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Abstract 

To mitigate environmental challenges, such as urban flooding, noise pollution, and the urban heat island effect, 
pervious concrete has been developed. This research was intended to develop pervious concrete made from ground 
granulated blast furnace slag (GGBFS) to further decrease the environmental impact of the construction sector by 
reducing the content of ordinary Portland cement (OPC). The primary objective of the mix proportion was to maxi-
mize water permeability while meeting the required compressive strength. Two levels (60 and 100%) of OPC replace-
ment by GGBFS were evaluated and compared to OPC-only concrete, and two target porosities (10 and 15%) were 
achieved by modifying the binder-to-aggregate ratio. CaO and CaCl2 were utilized as an activator and an accelerator, 
respectively, for the GGBFS only binder. Characteristics of the pervious concrete were determined with the compres-
sive strength, porosity and water permeability test. Meanwhile, the effects of the rheological properties of binders 
on the water permeability and compressive strength of pervious concretes was evaluated. According to the results, 
the permeability of pervious concretes always exhibited a positive correlation with porosity, regardless of binder 
type. Although, the pervious concrete made with CaO-activated GGBFS has a lower compressive strength than the 
other two cases (60% GGBFS and only OPC), it still meets the minimum strength requirement. Based on the rheology 
studies of binder, it was found that, the adhesion force of the binder and the compressive strength of the pervious 
concrete decreases, as evaluated by rheology studies on binders. The CT scan revealed that when the adhesive force 
of the binder was weaker, the local porosity was higher (i.e., pore volume was larger) at the bottom of the specimen, 
which might be due to the limited consolidation and compaction of the binder between aggregate particles at the 
bottom due to its higher plastic viscosity.
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1  Introduction
Groundwater contamination, noise pollution, and the 
urban heat island effect are representative examples of 
the environmental contamination caused by the signifi-
cant devastation of the environment (Thompson et  al., 

2022; Yao et al., 2022; Zhang et al., 2022). Meanwhile, it 
is known that pervious concrete (also known as porous 
concrete) is a feasible approach for addressing such envi-
ronmental difficulties using it in pavement construction 
(Cui et  al., 2017; da Costa et  al., 2021; Kim et  al., 2018; 
Lin et  al., 2016; Liu et  al., 2020; Lu et  al., 2019). Pervi-
ous concrete is manufactured with less binder, so the 
pores are interconnected and water can pass through it 
(Huang et  al., 2010; Kim et  al., 2016; Peng et  al., 2018). 
It typically consists of coarse aggregate and cementitious 
binder, with very little to no fine aggregate. The nominal 
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aggregate size commonly utilized to make pervious con-
crete is between 10 and 20 mm (Yu et al., 2019).

For better knowledge of the properties of pervious 
concrete, the mix design should consider a variety of 
factors, such as aggregate size, aggregate type, supple-
mentary cementitious materials (SCMs), and binder 
ingredients. According to (Sriravindrarajah et  al., 2012), 
the aggregate size has a substantial impact on the poros-
ity and compressive strength of pervious concrete, and 
there is no effect of the aggregate type on the correla-
tion between porosity and permeability. Lee et al. (2016) 
found that porosity slightly increases with ground granu-
lated blast furnace slag (GGBFS) and fly ash-based per-
vious concrete compared with ordinary Portland cement 
(OPC)-based pervious concrete, but it was also observed 
that the compressive strength of the GGBFS and fly ash-
based pervious concrete decreases slightly. Meanwhile, 
Saboo et al. (2019) suggested that using SCMs as a partial 
replacement can improve workability and compressive 
strength using less OPC in pervious concrete.

It should also be considered that the workability and 
rheological properties of the binder play a critical role 
in determining the compressive strength of pervious 
concrete. Even though the Bingham model is gener-
ally applied to represent the rheological properties of 
cementitious materials, Wang and Liu (2020) reported 
that Casson and Herschel–Bulkley models could also be 
compatible with the flow behaviors of certain mixtures. 
The fresh paste tends to be stiffened when the amount of 
solid content increases, which leads to a higher viscosity 
and dynamic yield stress (Wang et al., 2018). Meanwhile, 
Park et al. (2022) recently revealed that the adhesive force 
of the binder correlates with the compressive strength of 
concrete, and the flow of the binder affects the compres-
sive strength of pervious concrete. When the flowability 
was not appropriate (either low or high), the binder was 
not uniformly distributed over the thickness of the speci-
men, which resulted in the segregation of the binder and 
aggregate (da Costa et  al., 2021; Park et  al., 2022). The 
flowability has a strong relation to adhesion properties 
between the binder and coarse aggregate; a low flowabil-
ity caused the presence of more binder at the top por-
tion of the specimen (da Costa et al., 2021), while a high 
flowability resulted in the settlement of more binder to 
the bottom (Park et al., 2022).

