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Abstract

Pervious concrete has been widely used in parking lots and other lightweight streets. Performances of pervious
concrete are strongly dependent on its pore structure characteristics. This paper investigates the relationship among
porosity, permeability, compressive strength, durability and the pore structure characteristics of pervious concrete.
The influences of basalt fiber and fine aggregate on the pervious concrete are also discussed. Pervious concrete
specimens with different pore structures were prepared by combining basalt aggregate with size of 5-10 mm and
10-15 mm at different proportion. The pore structure characteristics such as area porosity, pore sizes, and pore distri-
bution of pervious concrete were obtained and analyzed using image analysis method. Experimental results showed
that the pore structure characteristics of pervious concrete have effects on its mechanical and durability behaviors.
Homogeneous pore distribution and large distances between pores increase the compressive strength and improve
freeze—thaw durability of pervious concrete. Due to the difference in the internal pore structure of pervious concretes,
specimens with similar volumetric porosities had different permeability coefficients. A series of numerical models
were regenerated through a MATLAB code using pore structural parameters derived from the image analysis method,
then the numerical models were fed to ANSYS for meshing and further simulation. The comparison of the simulation

image analysis technology.

and experimental results showed close accuracy, which verified the applied simulation analysis method based on
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1 Introduction

Pervious concrete is a kind of pervious material consist-
ing of coarse aggregate, cement, water, little or no con-
tent of fine aggregate and admixtures. The porosity of
pervious concrete is between 15 and 25% (Huang et al.
2010; Ibrahim et al. 2014). With high porosity and con-
nected pore system, pervious concrete is of great help to
accelerate storm runoff, recharge groundwater, absorb
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the noise and insulate the thermal (Nguyen et al. 2014;
Shen et al. 2012; Chen et al. 2013; Zhong and Wille 2015).
These advantages of being environmentally friendly of
pervious concrete have aroused a worldwide attention for
researchers. Extensive researches have been studied on
the mechanical, permeable and durable properties of this
material. The properties of cement paste, aggregate and
interfacial transition zone are three main aspects that
affect the performance of pervious concrete (Huang et al.
2010; Chindaprasirt et al. 2009; Luck et al. 2008; Jimma
and Rangaraju 2014; Deo and Neithalath 2011; Kev-
ern et al. 2010). Although fundamental factors includ-
ing the water-binder ratio, supplementary cementitious
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materials, type and size of coarse aggregate, aggregate-
binder ratio, sand ratio and micro study of the interfaces
have been studied (Cosi¢ et al. 2015; Tittarelli et al. 2014;
Joshaghani et al. 2014; Carsana et al. 2013; Tittarelli et al.
2013; Yang and Jiang 2003; Neithalath 2007; Bonicelli
et al. 2015; Haselbach et al. 2006), very few investigations
are conducted with regards to the relationship between
aggregate gradation and pore structure and the influence
of them on the permeability and durability of pervious
concrete. The pore structures are generally considered to
include porosity, pore size, pore distribution and tortuos-
ity of macro voids.

The influence of the coarse aggregate gradation on
the properties of pervious concrete was studied in the
(Xu et al. 2018; Yang et al. 2008; Mrakovci¢ et al. 2014;
Chandrappa and Biligiri 2016). Results in (Yang et al.
2008) showed that the strength of pervious concrete
increased with the increase of fine aggregate content,
whereas decreased with the increase of the maximum
size of coarse aggregate. The suitable volume content of
4.75-9.5 mm particle in coarse aggregate was around
20%, so the coarse aggregate had little interference with
the secondary aggregate and the pervious concrete could
have high strength and satisfied permeability. Deo and
Neithalath (2011) studied the porosity and pore struc-
ture of pervious concrete with different size of aggregate.
Wong et al. (2006) presented a technique to distinguish
pores from a normal backscattered electron image of
cement-based material. Pore size distribution was gener-
ally obtained from Mercury Intrusion Porosimetry (MIP)
(Wu et al. 2013) or image analysis method (Akand et al.
2016) and then was taken as the basis for reconstruction
of simulated models. Deo and Neithalath (2010) stated
that the properties of pervious concrete were strongly
dependent on its pore structure characteristics. In their
study, several pervious concrete mixtures with different
pore structure characteristics were proportioned and
were subjected to compression tests. The pore struc-
ture characteristics were extracted using image analy-
sis methods. The compressive response was found to be
influenced by the pore size, pore distribution and pore
spacing. Neithalath et al. (2010) investigated methods of
characterizing the pore structure characteristics in pervi-
ous concrete material and predicted permeability based
on these pore structure characteristics. It showed that
maximization of water permeability behavior of pervi-
ous concretes was best achieved by increasing the pore
connectivity. The study described a critical point where a
small incremental gray value caused a sudden increase in
porosity estimation, a condition was termed as overflow.
In order to explore the relationship between pore struc-
ture and properties of pervious concrete, image analysis
method was used and the pore structure characteristics
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including pore size, spacing, and distribution were ana-
lyzed in present study.

