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a b s t r a c t

This paper investigates the effect of the rheological properties of fresh binder on the

compressive strength of pervious concrete. Pervious concrete can be used to reduce

stormwater runoff, urban heat island effect, or noise. Because of a limited amount of

binder, the compressive strength of pervious concrete is one of the most critical properties

for its structural applications. Although researchers have revealed the important factors

contributing to the compressive strength of pervious concrete, still the effect of rheological

properties of fresh binder have been rarely investigated. This study measured the plastic

viscosity, yield stress, adhesion energy of fresh binder using a rotational rheometer; and

the data were compared with the compressive strength of the pervious concrete. The

experimental variables were flowability and water-to-cement (w/c) ratios of binder mate-

rials, target porosity, and the adoption of silica fume and fibers. The test results indicate

that the adhesive energy results in the best correlation with compressive strength among

various rheological properties. Three-dimensional computed tomography (CT) scanning

test also demonstrates the effect of the rheological conditions of the binder on the ho-

mogeneity of pervious concrete.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The porosity of pervious or porous concrete generally ranges

between 15 and 35% [1e4]. This concrete has been widely

studied because it helps in the reduction of stormwater

runoff, urban heat island effect, and noise created through
).
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tire-pavement interaction. These effects largely depend on

the amount of pores inside concrete and their connectivity.

Themore concrete contains pores inside, themore it becomes

water-permeable, sound-absorbable, and low heat-capacity

material. However, the pores in pervious concrete signifi-

cantly reduce its compressive strength. Therefore, studies

have been conducted to reveal the mix designs of pervious
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Table 1 e Oxide percentage of cement and GGBS.

Constituent Cement GGBS

CaO 64.25 42.70

SiO2 18.50 30.42

SO3 4.56 3.15

Fe2O3 3.92 0.88

Al2O3 3.76 13.92

MgO 2.06 6.71

K2O 1.42 0.65

Na2O 0.02 0.28

Fig. 1 e Particle size distribution of cement, slag, and silica

fume.
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concrete which exhibit certain levels of compressive strength

as well as other performances.

Many factors affect the quality of pervious concrete, such

as type of aggregate, size of aggregate, supplementary

cementitious materials, or fibers. Studies reported an appro-

priate range of aggregate size approximately 10e20 mm [1,5]

including the effectiveness of blending different aggregate

sizes [6]. Various types of aggregates were found to affect the

compressive strength of pervious concrete [7e10]. Supple-

mentary cementitious materials such as silica fume, ground

granulated blast furnace slag, fly ash, or metakaolin improved

concrete strength [2,11,12], especially, silica fume with

superplasticizer was also effective to increase abrasion resis-

tance [11]; Polymers improved compressive strength, perme-

ability, and freez-thaw resistance of pervious concrete [13];

Fibers were able to create pores interconnected along the fi-

bers and improved the tensile and flexural strength [14e16];

and Sun et al. [17] adopted alkali-activated geopolymer as

binder of pervious concrete because of its higher viscosity

than cementitious material.

Despite the extensive researches on pervious concrete,

no study attributes the desirable rheological properties of

fresh binder in pervious concrete. Since a minimal amount

of binder is applied to pervious concrete, the effects of the

characteristics of binder on the quality of pervious concrete

can be critical. For example, the flowability of binder defi-

nitely affects the compressive strength and porosity of

pervious concrete. If the flow of the binder is too low,

pervious concrete does not mix homogeneously [9], whereas

if the binder is too flowable segregation happens [18]. In

both extreme conditions, flow-ability degrades the

compressive strength of pervious concrete. Some studies

suggested the desired binder flowability range of

150e230 mm [7,8,16]. However, this range was empirically

determined based on the workability, and the effect of

different flowability on compressive strength was not dis-

cussed. Kunhanandan Nambiar and Ramamurthy [19]

advised appropriate spreadability and fluidity of pervious

concrete using flow cone test (ASTM C939 [20]) and Marsh

cone test, respectively. However, the study does not show

the influence of binder flowability on the compressive

strength and porosity of pervious concrete.