The water permeability of pervious concrete depends 
on the size and distribution of the pores, which is usu-
ally measured with the constant head or falling head 
test methods. The applications of these test methods 
vary regarding equipment and analysis, depending 
on standards and specifications (EN 12697-19; ASTM 
C1701). The permeability coefficient is determined by 

the operating technique and the results of water per-
meability are not uniform (Batezini & Balbo, 2015; 
Zhang et al., 2020). In addition, with the usage of either 
the head or the hydraulic gradient, the calculated per-
meability may change (Qin et  al., 2015). Previously, a 
study was conducted for the falling head test method 
with disparate head levels, and it was suggested that the 
use of a higher head level provides a better correlation 
between porosity and water permeability (Chandrappa 
& Biligiri, 2016). Despite the availability of these three 
test methods, no study has been undertaken to com-
pare and select a more convenient and reliable water 
permeability test method for pervious concrete.

The cement industry produces an enormous amount 
of greenhouse gases, which are estimated at around 
6–8% of global emissions (Naik, 2005). It is generally 
known that the utilization of GGBFS could be a practi-
cal solution to reduce environmental impacts, since it 
is an industrial byproduct, and the use of GGBFS as a 
partial replacement can improve the various properties 
of concrete, although its early strength may decrease 
(Meyer, 2009; Song & Saraswathy, 2006). GGBFS is nor-
mally activated using alkali activators, such as sodium 
hydroxide (NaOH) and sodium silicates. However, cal-
cium oxide (CaO) and calcium hydroxide (Ca (OH)2) 
were used as alternatives to alkali activators following 
Kim et  al. (2013). The addition of accelerators such as 
calcium bicarbonate, calcium chloride (CaCl2), cal-
cium formate and even aluminium sulfate at a certain 
dosage may reduce the initial setting time and increase 
the initial heat of hydration of cementitious materi-
als (Wang,et al., 2019a, 2019b; Yum et al., 2017, 2020). 
Moreover, no attempt has been made to investigate the 
effect of the rheological properties of CaO-activated 
GGBFS on pervious concrete.

Given the research need, in this paper, thorough 
research has been conducted to study the importance 
of pervious concrete manufactured using GGBFS and 
OPC. For this research, the flowability of the binder, 
compressive strength, porosity, and water permeability 
of the pervious concrete were studied for a fair compar-
ison with the distinct mix designs. Due to the exclusion 
of fine aggregate and less binder in pervious concrete, 
the flowability cannot determine the characteristics of 
the mix design. To address this, the significant effect 
of the rheological properties of the binders on GGBFS 
based pervious concrete was examined. A computed 
tomography (CT) scan test was also conducted to com-
pare the porosity measured by the conventional poros-
ity test method and to analyze the distribution of pores 
associated with the rheological properties throughout 
the structure of the pervious concrete.
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2 � Materials and Specimen Preparation
2.1 � Materials
The binder materials used for this study were Type I OPC 
and GGBFS as shown in Fig. 1a, b, respectively, and the 
chemical compositions of the raw materials are listed in 
Table  1. CaO and CaCl2 were used as an activator and 
accelerator for the fabrication of GGBFS binder and con-
crete, manufactured by Daejung Chemicals (Korea) as 
shown in Fig. 1c, d with a density of 3.3–3.4 and 2.16 g/
cm3, respectively. The flow of the binder was controlled 
using polycarboxylate-based liquid superplasticizer (SP) 
manufactured by Sika Korea. The size of natural coarse 
aggregate used ranged 9–13  mm, and no fine aggregate 
was used.

2.2 � Mix Design
The mix proportions of the pervious concretes tested in 
this study are shown in Table  2. The primary objective 
of the mix proportion was to maximize water perme-
ability while meeting the required compressive strength 
(ACI. 2010). A total of six mix designs were prepared: 

two for each of three binder types: 100% OPC (C100), 
40% OPC and 60% GGBFS (C40G60), and 100% GGBFS 
(G100). To achieve the target porosity, the bulk porosity 
of aggregate was measured and binder was allowed to 
fill the pores by subtracting the desirable porosity (Park 
et  al., 2022). The two mix proportions for each binder 
were designed to have two target porosities of 10% (P10) 

Fig. 1  a OPC; b GGBFS; c CaO and d CaCl2.

Table 1  Chemical oxide compositions of raw materials.