Fibers can efficiently improve the mechanical proper-
ties and freeze—thaw durability (Hesami et al. 2014; Wu
et al. 2016; Kevern et al. 2015; Rangelov et al. 2016). Fib-
ers can also improve the internal structures of pervious
concrete (Wu et al. 2013). However, there are few stud-
ies on the pore structure of fiber reinforced pervious
concrete, some macroscopic behavior changes cannot
be reasonably explained from microscopic level (Vipu-
lanandan and Liu 2008). In this study, pervious con-
crete modified with fly ash, silica fume, basalt fiber and
superplasticizer was prepared. Two sizes of basalt aggre-
gate including 5-10 mm and 10-15 mm were selected
as coarse aggregate and combined in different propor-
tions. A total of 9 different pervious concrete mixtures
with different pore structures were proportioned. The
compressive strength, permeable performance and dura-
bility of the pervious concrete with these proportions
were tested. Simultaneously, image analysis method was
applied to study the pore structures such as area porosity,
pore size, pore spacing, and pore distribution of pervious
concrete. The relationships among pore structure charac-
teristics and porosity, permeability, compressive strength,
durability were studied. The influences of basalt fiber and
fine aggregate on the performance of pervious concrete
were also involved. Using the derived pore structure
parameters through Image J, microstructure models were
regenerated through a MATLAB code and were fed to
ANSYS for meshing and further simulation, respectively.
The simulated stress—strain plots of 2D specimens under
compressive load were compared with the plots from
the lab experiments, which was used to confirm the pro-
posed simulation analysis method based on image analy-
sis technology.

2 Experimental Program

2.1 Materials

The materials used in the present study included coarse
aggregate, sand, cementitious materials, fiber and water.
Ordinary Portland Cement PO 52.5 according to GB
175-2007 (GB 2007), silica fume and fly ash were selected
as cementitious materials.

Ordinary Portland Cement PO 52.5 also meets the
requirements of EN 197-1:2011 (NSAI 2011). The physi-
cal properties and chemical compositions of the cement
are shown in Tables 1 and 2, respectively. The appar-
ent density and specific surface area of silica fume are
2200 kg/m? and 24,000 m?*/kg, respectively. The common
ranges of chemical compositions of silica fume used in
China are shown in Table 3. The fly ash used has a fine-
ness of 6.7% and a loss on ignition of 1.6%. Chemical
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Table 1 Physical properties of cement.
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Flexural
strength (MPa)  kg)

Initial setting time (min) Final setting time (min) Compressive
strength (MPa)

7-day 28-day 7-day 28-day

specific surface area (m?/

Consistency (Redwood

method) (mm)

145 192 345 588 7.2 104 362 0.5

Table 2 Chemical compositions of the cement.

Composition Cao Sio, Al,O04 Fe,0; MgO SO; Loss on ignition
Mass fraction 61.16% 21.28% 5.93% 3.38% 1.64% 2.02% 2.26%

Table 3 Common ranges of chemical compositions of silica fume used in China.

Composition Sio, Al,O, Fe,0; Ca0o MgO Na,O
Mass fraction 80-92% 0.8-1.2% 0.6-1.2% 0.2-0.4% 0.6-0.8% 1.1-1.5%
Table 4 Chemical compositions of fly ash from 31 representative thermal power stations in China.

Composition Sio, Al,0, Fe,0, CaO MgO K,0 Na,0 SO, Loss on ignition
Mass fraction 33.9-59.7% 16.5-35.4% 1.5-19.7% 0.8-10.4% 0.7-1.9% 0.6-2.9% 0.2-1.1% 0.0-1.1% 1.2-23.6%

Mean value 50.6% 27.1% 7.1% 2.8% 1.2% 1.3% 0.5% 0.3% 8.2%

compositions of fly ash from 31 representative thermal
power stations in China are shown in Table 4.

Two different single-sized basalt gravels including
5-10 mm and 10-15 mm were used as coarse aggre-
gate. The apparent density of basalt gravel was 3159 kg/
m?, In order to study the influence of fine aggregate on
pore structure of pervious concrete, natural river sand
was used as fine aggregate and mainly ranged from 0.5 to
2.5 mm in size.

A basalt fiber was incorporated to investigate its influ-
ence on the performance of pervious concrete. The diam-
eter and the length of the basalt fiber were 15 pm and
20 mm, respectively. The tensile strength of the basalt
fiber was 4100—4840 MPa.