The main purpose of the current study is to reveal the

rheological properties of the fresh binder with higher

compressive strength of pervious concrete. It is hypothesized

that the appropriate range of flowability can be different

between binders of different mix designs. Furthermore,

flowability alone may not be able to determine the suitability

of binder mix design; perhaps other rheological properties

such as viscosity, yield stress, and adhesiveness can be

important factors because they are not always correlated to

flowability [21]. By accompanying the compressive strength

and the porosity measurements on pervious concrete, the

desirable rheological conditions of the binder for pervious

concrete are discussed. Three-dimensional (3D) computed

tomography (CT) scan is incorporated to investigate pore

distribution in the pervious concrete specimens. This paper is

believed to show insights on the development of the binder

mix design for pervious concrete in terms of compressive

strength.
2. Materials and test methods

2.1. Raw materials

Slag cement was prepared by replacing 20% of cement with

ground granulated blast-furnace slag (GGBS). Both the GGBS

and cement type III were provided by Hanpil ENG., and their

chemical compositions are shown in Table 1. Silica fume was

MicroSilica PK940U from ELKEM and it contains amorphous

SiO2 of more than 95%. The particle size distributions of

cement, slag, and silica fume are shown in Fig. 1. The mean

particle size distributions of cement, slag, and silica fume are

7.35, 3.82, and 9.69 mm, respectively. Natural kenaf fibers of

10 mm length provided by Soo Industries Co., were also

exploited to investigate their effect. The kenaf fibers consist of

cellulose of 45e57 wt%, Hemicellulose of 22 wt%, Lignin of

8e13 wt%, and Pectin of 3e5 wt%; their tensile strength and

Young's modulus are 930 MPa and 53 GPa, respectively; and

the specific gravity is 1.9. A polycarboxylate-based super-

plasticizer was applied to adjust the flowability of the binder.

The coarse aggregate was supplied from Hando Asphalt Co.,

and its sizes are in the range of 9e11 mm.

2.2. Mix design and specimen preparation

The brief design concept of pervious concrete is filling parts of

the voids between aggregate with binder to achieve the target
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porosity. Thus, the pervious concretemix design should begin

with measuring the bulk porosity of aggregate compacted.

After filling a prism mold of size 300 � 300 � 150 mm with

aggregate, it was compacted by rodding the surface until

the aggregate surface did not sink anymore. The bulk density

of aggregate (ra) is calculated by dividing the weight of

the aggregate by the volume of the mold. The bulk porosity of

the aggregate (Pa) is, then, obtained by Eq. (1).

Pa ¼1� ra

rwGa
� 100ð%Þ (1)

where Ga and rw are specific gravity of aggregate and density

of water, respectively. It is noted that the target porosity of

pervious concrete should be lower than Pa. The volume of the

binder is obtained by subtracting the target porosity from Pa
and multiplying to the entire volume of the specimen.

After the volume of the binder was calculated, binder was

synthesized through the following steps: i) pour the solid

powders into a mixing bowl and mix them for 5 min; ii) add

water and superplasticizer into the mixture and further mix

for another 10 min; and iii) for the specimens with fibers, add

fibers gradually and mix for 5 min. After synthesizing binder,

it is mixed with aggregate for more than 15 min until the

mixture looks homogeneous.

The list of pervious concrete specimens is summarized in

Table 2. To investigate the effect of binder material, five

different mix designs were used for the pervious concrete of

15% target porosity. The 15% porosity was determined to

observe the effect of flow and/or rheological properties of

binder on the compressive strength of pervious concrete with

a large amount of binder.Without silica fume, thew/c ratios of

the binders were 0.25 and 0.30. With silica fume, the w/c ratio

of the binders was fixed as 0.25 and the dosages of silica fume

were 10% and 20% of cement weight. The natural fibers were

added to the binder with 20% silica fume and its dosage was

2% of the cement paste volume in the pervious concrete. To

investigate the effect of binder flowability on the compressive

strength, the pervious concrete specimens with the target

porosities of 15%, 20%, and 25% were prepared using the

binder that contains 20% silica fume. For all specimens, three
Table 2 e Mix designs of pervious concrete.

Specimen name Target porosity
(%vol.)a

Design parameter

w/c ratio SFb

(%cw.)c
Fibe
(%cv

w/c 0.25 15 0.25 e e

w/c 0.30 15 0.30 e e

w/c 0.25 e SF10 15 0.25 10 e

w/c 0.25 e SF20 15 0.25 20 e

w/c 0.25 e SF20F 15 0.25 20 2

w/c 0.25 e SF20 (20%) 20 0.25 20 e

w/c 0.25 e SF20 (25%) 25 0.25 20 e

a Percentage to the total volume of pervious concrete.
b Silica fume.
c Percentage to cement weight.
d Percentage to cement paste volume.
e Amounts of superplasticizer for targeted flows of fresh binders. L: low
different flow levels of the binders were formulated using

different amounts of superplasticizer; L, M, and H in Table 2

denote the low flow (170 mm), the medium flow (210 mm),

and the high flow (250 mm), respectively. It is noted that the

pervious concrete with fibers does not have the specimen of

high flow because the amount of superplasticizer required is

higher than the dosage limit suggested by the manufacture.