Oxide OPC (wt.%) GGBFS (wt.%)

CaO 64.48 46.22

SiO2 19.38 33.14

Al2O3 4.48 13.4

MgO 2.82 3.09

SO3 3.305 1.93

K2O 1.08 0.474

Fe2O3 3.455 0.427

Na2O 0.16 0.204
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and 15% (P15) to study the effect of adhesion force with 
larger volume of binder and to attain a higher strength 
pervious concrete. CaO and CaCl2 were employed as 
an activator and accelerator, respectively, for G100, and 
their amounts were determined based on the prelimi-
nary examination to achieve a similar strength of recent 
study (Yum et  al., 2017). They reported that the use of 
CaCl2 can increase the consumption of Ca (OH)2, thus 
increase the strength. It was also revealed that the incor-
poration of CaCl2 resulted in the formation of hydrotatl-
cite and strätlingite while accelerating the dissolution of 
glass phase of GGBFS and fly ash in the early days (Yum 
et  al., 2017). SP was added to control the flowability of 
the tested binders at a similar level. Nine cylindrical 
samples of 100 × 200 mm were fabricated at one batch 
for each mixture type. Among them, three samples each 
were tested for compressive strength at 7 and 28 days of 
curing, respectively. The rest three samples were used to 
measure porosity and water permeability, and one of the 
three samples was scanned by computer tomography. 
The water/binder (w/b) ratio in all the mix designs was 
fixed at 0.30.

A flow table test of the binders was conducted follow-
ing ASTM C230 (2020) to determine the amount of SP in 
each mixture that can allow a similar flowability among 
the tested mixtures. Table 3 depicts the flow test results 

of the binders with different amounts of SP, which was 
added by the weight percent of the binder. A medium 
flow of approximately 210–220  mm is deemed suitable 
according to (Park et al., 2022) and was selected for this 
study. In the case of G100, the addition of 0.05% SP gave 
a medium flow of 210 mm. On the other hand, for the 
binders C100 and C40G60, the use of 0.2% SP achieved 
a flow of 213 and 214  mm, respectively. Therefore, the 
amount of SP in each mixture in Table 2 was determined 
based on the results of the flow test.

2.3 � Sample Fabrication
The preparation of all specimens followed the same pro-
cedures. First, all the powder materials, including the 
activator (if any), were dry mixed separately in a plan-
etary mixer for 5  min. Water and superplasticizer were 
added and mixed for an additional 5 min. Subsequently, 
the binder was again further mixed with the coarse 
aggregate on a concrete drum mixer until it was observed 
to be blended properly. The resulting concrete was 
poured on cylindrical molds of 100 × 200 mm. Two lay-
ers were filled in and compacted with 100 blows of rod-
ding. The samples cast were cured in a sealed condition 
with polyethylene foil at a room temperature (20–25 °C) 
and relative humidity of 60 ± 5% and demolded from the 
molds after 24 h. The samples were then demolded and 
placed in a water bath during the specified periods (7 and 
28  days of curing). The binder paste was cast into cube 
molds with a side of 50  mm and subjected to the same 
preparation procedures for curing until testing.

3 � Testing Methods
3.1 � Rheology
A rheology test of the binders was conducted using a 
commercial rheometer (HAAKE MARS III, Thermo 
Fisher Scientific, USA) as shown in Fig.  2 to determine 
the yield stress, viscosity, and adhesion force of the 
binder. Three binders used for conducting the rheol-
ogy test were C100, C40G60 and G100 with flow range 
from 210 to 214 mm. It was prepared following the same 

Table 2  Mix proportions of the tested pervious concretes.

Name Target porosity 
(%)

w/b ratio Weight of the material (kg/m3)

Aggregate OPC Water GGBFS CaCl2 CaO SP

G100P10 10 0.3 1546 – 151 444 10.1 49.4 0.25

G100P15 15 0.3 1546 – 127 375 8.5 41.7 0.21

C40G60P10 10 0.3 1546 204 153 306 – – 1.02

C40G60P15 15 0.3 1546 172 129 259 – – 0.86

C100P10 10 0.3 1546 523 157 – – – 1.04

C100P15 15 0.3 1546 443 133 – – – 0.88

Table 3  Flow test results of fresh binders with different amounts 
of superplasticizer.

SP (wt.%) Flow (mm)

G100 (w/b = 0.3) C40G60 
(w/b = 0.3)

C100 
(w/b = 0.3)

0 190 163 191

0.05 210 – –

0.1 265 175 204

0.15 300 + (overflow) – –

0.2 – 214 213

0.3 – 272 239
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procedure as discussed in Sect.  2.3. The fresh binder 
was placed between two parallel plates with a diameter 
of 60 mm, and the gap was set to be 2 mm between the 
upper and lower plates. When the subjected initial gap 
touched the sample, the extra materials on the edge were 
removed. If the shearing surfaces are smooth, slippage 
can occur (Park et al., 2022). To avoid slipping between 
the binder and the plates, sandpaper was attached onto 
the plates.