In addition, a superplasticizer was used to improve the
workability of fresh concrete. The superplasticizer was
a type of high range polycarboxylate water reducer. The
solid content and water reducing ratio of the superplasti-
cizer were 20% and 25%, respectively.

2.2 Mix Proportion Design

The method for mix proportion design of pervious con-
crete in this study was on the basis of ACI 522R-10 (ACI
2010). The water-binder ratio was 0.22 of all the propor-
tions in this experiment. Fly ash (FA) and silica fume

(SF) were incorporated by replacing 10% and 7.5% of the
cement by weight, respectively. Fine aggregate to total
aggregate ratio by mass was set as 7%. Besides, basalt
fiber was added in a volume content of 0.2%. The target
porosity in this study was selected as 15%. The details of
mix proportion are shown in Table 5.

2.3 Specimen Preparation

The original materials were mixed in forced action con-
crete mixer. Firstly, all coarse aggregate and half of
water were mixed for 1 min. Then, the cement, fly ash,
silica fume, basalt fiber and other half of the water were
added to the mixer and mixed for another 1 min. Lastly,
the superplasticizer was added into the aforementioned
pervious concrete mixtures and all materials were mixed
altogether for about 50 s, which depended on workability
of the fresh concrete mixtures.

A total of 243 specimens were prepared consisting of 27
cube specimens with size of 150 mm x 150 mm x 150 mm
for compression tests, 135 cube specimens with
size of 100 mm x 100 mm x 100 mm for freeze—
thaw durability tests, 27 cube specimens with size
of 150 mmx150 mmx 150 mm for volumetric
porosity tests, 27 cylinder specimens with size of
100 mm x 50 mm for permeability tests and 27 cylinder
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specimens with size of 100 mm x 50 mm for image analy-
sis. The appearances of all specimens are shown in Fig. 1.
Concrete mixtures were cast into molds and compacted
as much as possible with a small steel shovel before the
cementitious slurry solidified. All the specimens were
placed in molds for 24 h for shaping. After demolding, all
specimens were moist-cured in a standard curing room
at 20 °C constantly and 95% relative humidity for 28 days.

2.4 Test Procedure

2.4.1 Volumetric Porosity Test

The volumetric porosity of pervious concrete speci-
mens was determined in accordance with ASTM C1754/
C1754-12 (ASTM 2012). Specimens were oven-dried at
60 °C for 24 h and were weighed firstly. Subsequently, the
specimens were saturated after being immersed in water
for 30 min and were then weighed again. Based on the
weight of the oven-dried specimens and the water-satu-
rated specimens, the volumetric porosity of specimens of
pervious concrete was calculated using Eq. (1).

P= (1 - M) x 100% (1)
V- pw

where P is the volumetric porosity, m, (kg) is the mass of
the oven-dried specimen, m, (kg) is the mass of the water
saturated specimen, p,, (kg/m?) is the water density, and
V (m®) is the volume of the specimen.

2.4.2 Permeability Test

According to ASTM D5856-15 (ASTM 2015), the per-
meability coefficient of pervious concrete was measured
under the constant water head using the permeameter
as shown in Fig. 2. In order to ensure that the water only
permeated from the upper surface to the lower surface
of specimens, a type of industrial butter was smeared
around sides of specimens and perimeter of the upper
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Water pressure
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Fig. 2 Schematic diagram of the permeability coefficient test
equipment.

Overflow tank

L

Specimens

surface of specimens, as displayed in Fig. 3. Moreover, it
was required that specimens should be vacuum saturated
before permeability test.

After the specimen was connected and sealed well with
water storage cylinder, it was placed together into over-
flow tank. Then inlet water valve was opened and airless
water was injected into container. When the water was
out from the overflow, the water level of water storage
cylinder was kept constant (150 mm) by adjusting the
inflow of water. After outflow of water from the water
storage cylinder and the overflow tank were stable, the
water was held with a measuring cylinder and its volume
in 5 min was measured. The final outflow of water was
the average value of the three measurements. Finally,
water head between the water storage cylinder and the
overflow tank was measured with a steel ruler. The per-
meability coefficient of specimens was calculated by Eq.

(2).
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Fig. 3 Specimens smeared with industrial butter on the a side of specimens, and b top perimeter of specimens.

k = QL/Aht ©)

Where k is permeability coefficient (mm/s), Q is the
quantity of water flow between ¢ time period (mm?), L is
the length of the specimen (mm), A is the top cross sec-
tional area of the specimen (mm?), / is the water head
(mm), t is the time measured (s).

