the compressive strength when
FA and/or BFS were added. Linear regression (Figure 4b) was conducted to reveal the relationship
between the cementitious components and the compressive strength, which is shown as Equation (3).
In Equation (3), it can also be observed that FA and BFS play a negative effect at 28 d, while FA and BFS
could slightly increase the compressive strength at 60 d. In contrast with BFS, the larger coefficients of
FA indicate that FA plays a more significant role in affecting the compressive strength.

28 d S = 8.35 − 3.78 · MFA − 0.32 · MBFS (R2 = 0.837)
60 d S = 8.58 + 0.84 · MFA + 0.56 · MBFS (R2 = 0.888)

(3)

where S is the compressive strength; MFA is the fraction of FA; MBFS is the fraction of BFS.

(a) (b)

Figure 4. Compressive strength.

For ordinary Portland cement concrete (OPC), strength at 28 d is a commonly used parameter to
evaluate the concrete mechanical properties. Many standards and guidelines [17,33,34] are established
based on this parameter. Research from ACI Committee 209 shows that strength of OPC at 28 d is
about 85% of its final strength at moist-curing condition. For pervious concrete, because of its high
porosity, the long-term strength development is different from OPC. For concrete incorporating mineral
additives (FA, BFS, etc.), the strength development closely relates to the properties of the mineral
additives, such as components, particle morphology, etc. The effect of FA and/or BFS on the long-term
strength of pervious concrete is out of the scope of this study and will be explored in the future study.
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4.3. Hydraulic Performance

Figure 5 shows the effective porosity of the seven concrete mixtures. At the age of 28 days,
the porosities of concrete containing FA and/or BFS are lower than the control mixture. The addition,
the fine particles of FA and BFS causes segmentation of large pores and increases nucleation sites for
precipitation of hydration products in cement paste [35]. On the other hand, considering the binary
blends, concretes with the same percentage of FA or BFS replacement showed nearly the same effective
porosity. With the content increase of FA or BFS, the effective porosity decreased. However, when the
replacement rate was 30% (A4, A5, A6, and A7), concretes with ternary blends presented obviously
larger effective porosity. This may be caused by the interaction between FA and BFS. On the other hand,
the difference of absorption capacity among cement, FA and BFS may also cause the porosity difference,
since the published results already verified that the absorption capacity affects the porosity [36,37].
In this study, the effect of absorption capacity on the effective porosity was beyond the limit of this
study, and further study on this point will be conducted in the future.

Figure 5. Effective porosity.

Figure 6 gives the permeability coefficients of all concrete mixtures. Similar to effective porosity,
FA and BFS both decreased the permeability and as the replacement of FA and BFS increased,
the reduction in permeability was larger. Compared to FA, the permeability of concrete containing BFS
was lower considering the same replacement content.

Figure 6. Permeability coefficient.
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As the effective porosity increases, the permeability increases correspondingly [38,39]. Figure 7
shows the relationship between effective porosity and permeability coefficient. It should be noted that
data in Table 3 were also included in Figure 7. From these results it can be concluded that pervious
concrete samples with higher average porosity also had a higher permeability. Neithalath, et al. [1]
set up an exponential equation to represent the relationship between porosity and the permeability
coefficient. However, permeability of a pervious concrete is also affected by many other factors,
such as the pore structure, et al. In this study, an exponential equation was generated to present the
relationship between the permeability coefficient and effective porosity. Besides, although the addition
of FA and/or BFS decreased the permeability and porosity, the permeability coefficient and effective
porosity were still in the general range [10,11].

Figure 7. Effective porosity vs. permeability.

The presence of pores can adversely affect the material’s mechanical properties such as failure
strength, elasticity and creep strains [40]. Besides the request in hydraulic performance, pervious
concrete also needs to be able to withstand some traffic loads. Quantitatively set up the relationship
between porosity and compressive strength of pervious concrete is important in characterizing the
concrete behaviors and in the mix design of pervious concrete. Figure 8 shows the relationship between
the effective porosity and the compressive strength of pervious concrete in Table 4. It can be clearly
observed that as the porosity increased, the compressive strength decreased.

Figure 8. Effective porosity vs. strength.

For simple homogeneous materials, the relationship between porosity and strength can be
expressed as the following equation [17]:

S = S0 · e−kp (4)
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where S is the strength of the material which has a given porosity p; S0 is the intrinsic strength at zero
porosity; k is a constant parameter.

In this study, regression was conducted using the same procedure. The fitting equation was
shown in Figure 8. R2 = 0.976 shows that the equation could accurately represent the relationship
between the porosity and the strength.

5. Conclusions

In this study, eco-friendly pervious concrete containing FA and BFS was prepared to investigate
the mechanical and hydraulic behaviors. Rheological tests were first conducted to explore the effect of
FA and BFS on the behaviors of the fresh pastes. Compressive strength and permeability coefficient
were selected as the indicators in the analysis of the mechanical and hydraulic performance. Based on
the laboratory tests, the following conclusions can be drawn.

• FA increased the apparent viscosity, while BFS was not able to change the rheology performance
significantly. Rheology performance of cementitious pastes containing FA and/or BFS belonged
to the Bingham model.

• FA and BFS both decreased the compressive strength of pervious concrete at 28 d, while FA
and/or BFS could slightly increase the compressive strength at 60 d. Compared to BFS, FA plays
a more significant role in the compressive strength.

• The effective porosity and permeability coefficient both decreased with the incorporation of FA
and/or BFS in the pervious concrete. As the content of FA or BFS increased, the reduction was
larger. However, when the replacement rate was 30%, concretes with ternary blends presented
larger porosity than binary blends.

• Permeability coefficient and compressive strength both decreased with the increase of
effective porosity.

• The use of FA and BFS is a sustainable approach in pervious concrete that considers both the
mechanical properties and hydraulic properties.
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