The employed shearing protocol for the rheology test 
is portrayed in Fig. 3. The shear strain rate was gradually 
increased until it reached 60 s-1 for up to 30 s. The pre-
shear rate of 60 s-1 was determined from the preliminary 
test, in which the measured data were consistent, and it 
was maintained for 90  s to allow stress relaxation (Ma 
et al., 2018). The stepwise reduction of the shear rate was 
the principle behind measuring shear stress, and each 
step was measured for 15  s and one data was collected 
per second (Gwon & Shin, 2019). The Bingham model 
was employed to measure the yield stress and plastic vis-
cosity, because the binders utilized in this investigation 

are Bingham plastic fluids (Gołaszewski & Szwabowski, 
2004; ASTM C, 1749 17A, 2012; Wang et al., 2020).

The binder’s adhesive force was determined by allow-
ing the upper plate to move at a constant pace. The force 
exerted by the upper plate was measured until it was 
negligible. An example of a measured adhesive force is 
revealed in Fig.  4. It shows the behavior of the binder’s 
adhesive force initially at a closer gap and increase of the 
gap gradually between the two plates over a duration. The 
highest adhesive force measured during each test was 
compared.

3.2 � Compressive Strength
Pervious concrete and hardened binders were tested for 
compressive strength in accordance with ASTM C, 1231, 
(2015) and ASTM C109, (2020), respectively. For the per-
vious concrete, each three cylindrical samples of size 100 
× 200 mm from the six mixtures which were cured for 7 
and 28 days were subjected for the compressive strength 
test. Meanwhile, each three cube samples of 50  mm 
which were also cured for 7 and 28 days from the three 
mixtures of binder of C100, C40G60 and G100 were used 
for compressive strength test of the hardened binder.

3.3 � Porosity
The total porosity of the pervious concrete specimens 
was determined following Archimedes’ principle (Alemu 
et al., 2021; Kim et al., 2018). From each mixture, three 
cylindrical samples of 100 × 200 mm were used for con-
ducting the porosity test. The weight of the samples in 
underwater and dried conditions was measured to calcu-
late the total porosity of the pervious concrete using Eq. 
(1) (Alemu et al., 2021; Kim et al., 2018) The samples were 
dried at a temperature of 60 °C for 24 h to avoid changes 
in crystal structure and cracks within the specimen due 
to high temperature (Sun et al., 2018):

Fig. 2  Rheometer (HAAKE MARS III).

Fig. 3  Shearing protocol for the rheology test.

0

1

2

3

4

5

2 3 4 5 6 7 8

A
dh

es
iv

e 
fo

rc
e 

(N
)

Distance between two plates (mm)

C100
Superplasticizer: 0.3 (wt.%)

Fig. 4  Example of adhesive force measurement.



Page 6 of 14Oinam et al. Int J Concr Struct Mater           (2022) 16:62 

where P is the total porosity (%), Md is the dry weight of 
the sample (g), Ms is the submerged weight of the sample 
(g), v is the volume of the sample (mm3), and ρw is the 
density of water (g/mm3) at 20–23 °C.

(1)P =

[

1−

(

Md−Ms

ρw×v

)]

× 100#
3.4 � Water Permeability
In this study, water permeability test was conducted fol-
lowing three methods using the three replicate samples 
of each mix to obtain the average permeability measure-
ment for a fair comparison. Three water permeability 
test methods were adopted, since there are few objective 
analysis of water permeability test methods.

The water permeability of the samples was measured 
using the following three test methods: (i) The constant 
head test method, which follows ASTM C 1701, (2017), 
as shown in Fig.  5; (ii) The constant head test method 
measuring vertical and horizontal permeability using EN 
12697-19 (2012), as shown in Fig.  6; and (iii) the falling 
head test (Batezini & Balbo, 2015) method, as depicted 
in Fig.  7. Notably, ASTM C1701 is generally used for 
the application of determining the water infiltration rate 
of in  situ pervious pavement. Meanwhile, the EN test 
method is known for determining the vertical and hori-
zontal water permeability of bituminous mixtures of 
interconnecting voids. Regardless of the application of 
the two water permeability test methods, both standard 
methods followed the similar principle of the constant 
head test method.