The volume of the binder is calculated as the sum of the vol-

umes of the ingredients using their specific gravity data as

shown in Table 3. The specific gravities of cement, silica fume,

aggregate, and fiber are 3.14, 2.2, 2.71, and, 1.9 respectively.

2.3. Flowability, compressive strength, and porosity
measurements

The flow table test for the fresh binders was performed in

accordance with ASTM C230 [22]. The amounts of super-

plasticizer for the targeted flows were determined through

several trial tests. The compressive strength tests were con-

ducted on both pervious concrete and hardened binder, in

which 100 � 200 mm cylindrical molds and 50 � 50 � 50 mm

cube molds were used for the concrete and the binder,

respectively. Pervious concretewascast in thecylindricalmold

in two layers, and each layer was compacted by rodding the

surface 90 times. The number of rodding was determined

empirically until the surface did not sink. After one day of

curing within the sealed mold, the specimens were removed

from the molds and submerged in water until tested. The 28-

day compressive strengths of pervious concrete and hard-

enedbinderweredeterminedusingASTMC1231 [23] andASTM

C109 [24], respectively. For porosity measurement, the speci-

mens were cast in the same cylindrical mold for compressive

strength, cured for 3 days, and dried in the oven at 45 �C for 2

days. The volume of a specimen was measured following the

method described in ASTM C127 [25], the pore volume is

calculatedby subtracting thevolumeof a cylindricalmoldwith

the volume of a specimen, and the porositywas determined as

the ratio of theporevolumeto thevolumeof a cylindricalmold.

The averages of three replicates were used as representative

results for both porosity and compressive strength.
Material weight (kg/m3)

r
.)d

Aggregate Cement Water SF Fiber SP (L,M,H)e

1546.2 482.0 120.5 e e (3.9, 6.3, 8.7)

443.1 132.9 e e (1.3, 3.5, 5.5)

423.7 117.7 47.1 e (8.0, 9.9, 11.8)

368.0 115.0 92.0 e (9.2, 11.0, 13.3)

360.6 112.7 90.2 9.8 (11.7, 20.3, -)

300.9 94.0 75.2 e (7.5, 9.0, 10.9)

233.7 73.0 58.4 e (5.8, 7.0, 8.5)

flow (170 mm), M: medium flow (210 mm), H: high flow (250 mm).
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Table 3 e The volume of fresh binder of pervious concrete.

Specimen name Volume (m3)

Target void Binder Cementa Water SFb Fiberc

w/c 0.25 0.150 0.274 0.154 0.120 e e

w/c 0.30 0.150 0.274 0.141 0.133 e e

w/c 0.25 e SF10 0.150 0.274 0.135 0.118 0.021 e

w/c 0.25 e SF20 0.150 0.274 0.117 0.115 0.042 e

w/c 0.25 e SF20F 0.150 0.274 0.115 0.113 0.041 0.005

w/c 0.25 e SF20 (20%) 0.200 0.224 0.096 0.094 0.034 e

w/c 0.25 e SF20 (25%) 0.250 0.174 0.074 0.073 0.027 e

The aggregate volume ¼ 1546.17 (kg)/2.71/1000 ¼ 0.576 m3.

The binder volume ¼ 1e0.576-target void.
a Cement weight (kg)/3.14/1000.
b Silica fume weight (kg)/2.2/1000.
c Fiber weight (kg)/1.96/1000.
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2.4. Rheological properties measurements

A rotational rheometer (HAAKE MARS III, Thermo Fisher Sci-

entific Inc.) with parallel plates was used to measure the

rheological properties of fresh binder. After mixing, fresh

binder was placed on the lower plate, and the upper plate was

lowered until the gap between the upper plate and the lower

plate became 2 mm. The upper plate was run by the test

procedure in Fig. 2. The binder rested between the plates for

25 s and the shear rate of the upper plate increased linearly up

to 70 s�1 and maintained for 80 s. After the pre-shear, the

shear stress was measured with the step-wised reduction of

shear rate and each step ran for 15 s. The average values of the

shear stress at the steps of the shear rate from 10 to 70 s�1

were applied to a Binghammodel to calculate plastic viscosity

and shear yield stress [26e30]; the plastic viscosity and the

yield stress are the tangent and the intercept of the linear

regression, respectively. It should be noted that the sandpa-

pers of 120 grits were attached to the surfaces of the upper and

lower plates to prevent the slip between the plates and the

binder [28].