2.4.3 Compression Test

Uniaxial compression tests were conducted on a servo-
hydraulic rock/concrete material test system RMT-301,
using standard 150 mm x 150 mm x 150 mm cube speci-
mens. The specimen was tested using a Hydraulic Servo
System with displacement-control loading. The loading
rate was set as 0.02 mm/s to achieve a quasi-static load-
ing. The compressive process was not terminated until a
large stress drop occurred in the specimen. Three speci-
mens were performed for each mix proportion and the
average value was selected as the representative strength
of that mix proportion.

2.4.4 Durability Test

Cube specimens of 100 mm x 100 mm x 100 mm were
subjected to freeze—thaw durability tests using type
DWR-4 Automatic Low Temperature Freeze—thaw Test-
ing Machine, in accordance with GB/T 50082-2009
standard of slow freeze—thaw procedure (GB/T 2009).
The freeze—thaw cycles in the present study were carried
out under the condition of air-freezing and water-thaw-
ing. The freeze—thaw procedure in GB/T 50082-2009
referred to in this study corresponds to Procedure B

(rapid freezing in air and thawing in water) in ASTM
C666/C666M-03 (ASTM 2015). The specimen size,
freeze—thaw process and related regulations in the two
standards are the same. The difference is that the two
standards have different indexes to evaluate the experi-
mental results. The standard of GB/T 50082-2009 uses
loss rate of compressive strength and the loss rate of mass
of specimens to measure the frost resistance of concrete.
In ASTM C666/C666M-03, the evaluation indexes of
freeze—thaw procedures are relative dynamic modulus
of elasticity, endurance factors and the percentages of
length changes of the specimens. Both indexes in the two
standards can be used to determine the effects of experi-
mental variables on the freeze—thaw cycle performance
of concrete. Considering our experimental conditions,
the freeze—thaw durability test method was referred to
GB/T 50082-2009 in the study.

Five sets for each mix proportion were prepared in
the present slow freeze—thaw tests. One set was used to
determine 28-day compressive strength, two sets were
prepared for the freeze—thaw tests and another two sets
were taken as control groups. Specimens of the control
groups were maintained under the curing conditions
until the completion of the freeze—thaw cycles, then
these specimens were subjected to uniaxial compression
tests simultaneously with the specimens of the freeze—
thaw groups. During the freeze—thaw process, both the
temperature of freezing in the chamber and the tempera-
ture of injected water were — 18 to —20 °C. Water level in
the freeze—thaw chamber was above the top of the speci-
mens for 20 mm. The time of each freeze—thaw cycle
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was 4 h. Appearance and mass of the specimens were
examined every 25 freeze—thaw cycles. The freeze—thaw
process was not terminated until the number of cycles
reached specified number of cycles, until the loss rate
of compressive strength of specimens reached to 25% or
until the loss rate of mass of specimens reached to 5%,
whichever occurred first. The loss rate of compressive
strength was calculated by Eq. (3).

Af, :fcof_f”‘ % 100% 3)

c0
where Af; is the loss rate of the compressive strength (%),
after N freezing and thawing cycles, accurate to 0.01;
feo is the compressive strength of the specimens of the
control group (MPa); f, is the compressive strength of
the freeze—thaw specimens (MPa), after N freezing and
thawing cycles.
The loss rate of mass was calculated by Eq. (4).
Wo

~ W,
20 s 100%
W " @

AW, =

where AW, is the loss rate of mass (%), after N freezing
and thawing cycles, accurate to 0.01; Wy is the mass of
the freeze—thaw specimens at 0 freeze—thaw cycles (kg);
W, is the mass of the freeze—thaw specimens (kg), after N
freezing and thawing cycles.

2.4.5 Image Analysis Processing and Pore Structure
Characteristics Acquiring

Image analysis method was conducted on 2D images of
pervious concrete specimens to obtain pore structure
characteristics. For each mix proportion, three cylinder
specimens of 100 mm in diameter and 50 mm in length
were used. Slices of 10 mm thick were removed from
top and bottom of each specimen, and the remaining
30 mm thick slice of each specimen was used for image
analysis. Therefore, three sections and six images were
prepared for each mix proportion. The cut cross sections
were photographed and were processed using an image
processing and analysis software Image J. The original
photographs were converted into binary images by a
thresholding operation. The binary images were further
processed to remove noise. Finally, 400 pixel x 400 pixel
square images were obtained and were used to extract
the pore structure characteristics. The schematic of the
image processing is shown in Fig. 4.

Area porosity of each planar image was the pore area
fraction of that image, which was the average value of
all the six planar images corresponding to the same mix
proportion. Several methods for characterizing the pore
size of porous material have been studied (Sumanasoor-
iya and Neithalath 2009). In this study, average pore size
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noise

100mm * S0mm
cylindrical specimen

Cropped and binary image
(570 pixels diameter)

Processed image
(570 pixels diameter)

Desired pore

structure characteristics

Square image
(400 * 400 pixels)
Fig. 4 The schematic of the image analysis method [Referred to
Neithalath et al. (2010)].