The samples were sealed with polyethylene foil and 
duct tape to avoid the leakage of water from the sides, 
except for the samples tested for horizontal permeabil-
ity following EN 12697-19. All specimens were previ-
ously saturated before any of the actual permeability 
tests were conducted to fill the pores of the specimen 

Cylindrical
pipe

Water inlet

Water collection container

Side sealed
specimen

h

Fig. 5  Schematic of the constant head test method (ASTM C1701).
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Fig. 6  Schematic of the constant head test method: a vertical; and b horizontal (EN 12697-19).
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(Chandrappa & Biligiri, 2016). Equations  2 (ASTM 
C1701, 2017), 3 (EN 12697-19, 2012), 4 (EN 12697-19, 
2012), and 5 (Batezini & Balbo, 2015) represent the for-
mulas for the ASTM, EN vertical, EN horizontal, and 
falling head test methods, respectively:

where I is the infiltration rate (mm/h), which is 
later calculated in terms of (mm/s). M is the mass 
of the infiltrated water (1.2 kg). D is the inside diam-
eter of the infiltration ring (98 mm), and tc is the time 
required for a measured amount of water to infiltrate 
the concrete(s). K is a constant; kf,v and kf,h are the ver-
tical and horizontal water permeability coefficients, 
respectively, Qv is the measured water flow through 
the specimen (m3/s), l is the thickness of the speci-
men (200 mm), and h is the actual height of the water 
column (300  mm). D is the diameter of the specimen 
(100 mm), and kf is the water permeability coefficient 
(falling head). Moreover, a (mm2) and A (mm2) are the 
cross sections of the tube and specimen, respectively, 
tf is the time measured for the water to infiltrate, and 
h1 (650  mm) and h2 (250  mm) are the initial and final 
heads.

(2)I = KM
D2

×tc

(3)kf ,v =
(4×Qv×l)
hπD2

(4)kf ,h =
Qv

h×πD

(5)kf =

(

a × l

A× tf

)

l n
h1

h2

3.5 � Computer Tomography
In this study, 3D CT scan measurements were con-
ducted to measure the pore distribution of the pervious 
concrete with the help of cone-beam computed tomog-
raphy (CS9300, Carestream Health Inc., Rochester, NY). 
Among the three specimens of water permeability and 
porosity tests, one specimen per mixture was subjected 
to a CT scan test. The voxel size was 0.3  mm, the volt-
age was 100  kVp, and the current was 30  mA (Alemu 
et al., 2021; Park et al., 2022). 3D contours of the speci-
mens and axial images were captured during the process 
of CT scanning. By counting the pixels of the darker and 
brighter portions, which represent pores and skeletons, 
the porosity of the pervious concrete was calculated, as 
illustrated in Fig.  8. MATLAB was used to convert the 
raw CT images to binary images consisting of dark and 
brighter portion of the surface (Alemu et  al., 2021). In 
addition, after determining the required region of inter-
est, ImageJ was used to calculate the porosity image of 
the whole cross-sectional diameter (100 mm) by filtering 
out the noise included in the binary images. The process 
was applied for all the 409 raw CT scan pictures of each 
sample of the six mix designs of the pervious concrete. 
Furthermore, porosity characteristics along the height 
direction were obtained

4 � Results and Discussion
4.1 � Rheological Properties of the Binder
4.1.1 � Viscosity and Yield Stress
Rheology tests of the binders were conducted to discern 
the viscosity and adhesive properties of the binder with 
respect to aggregate. Fig.  9 represents the shear stress–
strain rate responses of the fresh binders. The coefficients 
(R2) of determination of all the binders were quite accept-
able, which denotes a good correlation between the shear 
stress and shear rate. During the test, it was observed 
that, with G100, the resistance to flow (i.e., plastic viscos-
ity) was much higher than the others with less GGBFS, 
which resulted in higher friction force between the upper 
rheometer plate and the surface of the specimens.

Fig.  10 reveals that, among all the binders, G100 and 
C100 had the maximum viscosity of 5.8  Pa  s and the 
lowest viscosity of 1.2 Pa s, respectively. The plastic vis-
cosity increased as the percentage of GGBFS increased. 
Among the three mixtures, G100 displayed the highest 
plastic viscosity. The use of CaCl2 as an accelerator can 
increase the initial setting time and the initial heat of 
hydration because of its activation with CaO, which pro-
duces a quick hardening of binder surface at which the 
plastic viscosity of G100 binder might increases (Yum 
et  al., 2017). The increase in plastic viscosity may also 
be attributable to the structural breakdown of the G100 

Side sealed 
specimen

Cylindrical pipe

valve

h1

h2

Water inlet

Initial head

Final head

Fig. 7  Schematic of the falling head test method (Batezini & Balbo, 
2015).
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binder caused by shear energy applied for the rheology 
test (Palacios et al., 2008).