After the rotational rheology test, the fresh binder rested

for 30 s and the adhesion test was carried out. The upper plate
Fig. 2 e The rheology test procedure.
moved upward with the speed of 0.028 mm/s, and the adhe-

sive force and displacement of the upper plate weremeasured

[28]. Fig. 3 shows an example of the adhesion test results of the

specimens of w/c 0.25 e SF20. The data of the maximum ad-

hesive forces and the adhesion energies that the area under

the curve up to 5 mm displacement are discussed in this

paper.

2.5. 3D CT scanning measuremen

The porosity of hardened specimens was also measured via

3D CT scanning. Cone-beam computed tomography with a

voxel size of 0.3 mm was used and the detection conditions

were a voltage of 100 kVp and a current of 30mA. The porosity

was calculated by counting the pixels of the darker and

brighter portions, which indicates pores and skeletons,

respectively. The cross-sectional CT images in Fig. 4 were

filtered using the 2-D adaptive noise-removal filter (Wiener

filter) available in theMatlab™ software. The region of interest

(ROI) for this filtering was fixed as 10 cm diameter, i.e., the

diameter of concrete specimens. The gray-level histogram

gave distinctive regions allowing the determination of
Fig. 3 e An example of rheology test results of w/c 0.25 -

SF20 specimens.
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Fig. 4 e An example of CT scan results of porous concrete: (a) compiled 3D image, and (b) cross-sectional image.
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thresholds for quantifying the areas corresponding to skele-

tons and pores. Based on this, the porosity profile of the

specimens by height was obtained.
3. Results and discussions

3.1. Compressive strength and porosity of pervious
concrete

The 28-day compressive strength and the porosity data of the

pervious concrete specimens with different binder mixtures

are shown in Fig. 5. It should be noted that the specimens used

for porosity measurements are different from those used for

the compressive strength, and, therefore, the actual porosity

and the compressive strength may not be matched perfectly.

However, since the standard deviation values of porosity data

are less than 2%, and the specimens used for compressive

strength can be assumed to have a similar porosity. Some of

the specimens result in higher errors such as w/c 0.25 - SF10

(M), w/c 0.25 e SF20 (L), and w/c 0.25 e SF20F (L), which can be

attributed to the unstable structure of pervious concrete.
Fig. 5 e 28-day compressive strength of pervious concre
Nevertheless, the consistency among the specimens in each

group can be inferred by the low errors in the porosities. The

pervious concrete specimens result in different compressive

strength values with different flows of fresh binders even if

the same recipe was used except the amount of super-

plasticizer. The effect of the amount of superplasticizer on the

compressive strength of the hardened binder is negligible, as

shown in Table 4. The previous study reported the same re-

sults [31]. Some of the specimens of the low flow exhibit

distinctively lower compressive strength. It can be assumed

that the specimens havemacro-sized pores caused by the low

flow level.

The differences in the compressive strength of pervious

concrete can be attributed to other reasons, such as the

segregation of binder. The high flow leads to the lowest

compressive strength for all specimens, which is because of

the segregation of the binder. For example, Fig. 6 shows the

pictures of the specimens of w/c 0.25 - SF20 with different

flows. As the flow increases, the surface of pervious concrete

becomes smoother by being filled with a more amount of

binder. Especially, in the case of the high flow, the paste has

flown down to the bottom, which is evidence of segregation.
te specimens with different flows of fresh binders.

https://doi.org/10.1016/j.jmrt.2022.01.045
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Table 4 e The 28-day compressive strength of the
hardened binders.

Specimen 28-day compressive strength (MPa)
(COV (%))a

Flow L Flow M Flow H

w/c 0.25 79.5 (17.8) 116.7 (11.6) 123.9 (6.7)

w/c 0.30 103.2 (2.4) 100.5 (11.9) 105.2 (4.9)

w/c 0.25 e SF10 119.1 (27.1) 114.8 (2.2) 123.3 (13.7)

w/c 0.25 e SF20 96.0 (16.4) 111.7 (15.0) 109.8 (23.8)

w/c 0.25 e SF20F 93.7 (2.1) 95.4 (3.5) e

a Coefficient of variation of the compressive strength.
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Since the amount of superplasticizer does not affect the

compressive strength of fresh binder, it can be concluded that

the flow itself affects the compressive strength of pervious

concrete.