Table 6 Average pore sizes of different mix proportions.

Specimens Number of images Average pore
size, d (mm)
P1 6 4.07
P2 6 448
P3 6 4.59
P4 6 522
P5 6 5.81
PS1 6 6.24
PS2 6 530
PS3 6 4.79
PSF1 6 4.02

of pervious concrete was calculated by software Image
J. Firstly, the area of each individual pore and the num-
ber of pores were obtained from each processed binary
image, then the equivalent pore size of that image was
calculated by considering the pores as circles. The aver-
age value of the pore sizes of all the six planar images of
same mix proportion was chosen as the representative
pore size for that mix proportion.

3 Results and Discussion

Results of the aforementioned tests including the pore
sizes, pore distribution, volumetric and area poros-
ity, permeability coefficient, compressive strength and
freeze—thaw durability are presented in the following
section.

3.1 Pore Size

Average pore sizes of pervious concrete with differ-
ent mix proportions are listed in Table 6. As can be
seen from Table 6, the average pore size increases with
increasing in the proportion of 10-15 mm coarse aggre-
gate. The average pore size of 100% 5-10 mm specimens
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(P1) is 4.07 mm, the average pore sizes are 4.59 mm and
5.81 mm for 50% 5—-10 mm (P3) and 0% 5-10 mm (P5)
coarse aggregate mixtures respectively. The pore sizes
of the specimens of 50% 5-10 mm and 0% 5-10 mm
coarse aggregate are 12.78% and 42.75% larger than
those of specimens prepared in 100% 5-10 mm coarse
aggregate, respectively. The average pore sizes of the
specimens modified with 7% additional fine aggregate
are larger than that of the specimens of corresponding
coarse aggregate proportions. In comparison to 100%
5-10 mm specimens mixed with fine aggregate (PS3) and
100% 5-10 mm specimens mixed with fine aggregate and
basalt fiber (PSF1), the addition of fiber could reduce the
average pore size of the specimens.

3.2 Pore Distribution

Representative planar images of the specimens which are
processed by Image J are shown in Fig. 5. In comparison
to Fig. 5a, individual pore size in Fig. 5b—e is larger in
the mixture with larger proportion of 10-15 mm coarse
aggregate, and pore distributions in those mixtures are
less homogeneous. By comparing Fig. 5f-h, it can be
found that the variation trend of pore distribution with
aggregate gradation is similar to the above trend. Figure 5
shows that there is a greater distance between pores for
the specimens modified with 7% additional fine aggre-
gate than that in the specimens of corresponding coarse
aggregate proportions. It is in consequence of larger dis-
tance between pores that distance of stress propagation
in the mortar before encountering the pores is able to be
longer for these specimens incorporated fine aggregate.
In addition, basalt fiber in the 100% 5—10 mm specimens
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results in a more homogeneous pore distribution as com-
pared to the 100% 5-10 mm specimens modified with
fine aggregate as seen in Fig. 5i, h.

Furthermore, in order to quantitatively describe the
homogeneity of pore distribution in the plane images,
the homogeneity of pore distribution was transformed
into homogeneity of pixel coordinates distribution of
pore centroids and pixel area distribution of pores in the
plane images. The smaller the standard deviation of the
histogram of the pixel coordinate distribution of pore
centroids, the more uniform the distribution of the pore
centroids in each plane image. The uniformity of the area
distribution of the pores was also determined in this way.
To be clear, the uniformity of pixel coordinate distribu-
tion of pore centroids in the images took precedence
over the uniformity of pixel area distribution of pores.
Therefore, the pixel coordinates of each pore centroid
and the pixel area of each pore in the binary images were
extracted through a MATLAB code, and standard devia-
tions of the histogram of their distributions were also
calculated.

The standard deviations of the histogram of the pixel
coordinates distribution of pore centroids and the pixel
area distribution of pores in each plane image in the orig-
inal Fig. 5 are listed in Table 7. Here, Std1, Std2 and Std
are the standard deviation of x direction of pixel coordi-
nates of pore centroid, y direction of pixel coordinates of
pore centroid and pixel area of pore, respectively.

As shown in Table 7, the standard deviations of the
pixel coordinate of pore centroids and the pixel area
of pores increase with increasing in the proportion of
10-15 mm coarse aggregate. The value of Std1*Std2 of

b o b -
- % I ) " & A q .
- . - YO l 3
4 JF W
d ]
p & .“b "
y » - . i %
) ¢ - *« .
~~
* N b bl w
a Pl b P2 c P3 d P4 e PS5
r * T
o
- ” &/ ? N t “" ‘. 4
2 | id }
“« " # -
L2l ] |«
f pSi g PS2 h PS3 i PSFI
Fig. 5 Representative planar images of pervious concrete specimens with different mix proportions of pervious concrete.
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Table 7 The standard deviations of the histogram of the pixel coordinates of each pore centroid and the area of each

pore of each specimen.