As demonstrated in Fig.  10, the yield stress of the 
tested mixtures tended to decrease as the GGBFS con-
tent increased. C100 shows the greatest yield stress 
which may be attributable to improved adhesion between 

particles without paste segregation (Park et  al., 2022). 
Likewise, the yield stress of G100 was lower than that 
of C100. Regardless of the yield stress or plastic viscos-
ity of the binders, appropriate flowability is essential. This 
investigation also demonstrated that since a significant 
amount of coarse aggregate and a lesser content of binder 
was included in the mix design of pervious concrete, 
the rheological properties of binder such as yield stress 
and plastic viscosity could not significantly control the 
mechanical properties of the pervious concrete.

4.1.2 � Adhesive Force
Fig.  11 illustrates the adhesive properties of the fresh 
binders according to the amount of GGBFS content in 
the fresh binders. When the GGBFS content was zero, 
the adhesive property was the highest. However, with the 
increase in the amount of GGBFS, the adhesive proper-
ties of the fresh binder decreases. The highest and lowest 
adhesive force was 6.8 and 1.65 N, respectively. The adhe-
sive properties of the fresh binders had a significant effect 
on the compressive strength of the pervious concrete, 

Fig. 8  Image processing a raw CT image; b binary image; and c filtered image.
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Fig. 9  Shear stress–strain rate responses of the binders.

Fig. 10  Plastic viscosity and the yield stress of the binders.

Fig. 11  Adhesive force and energy of the binders.



Page 9 of 14Oinam et al. Int J Concr Struct Mater           (2022) 16:62 	

since the adhesive properties signifies the ability of the 
fresh binder to stick with the coarse aggregate. Binder 
having higher adhesive force reflects to its greater ability 
to stick with the aggregates, resulting in the increase of 
compressive strength. Thus, it can be concluded that the 
adhesive properties of the GGBFS was found relatively 
weaker than OPC.

4.2 � Compressive Strength
Fig.  12 compares the compressive strengths of the six 
concrete mixtures tested in this study; with two tar-
get porosities of 10% and 15% which consists of C100, 
C40G60 and G100. The compressive strengths at 28 days 
of curing range from approximately 13.3 to 24.9  MPa. 
The larger standard deviation observed in some of the 
samples were likely due to the nonuniformity compac-
tion of the concrete. The compressive strength decreased 
as the GGBFS content increases at both 7 and 28  days. 
However, it is notable that the GGBFS only mixtures 
(G100P10, G100P15) exceed the minimum strength of 
pervious concrete required in most applications (ACI. 
2010).

Fig.  12 also shows the relationship between the com-
pressive strength and porosity of the concrete mixtures. 
Note that the measured porosity values are similar to the 
target porosity of 10% or 15%. In all binder cases, the P15 
concrete mixture with a higher porosity had a lower com-
pressive strength than P10 case at both 7 and 28  days. 
This was in accordance with findings in the literature 
(Kim et al., 2016; da Costa et al., 2021; Sun et al., 2018).

The rheological properties of fresh binders generally 
have a significant influence on the compressive strength 
of pervious concrete. As shown in Fig.  13, for target 
porosity of 15%, the C100 pervious concrete had a higher 
compressive strength than that of the C40G60 pervious 
concrete, despite the C40G60 binder having a higher 
compressive strength than the C100 binder, which is 
highly associated with the adhesive force. In addition, as 

for the C40G60, the adhesive characteristics are superior 
to G100, which explains why the pervious concrete made 
of C40G60 had a higher compressive strength than that 
made of G100. Therefore, it can be concluded that, as the 
amount of GGBFS increases, the adhesive properties of 
the binder decrease, causing a decrease in the compres-
sive strength of the pervious concrete. The decrease in 
compressive strength of the G100 pervious concrete 
could be a result of the G100 binder imparting a higher 
plastic viscosity. Because the binder was unable to flow 
downward, the specimens were weaker at the bottom, 
which may have resulted in them breaking first.

4.3 � Water Permeability
Water permeability experiments were carried out on the 
same three samples of each mix design which were sub-
jected to the porosity test. The relationship between the 
permeability results assessed with the three methods and 
the measured porosity are displayed in Fig. 14. Regardless 
of the variability, when the measured porosity is high, the 
permeability increases, and when the measured porosity 
is low, the permeability decreases. EN 12697-19 (2012) 
comprises of two testing methods (i.e., vertical and hori-
zontal). The vertical test method measures an almost 
similar trend of permeability results with ASTM and the 
falling head test method. However, the measured perme-
ability results with the EN horizontal test method were 
much lower compared to the EN vertical test method, 
ASTM test method, and falling head test method because 
of the formula (Eq.  4) that is used to calculate the per-
meability, although the measured permeability correlates 
with the measured porosity. As for the EN horizontal, the 
equation does not consider the length of the specimen, 
since the water was allowed to permeate from the side of 
the specimen. Hence, it presents relatively lower water 
permeability results.