However, the flow of fresh binder cannot explain the

compressive strength of the specimens of the medium flow

and the low flow. The flow of the highest compressive

strength of pervious concrete is different with a different

binder mixture even when the target porosity is the same. For

example, in the case of the pervious concrete of w/c 0.25 and

w/c 0.30, the highest compressive strength values are ach-

ieved by the medium flow. On the other hand, the pervious

concrete with silica fume in binder such as the specimens of

w/c 0.25e SF10, w/c 0.25 - SF20, andw/c 0.25 - SF20F attain the

highest compressive strength with the low flow. Furthermore,

the flow of the highest compressive strength of pervious

concrete is different with a different target porosity even

when the mixture of the binder is the same; for example, in

the case of the pervious concrete of w/c 0.25 - SF20, the highest

compressive strengths are achieved by the low and the me-

dium flows when the target porosities are 15% and 20%,

respectively. This implies that other rheological properties
Fig. 6 e The pervious concrete specimens o
such as plastic viscosity, yield stress, or adhesive character-

istics, possibly are important factors for the compressive

strength of pervious concrete.

The 28-day compressive strength and the porosity data of

the pervious concrete specimens with different target poros-

ities are also shown in Fig. 5; the specimens of w/c 0.25 - SF20

with the porosities of 15%, 20%, and 25%. The compressive

strength decreases with the increase of the target porosity.

The effect of the flow on the compressive strength of pervious

concrete also declines when the target porosity increases

because the amount of fresh binder is smaller. For example,

the difference between the maximum and minimum aver-

aged compressive strengths of the specimens of the target

porosity of 25% is only 3.5 MPa, whereas the difference of the

specimens of 15% is 11.2MPa. Thismay indicate that the effect

of the rheological properties of the fresh binder on the

compressive strength of pervious concrete is more significant

when the target porosity is lower. It is also noted that the flow

that results in higher compressive strength of pervious con-

crete is changed from the low to the medium when the target

porosity increases from 15% to 20%. This can be inferred that

when the amount of the binder is lower, the higher flow of the

fresh binder can be advantageous because the binder needs to

be spread wider to fill the voids equally. Therefore, the

appropriate rheological properties of the fresh binder can be

also dependent on the amount of the binder required in

pervious concrete.

In this study, the usage of the natural fibers degrades the

compressive strengths in both paste and concrete. It has been

reported that fibers can improve the durability of pervious

concrete [32]. However, it is not clear that fibers are beneficial

in terms of the compressive strength. It can be assumed that

the amount of the binders and the fibers are too little to tangle

with aggregates, and, therefore, they cannot enhance the

mechanical property of pervious concrete.
f w/c 0.25 - SF20 with different flows.

https://doi.org/10.1016/j.jmrt.2022.01.045
https://doi.org/10.1016/j.jmrt.2022.01.045


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 2 ; 1 7 : 6 3 6e6 4 8642
An interesting trend is observed from Fig. 7 showing the

relationship between the porosity and the compressive

strength. In the plot, no clear correlation is observed and the

specimens of the same target porosity of 15% do not present

the typical relationship between the porosity and the

compressive strength. It is generally known that the

compressive strength of pervious concrete decreases with the

increase of the porosity [29,33e35]. The data of the high flow in

green markers result in lower porosities of pervious concrete,

however, their compressive strengths are similar to or lower

than those of the low and the medium flows because of the

segregation as aforementioned. In consequence, the

compressive strength of pervious concrete does not always

have a good correlation with the porosity when it is deter-

mined by the flow of fresh binder, not by the target porosity.

The relationship between the porosity and the compres-

sive strength of the pervious concrete with a different target

porosity is shown in Fig. 8. In this plot, the typical trend of the

relationship can be observed; the compressive strength de-

creases with the increase of porosity. This trend becomes

clearerwhen the data of the specimenswith the sameflow are
Fig. 7 e The relationship between the 28-day compressive

strength and the porosity of the pervious concrete

specimens with different binders (target porosity: 15%).

Fig. 8 e The relationship between the 28-day compressive

strength and the porosity of the pervious concrete

specimens with different target porosities.
compared. The compressive strength of pervious concrete

exhibits a well-known correlation of decline with the increase

of the porosity when the flow of fresh binder remains the

same and the target porosity is different. In other words, the

flow of fresh binder affects the compressive strength of

pervious concrete as well as the porosity.