P1 P2 P3 P4 P5 PS1 PS2 PS3 PSF1
Std1 1643 11.77 16.81 16.17 14.23 16.83 14.64 13.99 13.55
Std2 13.72 19.19 15.09 15.84 18.18 15.12 15.74 15.30 14.26
Std1*Std2 22542 225.87 253.66 256.13 258.70 25447 23043 214.05 193.22
Std 450.95 485.25 48531 495.05 598.15 646.45 569.15 509.93 385.95
30 25 - . 10
- Aten partaity —&— Volumciric porosity g
. g Z m Permeability coefficient 2
25k NN Volumetric porosity ~ 20k i E
21.9 S 0 17.5 178 . £
182 @78 15315 : =
20 16.3 17.5 17.3 16 g 15F 1o ot 13.4 5
% 155 2 oo 163 162 154 158 g 4133 2
= 14.5 16.0 BN NN @ 148 5 48 3.0 1s G
< 153 N N 134 133 2 5%
i35 Q \ \ Q : 5958 4.4 le)
>N 15 N \ ] 4.0 K 59| Q
N BN N\ N N 2 37 % B
2 N N PN 10T 34 w0 BB W | B
< N 5 oo B I oo B R (5 <
N oL Bl BB Sl &
P1 P2 P3 P4 P5 PS1 PS2 PS3PST
Pl P2 P3 P PS PSI PS2 PS3 PSFI Fig. 7 Comparison of the permeability coefficient and volumetric
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pervious concrete specimens.

100% 5-10 mm specimens (P1) is 225.42, the values of
Std1*Std2 are 253.66 and 258.70 for 50% 5—10 mm (P3)
and 0% 5-10 mm (P5) coarse aggregate mixtures respec-
tively. The values of Std1*Std2 of the specimens of 50%
5-10 mm and 0% 5-10 mm coarse aggregate are 12.53%
and 14.76% larger than those of specimens prepared in
100% 5-10 mm coarse aggregate, respectively. By com-
paring the values of Std1*Std2 of PS1, PS2 and PS3 speci-
mens, similar variation trend of pore distribution with
aggregate gradation can be found. From this perspective,
the pore distribution of the mixtures with larger propor-
tion of 10-15 mm aggregates are less homogeneous. In
addition, the values of Std1*Std2 are 214.05 and 193.22
for PS3 and PSF1 respectively, therefore, adding basalt
fiber to pervious concrete increases the homogeneity of
pore distribution in pervious concrete.

3.3 Porosity

Figure 6 shows both area porosities obtained from
the image analysis method and volumetric porosities
of pervious concrete specimens. For no-sand speci-
mens of P1-P5, with an increase in the proportion of
10-15 mm aggregate, there is an increase in the volu-
metric porosity of the specimens. The average volumet-
ric porosities of 100% 5-10 mm specimens is 14.5%.

The average volumetric porosities are 16.0% and 17.8%
for 50% 5-10 mm and 0% 5-10 mm aggregate speci-
mens, respectively. The volumetric porosity of the speci-
mens of 100% 5-10 mm coarse aggregate are 9.38% and
18.54% smaller than those of specimens prepared in 50%
5-10 mm and 0% 5-10 mm coarse aggregate respectively.
The volumetric porosities of pervious concrete speci-
mens blended with fine aggregate are found to decrease.
In comparison to 100% 5-10 mm aggregate specimens,
volumetric porosity of specimens of PS3 modified with
7% additional fine aggregate has a decrease of 7.59%. By
comparing PS3 and PSF1, it can be seen that the incorpo-
ration of fiber reduces the volumetric porosity slightly. It
also can be seen from Fig. 6 that values of area porosities
are in reasonable agreement with the volumetric porosi-
ties and the variable trends are almost similar.

3.4 Permeability Coefficient

Figure 7 shows the permeability coefficients of pervious
concrete specimens. The volumetric porosities of the cor-
responding specimens are also drawn in Fig. 7. It can be
seen from no-sand specimens of P1-P5 that with increas-
ing the proportion of 10—15 mm coarse aggregates, the
permeability coefficient increases. In comparison to
100% 5-10 mm aggregate specimens, the permeabil-
ity coefficient of PS3 modified with 7% additional fine
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aggregate has a decrease of 5.88%. The permeability coef-
ficients of PS2 and PS1 specimens are 10.0% and 12.0%
lower than that of the 50% 5—10 mm aggregate specimens
and 0% 5-10 mm aggregate specimens, respectively. The
decrease of permeability coefficients of the specimens
modified with fine aggregate could partly be attributed to
their reduced porosities. The addition of fiber can slightly
reduce permeability coefficient of pervious concrete. The
permeability coefficient of 100% 5-10 mm specimens
modified with both fine aggregate and basalt fiber is
3.0 mm/s, which is smaller than those of 100% 5—-10 mm
specimens and 100% 5-10 mm specimens modified with
fine aggregate.