Higher permeability in the target porosity of 15% 
(P15) specimens with the falling head test method 
might be due to the turbulent flow of the water through 

Fig. 12  Relationship between compressive strength (7 and 28 days) 
and porosity of the tested concrete mixtures.

Fig. 13  Compressive strength of the binder.
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the specimens, the drop of water from a certain height 
can increase the tendency of the flow due to the pres-
ence of more voids thus increasing the velocity  of the 
flow. In the constant head test, the flow of water follows 
the principle of laminar flow (Sandoval et  al., 2017). 
However, the results obtained from the EN, falling head 
and ASTM test methods represented the same ten-
dency as the measured porosity, showing a correlation 
between the two parameters.

Water permeability assessed using the EN vertical 
test method was inconsistent with measured porosity, 
with a poorer correlation coefficient for C100 than the 
other test methods. Significantly, the EN test method 
was used for higher porosity (20–30%) specimens and 
specified for bituminous mixtures with interconnect-
ing voids (Lu et  al., 2019). Meanwhile, the correlation 
between the measured permeabilities and porosities 
in the other test methodologies was almost equivalent. 
It was also possible to say that all the test methods are 
applicable and that a better test method for a sample 
with a low target porosity can be chosen.

4.4 � Pore Structure Analysis Using Computer Tomography
A CT scan was conducted on to analyze the distribution 
of pores for a better understanding of water permeabil-
ity. One sample out of the three samples used for porosity 
and permeability tests was used for each mixture. Fig. 15 
shows the overall distribution of pores in the vertical 
direction of the pervious concretes. This figure repre-
sents a comparison of the distribution of pores for sam-
ples with assorted target porosities and binders. In the 
case of both the target porosities of C100 and C40G60, 
a higher porosity region was observed in the middle of 
the specimens. However, G100 showed a relatively uni-
form distribution of the pores compared to C100 and 
C40G60 in the top and middle portions of the speci-
men, although the distribution of pores increased around 
the bottom portion of the specimen. This might be due 
to less adhesive force between the binder and aggre-
gate, causing the restriction of binder flowing down and 
resulting in less compressive strength. Moreover, larger 
amount of voids present at the bottom of the specimen 
might be also associated with the higher plastic viscosity. 

R² = 0.7486
R² = 0.8756

R² = 0.9295

0

0.5

1

1.5

2

2.5

10 12 14 16 18

P
er

m
ea

bi
lit

y 
(m

m
/s

)

Measured average porosity (%)

ASTM
G100
C40G60
C100

(a)

R² = 0.976
R² = 0.8245

R² = 0.6636

0

0.5

1

1.5

2

2.5

10 12 14 16 18

P
er

m
ea

bi
lit

y 
(m

m
/s

)

Measured average porosity (%)

EN Vertical
G100
C40G60
C100

(b)

R² = 0.9643
R² = 0.9865

R² = 0.8619

0

0.05

0.1

0.15

0.2

10 12 14 16 18

P
er

m
ea

bi
lit

y 
(m

m
/s

)

Measured average porosity (%)

EN Horizontal
G100
C40G60
C100

(c)

R² = 0.828
R² = 0.8131

R² = 0.8426

0

0.5

1

1.5

2

2.5

10 12 14 16 18

P
er

m
ea

bi
lit

y 
(m

m
/s

)

Measured average porosity (%)

Falling head
G100
C40G60
C100

(d)

Fig. 14  Relationship between porosity and water permeability using various test methods: a ASTM; b EN vertical; c EN horizontal; and d falling 
head.



Page 11 of 14Oinam et al. Int J Concr Struct Mater           (2022) 16:62 	

Among all the specimens, G100P10 had the lowest pore 
distribution on the middle portion, but the pores gradu-
ally increased with more pores at the bottom. Quite the 
contrary, C100P10 and C40G60P10 had a higher signifi-
cant distribution of pores in the middle portion; however, 
the peak reduced with very low pore distribution at the 
bottom portion. Therefore, the distribution of pores was 
not uniform throughout for all the specimens, which may 
have been caused by factors, such as compaction force 
and the type of binders. The pervious concrete was hand 
compacted using a steel rod, which is a possible reason 
for the peak pore distribution at the middle and bottom 
portions (Alemu et al., 2021).