3.2. Rheology

3.2.1. Viscosity and yield stress
Fig. 9 shows the results of the rheology tests on the fresh

binders. The X-axis is the shear rate and the Y-axis is the

shear stress. The data show almost parallel linear regressions

and they are shifted down as the flow increases except for the

w/c 0.25 specimen. The data lines of the specimen without

silica fume are shifted down significantly from flow M, while

the data of the specimens with silica fume are shifted down

significantly from L. This can be because of the synergistic

effect of silica fume and polycarboxylate-based super-

plasticizer on the flow of fresh binder; silica fume helps the

dispersion of particles along with polycarboxylate-based

superplasticizer [36]. The w/c 0.25 specimen shows a

different tendency of the results; the tangents of the linear

regressions increase significantly when the flows increase

from low to medium, and, then, the lines are shifted down

almost parallelly when the flows increase from medium to

high. It should be pointed out that the different tendency is

because of the slip between the rheometer plates and the

specimens. The fresh binder of the w/c 0.25 (L) strongly ag-

glomerates and is not broken easily, and their surface was

drier compared to other fresh binders. Although the sandpa-

pers were applied to prevent the slip, the friction force seemed

not sufficient.

Based on the Bingham model, the tangent of the linear

regression data is the plastic viscosity and the intercept is the

shear yield stress. The plastic viscosity indicates the resis-

tance against flowing, and the shear yield stress means the

minimum stress to cause the flow in static status [37]. The

data of plastic viscosity and yield stress of the specimens are

summarized in Fig. 10.

In the case of the binders without silica fume, the plastic

viscosity decreases as the w/c ratio increases. It can be asso-

ciated with that the number of unreacted cement particles

decreases with a larger amount of mixing water. The plastic

viscosity is different with a different flow level, which implies

that the amount of the superplasticizer affects the viscous

interaction between cement particles. In the case of the

binders with silica fume, the level of plastic viscosity de-

creases with the increase of silica fume dosage, which can be

attributed to the smooth surface of silica fume and its inter-

action with the polycarboxylate-based superplasticizer [38].

The plastic viscosities of the w/c 0.25 e SF10 and SF20 do not

change along with the flow of the fresh binder, which is

different from the specimens without silica fume. The yield

stress is higher with a lower flow for all cases. It is also noted

that silica fume increases the yield stress of the fresh binder

with the samew/c ratio of 0.25 [38]. The higher yield stress can

be associated with unreacted particles because of the lower

water content or because of the additional silica fume parti-

cles. In summary, the specimens without silica fume exhibit
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Fig. 9 e The rheology test results of fresh binders: (a) w/c 0.25, (b) w/c 3.0, (c) w/c 0.25 - SF10, and (d) w/c 0.25 - SF20.
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the highest compressive strength with the highest plastic

viscosity, and the specimens with silica fume exhibit the

highest compressive strength with the highest yield stress.

The combined effect of the plastic viscosity and the yield

stress may affect the compressive strength, however, further

study is required to reveal the accurate relationships.

3.2.2. Adhesion
Fig. 11 shows the adhesion test results. The peak of adhesive

force decreases as the flow of fresh binder increases. The peak

value appears in the initial movement of the plate, which can
Fig. 10 e The rheology test results of fresh bind
be considered as a static force. Therefore, the trend of the peak

of adhesive force is the same as the shear yield stress in

Fig. 10b, which does not coincide with the compressive

strength data of pervious concrete in Fig. 5.

The adhesive energy shows a different tendency from the

peak of adhesive force. The binders without and with silica

fume exhibit the highest adhesive energy with the medium

flow and the low flow, respectively. The different tendency of

adhesive energy from the peak of adhesive force is attributed

to the additional resistance of the fresh binder against segre-

gation after it reaches the maximum adhesive force. The
ers: (a) plastic viscosity and (b) yield stress.
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Fig. 11 e The adhesion test results of fresh binders: (a) peak of adhesive force and (b) adhesive energy.
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additional resistant energy can be related to the plastic vis-

cosity of dynamic status. For example, the specimens of w/c

0.25 and 0.30 have the highest peaks of adhesive forcewith the

low flowwhile they exhibit the highest adhesive energieswith

the medium flow as they have the highest plastic viscosity

with themedium flow. That is, plastic viscositymay affect the

adhesive energy. Therefore, it can be concluded that the ad-

hesive energy can represent the combined effect of plastic

viscosity and yield stress of the fresh binder.

It should be noted that themediumflow ismore favorable to

the pervious concrete with the 20% silica fumewhen the target

porosity is in the range of 20e25%. The reason is assumed that a

smaller amount of fresh binder requires a lower adhesion en-

ergy as it needs tobe spreadwider for ahomogeneous structure.

3.2.3. Relationships between the compressive strength of
pervious concrete and the rheological properties of fresh binder
Fig. 12 shows the summary of the relationships between the

28-day compressive strength of pervious concrete and the

rheological properties of fresh binder. Data are grouped by the

specimens and the R-squared values of linear regressions are

shown next to the specimen names.