3.5 The Influence of Different Mix Proportion on the Pore
Structure Characteristics

Pervious concrete is proportioned using gap-grading
coarse aggregates and eliminating sand to create a net-
work of large continuous pores in the material. The
permeability coefficient of pervious concrete gener-
ally depends on the continuous porosity. The larger the
porosity of pervious concrete is, the larger the volume of
fluid transport in unit time is, and the larger the perme-
ability coefficient of pervious concrete is.

Coarse aggregate of different particle sizes forms differ-
ent macro pores between coarse aggregate particles. The
larger the particle size of coarse aggregate, the larger the
pore between particles. Since the water-to-binder ratio
of the specimens in this experiment is the same, the flu-
idity of cementitious paste is basically the same and the
ability of the cementitious paste to fill the pore between
particles is also equal. Therefore, with increasing in the
proportion of 10-15 mm coarse aggregate, the average
pore size, porosity and permeability coefficient of pervi-
ous concrete increase.

When adding fine aggregate into pervious concrete,
fine aggregate could fill small pores in pervious concrete,
increasing the proportion of large pores in pervious con-
crete. As a result, the average pore size of pervious con-
crete becomes larger, but the porosity and permeability
coefficient of pervious concrete decreases.

In addition to filling some small pores in pervious con-
crete matrix, the incorporation of fiber also occupies a
part of the pore volume between coarse aggregate par-
ticles of pervious concrete, so that the average pore size
and continuous porosity of the specimen decreases. The
decreased porosity of pervious concrete allows less vol-
ume of fluid transmission, resulting in the decrease of
permeability coefficient.

3.6 Compressive Strength
The compressive strengths of specimens are shown in
Fig. 8. It can be seen from no-sand specimens of P1-P5
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that with increasing the proportion of 10-15 mm aggre-
gate, the compressive strength of specimens decreases.
The compressive strength of 100% 5-10 mm specimens
is 40.32 MPa, the compressive strengths are 35.22 MPa,
33.56 MPa, 28.03 MPa and 24.02 MPa for 75% 5—-10 mm,
50% 5-10 mm, 25% 5-10 mm and 0% 5—-10 mm coarse
aggregate mixtures respectively. The compressive
strength of specimens of 100% 5-10 mm coarse aggre-
gate is 12.65-40.43% higher than those of specimens pre-
pared in different proportion of 10-15 mm aggregate. It
may be in consequence of relatively smaller pore size and
more homogeneous pore distribution in the mixtures
with smaller proportion of 10-15 mm coarse aggregate
as described in Sect. 3.2. Lower compressive strength of
0% and 25% 5-10 mm coarse aggregate specimens could
partly be attributed to its higher porosities.

Similar trend is seen from specimens modified with
fine aggregate (PS1-PS3). The compressive strengths of
the specimens blended with fine aggregate are found to
increase with decreasing proportion of 10-15 mm coarse
aggregate. The compressive strength of PS3 of 100%
5-10 mm aggregate specimens are 15.58% and 23.56%
higher than that of the 50% 5-10 mm aggregate speci-
mens and 0% 5-10 mm aggregate specimens, respec-
tively. It can be seen that fine aggregate can improve the
compressive strength of pervious concrete, and the most
notable improvement is observed in specimens with 0%
5-10 mm aggregate. An argument for increased com-
pressive strengths of the specimens prepared with fine
aggregate is larger distance between pores as summa-
rized in Sect. 3.2. As pore spacing increases, the distances
of stress propagation in the mortar before encountering
neighboring pore is able to be longer, eventually resulting
in higher strength.

By comparing PS3 and PSF1, it can be seen that the
incorporation of fiber cannot significantly improve in
compressive strength. In highly porous structure, fiber is
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likely to result in fiber agglomeration and to form stress
weak zones, as a result, the improvement of compressive
performance of fibers may be offset by the stress weak
zones. For very close volumetric porosities, specimens
of PS3 and PSF1 are observed to show slight difference
in compressive strength. From this point, in addition
to porosity, pore structure characteristics can also be
assumed to have an important influence on the compres-
sive response of pervious concrete.