The comparison of the measured porosity between 
Archimedes’ principle and a CT scan regarding the 
measured water permeability with various test methods 
is presented in Table 4. The findings verify that porosi-
ties using the CT scan were lower than those meas-
ured using Archimedes’ principle. This might be due to 
the presence of aggregate in pervious concrete, which 

affects the factors of calculations of the pore area based 
on the color of the pixels and the detection of smaller 
pores in the CT scan test method (Alemu et al., 2021; 
Park et  al., 2022). The measured water permeabilities 
and porosities obtained from the CT scan also have a 
strong relationship.

Among all the testing methods of water permeability, 
the ASTM and EN horizontal methods strongly dem-
onstrate almost a similar correlation trend between the 
water permeabilities and porosities measured through 
CT scans for all the specimens. G100P15 had the high-
est CT scan-measured porosity of the pervious speci-
men, which reflects the highest water permeability 
presented with ASTM and EN vertical test methods. 
However, the overall water permeability obtained 
through ASTM and EN verticals does not exactly cor-
relate with the porosity measured by the CT scan. 
While it is unsure if the porosity measured through a 
CT scan provides the actual skeleton porosity, it can be 
concluded that the ASTM test method best suits the 
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Fig. 15  Distribution of pores in the pervious concretes from CT images: a P10 samples; b P15 samples.

Table 4  Porosity results measured with the water absorption (Archimedes’) method and CT scan and water permeability results.

Specimen Target porosity 
(%)

Porosity (%) Permeability (mm/s)

Archimedes’ CT Scan ASTM EN Falling head

EN vertical EN horizontal

G100 15 15.7 15.4 1.45 1.28 0.16 1.58

C40G60 15 14.2 10.4 1.12 1.03 0.17 1.65

C100 15 14.6 10.8 0.89 1.27 0.15 1.60

G100 10 12.1 7.6 0.30 0.35 0.05 0.37

C40G60 10 11.6 8.9 0.35 0.60 0.08 0.37

C100 10 11.84 8.5 0.25 0.87 0.08 0.40
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correlation between water permeability and CT scan-
measured porosity.

5 � Conclusions
In this study, ground granulated blast furnace slag 
(GGBFS)-based pervious concrete was investigated. Two 
test variables were considered: OPC replacement ratio by 
GGBFS and target porosity, which was adjusted by the 
binder-to-aggregate ratio. Effects of the rheological prop-
erties of binders on the water permeability and compres-
sive strength of pervious concretes were experimentally 
evaluated. CT scan test was also conducted to assess the 
influence of rheological properties and to enhance the 
comparison with the water permeability tests. The obser-
vations and findings of this study can be summarized as 
follows:

1.	 The plastic viscosity was the highest when only 
GGBFS was used as the binder, which might be due 
to the rough surface and structural breakdown of 
the binder during the test, since CaO is used as an 
activator and CaCl2 as an accelerator. However, the 
yield stress of the OPC binder was higher than that of 
the GGBFS binder, which may be due to the stronger 
adhesive properties between the particles without 
paste segregation. When the adhesive force of the 
binder was lower, the CT scan revealed that pore dis-
tribution was higher at the bottom of the specimen 
which may be due to the restriction of flowing down 
of the binder at the bottom due to higher plastic vis-
cosity of GGBFS.

2.	 As for the GGBFS-only case, the strength and flowa-
bility of the binder were not directly correlated with 
the strength of the associated pervious concrete. In 
relation to the amount of GGBFS, the adhesive force 
of the binder had the greatest impact on the com-
pressive strength of the pervious concrete. As the 
amount of GGBFS increased, the adhesive force of 
the binder decreased, causing a decrease in the com-
pressive strength of pervious concrete due to its poor 
ability to stick to coarse aggregates.

3.	 The porosity estimated by Archimedes’ principle and 
CT scan was significantly related to the water perme-
ability determined by all three techniques. Due to the 
reduced target porosities, there were no considerable 
discrepancies in the results of the three water perme-
ability test techniques.

4.	 The pervious concrete manufactured with 60% 
GGBFS has nearly identical compressive strength, 
porosity, and permeability to the pervious concrete 
manufactured with OPC, which can minimize a 
significantly larger carbon footprint. However, the 
pervious concrete with CaO-activated GGBFS has a 

relatively lower compressive strength, since the adhe-
sive force of the binder was relatively weaker com-
pared to those with less GGBFS.

It is hoped that the results from this experimental 
research will provide basic information for developing 
GGBFS-based pervious concrete for sustainable pave-
ment development. However, additional research is 
needed to improve the strength and pore distribution of 
CaO-activated GGBFS pervious concrete and assess the 
water permeability with a higher target porosity.
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