Plastic viscosity in Fig. 12a does not show a correlationwith

the compressive strength. Although the correlation co-

efficients of the linear regression are higher than 0.80 except

for the w/c 0.25 (L), the tendencies between the specimens

with and without silica fume are different. This implies that

the flowing resistance in dynamic status is a more critical

factor to the mixing process than the compressive strength of

pervious concrete. The shear yield stress in Fig. 12b shows a

stronger relationship with the compressive strength of

pervious concrete. The reason is assumed to be that the yield

stress is more related to the casting and compacting process

that can affect the homogeneity of pervious concrete as the

yield stressmeans the flowing resistance in static status. That

is, yield stress affects the quality of pervious concrete more

significantly than plastic viscosity.

Adhesive energy in Fig. 12c has a linear relationship with

the compressive strength of pervious concrete resulting in the

correlation coefficients of the linear regression larger than

0.93 except for the w/c 0.25 specimen. While plastic viscosity

and shear yield stress are the properties of the material itself,

adhesive energy entails the feature of the interaction between
the material and the object attached. In pervious concrete,

fresh binder is the material and coarse aggregate is the object.

Therefore, adhesive energy can be more related to the ho-

mogeneity of pervious concrete than plastic viscosity and

shear yield stress. As a result, it can be concluded that the

adhesive energy represents the resistance of the fresh binder

against segregation caused by casting and compacting.

The reason for a weak linear relationship between the

adhesive energy and the compressive strength of w/c 0.25 can

be attributed to the data point of flow L. As aforementioned,

the fresh binder of the w/c 0.25 (L) specimen has a strong

agglomeration force and dry surface, and, thus, does not

adhere to an object before it is hardened. Because of this

peculiar characteristic, the rheology tests conducted in this

study may not be suitable for the w/c 0.25 (L) specimen.

However, it should be also noted that the workability of the w/

c 0.25 (L) specimen is so poor that it seems not to be affordable

for pervious concrete on a large scale. Even though other

specimens with silica fume or of w/c 0.30 have the same flow

of 150 mm, their workability is more adequate than w/c 0.25

(L), probably because of the lower plastic viscosity. In conse-

quence, adhesive energy is still believed to represent the

proper rheological properties of the fresh binder for pervious

concrete with practical workability.

3.3. CT scannning image

To investigate the effect of the rheological properties of the

fresh binder on the homogeneity of pervious concrete, the CT

scan test was performed and the data are shown in Fig. 13. In

each plot, X-axis is the porosity and Y-axis is the vertical

location of the specimen in a cylindrical shape. The solid and

the dashed lines are the average porosity of the CT scanning

data and the target porosity of the specimen, respectively. In

the case of the high flow, the porosity is very low as almost

zero below half of the vertical level, which indicates the fresh

binder sinks down to the bottom while casting and compact-

ing. In the case of the medium and the low flows, the porosity

lines can be divided into two parts that indicate the casting

layers. In each layer, the porosity of the top is low and it in-

creases almost linearly as the vertical level goes down. This

implies that the fresh binders of the medium and the low

flows can be held between aggregate during casting.
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Fig. 12 e The relationships between the 28-day compressive strength of pervious concrete and the rheological properties of

fresh binder: (a) plastic viscosity, (b) shear yield stress, (c) adhesive energy.
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Fig. 13 e The porosity data from CT scan images of the pervious concrete specimens: (a) w/c 0.25 and (b) w/c 0.25 - SF20. The

solid and the dashed lines are the average porosity of CT data and the target porosity, respectively.

Table 5 e The results of porosity measurement of the
pervious concrete specimens of w/c 0.25 and w/c 0.25 -
SF20 (target porosity: 15%).

Specimen Flow Porosity measurement

Water absorption CT scan

Porosity (%) Porosity (%) COVa

w/c 0.25 L 14.58 10.08 0.82

M 14.65 13.88 0.51

H 10.28 8.70 0.96

w/c 0.25 e SF20 L 14.68 10.40 0.57

M 13.32 9.04 0.72

H 10.01 6.30 0.91

a Coefficient of variation of the CT scan data along with the height

of the specimen.
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The weak point of the pervious concrete is the middle

where the porosity of the layer drastically spikes. Without

silica fume, the specimen ofw/c 0.25 in Fig. 13a, the porosity at

the middle is higher with the low flow. This can be attributed

to a higher force of agglomeration of fresh binder although its

adhesion energy is lower than that of the medium flow. The

fresh binder and aggregate are not mixed well, aggregate

drops faster than the fresh binder, and the fresh binder re-

mains only in the upper part of each casting layer resulting in

the sharp increase of the porosity with the decrease of the

vertical level. As a result, the porosity of the specimen of the

medium flow is more constant than that of the low flow.With

silica fume, the specimen of w/c 0.25 e SF20 in Fig. 13b, the

specimen of the low flow has similar plot lines in the upper

and lower layers. The specimen of themedium flow exhibits a

larger amount of cement paste in the lower layer, which

means the fresh binder sinks down more than that of the low

flow resulting in the lower compressive strength. Therefore, it

can be concluded that the fresh binder of the low flow has a

higher resistance against sinking.

The porosity data obtained from the water absorption test

and CT scan test were summarized in Table 5. The porosity

values from the CT scan test were lower than those from the

water absorption test. This might be because of the post-

processing of CT scan test. The pore area in each image was

calculated based on the color of the pixels; black area is

considered as pores and bright area is considered as structure.

However, in some pixels, the pixel color is gray because of the

aggregate in a lower level and considered as structure. Since

which of the porosities obtained fromwater absorption test or

CT scan test is more correct value is out of scope in this paper,

the distribution of porosity along with the specimen height is

mainly discussed. The specimens of w/c 0.25 and w/c 0.25 e

SF20 have the lowest coefficient of variation values with the

medium flow and the low flow, respectively. This implies that

those specimens have more homogeneous structures than

others resulting in higher compressive strengths.
4. Summary and conclusions

This paper investigated the effect of the rheological properties

of fresh binder on the compressive strength of pervious con-

crete. It was hypothesized that the appropriate flow value of

fresh binder can be different with a different binder material,

and, therefore, the flow, plastic viscosity, yield stress, and

adhesion tests were performed on the various binders and

those data were compared with the compressive strength of

the pervious concrete made of the same binders. To demon-

strate how the rheological properties affect the homogeneity

of pervious concrete structure, the CT scan test was also

conducted. The key findings and observations can be sum-

marized as below:

1. Among the rheological properties of fresh binders, the

adhesion energy has a linear correlation with the

compressive strength of pervious concrete resulting in the

correlation coefficients higher than 0.90; the higher the

adhesion energy of the fresh binder, the greater the
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compressive strength of the pervious concrete. This cor-

relation can be found in both cement pastes without and

with silica fume. Therefore, if a fresh binder is developed

for the binder of pervious concrete, the adhesion test needs

to be accompanied by the flow test.

2. The flow of fresh binder affects the porosity of pervious

concrete; the porosity of pervious concrete decreases by

around 5% as the flow increases from 150 to 250 mm even

with the same target porosity because of the segregation of

binder. However, the compressive strength of pervious

concrete does not have any correlation with the porosity

affected by the flow.

3. The compressive strength of pervious concrete has a clear

correlation with the porosity when the flow is the same

and the target porosity is different. However, the changes

in the flow and the adhesion energy of the fresh binder can

also affect the compressive strength of pervious concrete.

The differences in the compressive strength of pervious

concrete with different flow levels are around 25e30%. The

natural fibers were observed to degrade the compressive

strength of pervious concrete by 10% or higher, and,

therefore, the effect of fibers needs to be investigated

before their application.

4. From the CT scan test, it was observed that the rheolog-

ical properties of fresh binder can affect the homogeneity

of pervious concrete. When the adhesion energy of fresh

binder increases from the lowest level to the highest

level, the coefficient of variation of the porosity values of

the layers along with the vertical level of pervious con-

crete decreases by around 50%, which means that the

structure of pervious concrete is more homogeneous

resulting in a higher compressive strength of pervious

concrete.

Based on the findings, this paper suggests the measure-

ment of adhesion energy of fresh binders to have a more ho-

mogeneous structure of the pervious concrete. The concept of

the adhesion energy of fresh binder may be able to explain

why the aggregate in a smaller size results in lower

compressive strength of pervious concrete [1]. The adhesion

energy of fresh binder can be generated with other objects

attached, in the case of pervious concrete, to aggregates.

Therefore, a larger surface area or smaller spacing of the

smaller size aggregate requires a lower adhesion energy for

the fresh binder to be spread well creating a more homoge-

neous structure of pervious concrete. If the appropriate

adhesion energy in pervious concrete can be calculated con-

cerning the size and the volume of aggregate, a more gener-

alized design guideline of pervious concrete can be

established in the function of the adhesion energy of fresh

binders, the size and the volume of aggregate, design porosity,

and the compacting method. In addition, the environmental

and economical assessment on pervious concrete needs to be

invested [39].
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