3.7 Durability

The influences of different proportions of coarse aggre-
gate of two sizes, fine aggregate, fiber and pore struc-
ture on freeze—thaw durability of pervious concrete are
illustrated in Fig. 9. It can be seen from no-sand speci-
mens of P1-P5 in Fig. 9 that, the general trend shows an
increase in the loss rates of compressive strength and loss
rates of mass of pervious concrete specimens with an
increase in the proportion of 10-15 mm aggregate. The
loss rates of compressive strength of 100% 5—10 mm, 50%
5-10 mm and 0% 5-10 mm coarse aggregate specimens
at 100 freeze—thaw cycles are 9.28%, 14.11% and 20.55%,
respectively. The loss rates of mass of 100% 5-10 mm,
50% 5—-10 mm and 0% 5-10 mm coarse aggregate speci-
mens at 100 freeze—thaw cycles are 2.48%, 3.03% and
4.46%, respectively. The reason for the improvement of
the freeze—thaw durability of specimens with smaller
proportion of 10—15 mm coarse aggregate may be the
same as the improvement of compressive strength. As
described in Sect. 3.2, pore size in the mixtures with
smaller proportion of 10—-15 mm coarse aggregate is rela-
tively smaller and pore distribution is more homogene-
ous, thus resulting in higher freeze—thaw durability for
these specimens with smaller proportion of 10-15 mm
coarse aggregate.
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Incorporation of fine aggregate can reduce the loss
rates of compressive strength and mass of pervious con-
crete specimens. The loss rates of compressive strength
of 100% 5-10 mm specimens modified without and with
fine aggregate at 50 freeze—thaw cycles are 4.13% and
4.09%, respectively. The loss rate of compressive strength
of 50% 5-10 mm specimens modified with fine aggre-
gate at 50 freeze—thaw cycles is 38.34% less than that of
specimens prepared without fine aggregates. The loss
rate of compressive strength of 0% 5-10 mm specimens
modified with fine aggregate at 50 freeze—thaw cycles is
6.37% and has a decrease of 45.93% in comparison to the
specimens of P5 without fine aggregate. The results show
that the higher the proportion of 10-15 mm aggregate,
the more obvious the improvement of freeze—thaw per-
formance of incorporation of fine aggregate. The reduc-
tion of loss rate of compressive strength of specimens
modified with fine aggregate at 100 freeze—thaw cycles
are also observed. Similar trends are found in the loss
rates of mass of specimens at 50 freeze—thaw cycles and
100 freeze—thaw cycles. On the one hand, the incorpora-
tion of fine aggregate increases the contact points among
aggregates and optimizes the interface zone between
cement and aggregate. Increased number of contact
points and improved pore structure in pervious concrete
can improve the bonding force and reduce deterioration
rates of pervious concrete specimens. Meanwhile, there
is a larger distance between pores of specimens modified
with 7% additional fine aggregate than that of specimens
of corresponding coarse aggregate proportions as shown
in Fig. 5 in Sect. 3.2. It is in consequence of the larger dis-
tance between pores that the distance of stress propaga-
tion in the mortar before encountering the neighboring
pore space is able to be longer, thus resulting in higher
freeze—thaw durability for these specimens incorporated
of fine aggregate.
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Figure 9 also reveals that incorporation of basalt fiber
at a 0.2% volume content can improve the freeze—thaw
durability of pervious concrete. The loss rates of com-
pressive strength of 100% 5-10 mm specimens at 50
freeze—thaw cycles is 4.13%, the loss rate of compres-
sive strength of 100% 5—-10 mm specimens modified only
with fine aggregate at 50 freeze—thaw cycles is 4.09%, and
the loss rate of 5-10 mm specimens modified with both
fine aggregate and basalt fiber at 50 freeze—thaw cycles
is 3.21%. There is a decrease of 22.28% of the loss rate of
compressive strength modified with both fine aggregate
and basalt fiber at 50 freeze—thaw cycles in compari-
son with 100% 5-10 mm specimens. The reduction of
loss rate of compressive strength of specimens modified
with both fine aggregate and basalt fiber at 100 freeze—
thaw cycles is also seen in Fig. 9. Similar changes in the
loss rate of mass of specimens at 50 freeze—thaw cycles
and 100 freeze—thaw cycles are observed in Fig. 9 also.
When specimens are cracked due to the repeated freeze—
thaw processes, fiber is able to delay the crack initiation.
Meanwhile, the bridge connection of fiber can delay the
propagation of cracks and reduce loss rates of both com-
pressive strength and mass of pervious concrete. Besides,
fiber in the specimens could result in a more homogene-
ous pore distribution as compared to the specimens with-
out fiber as seen in Fig. 5 in Sect. 3.2, resulting in a better
durability for the specimens mixed with basalt fiber.

4 Numerical Validation

In order to verify the correctness of pore structure
parameters derived by suggested image analysis method
and the validity of suggested reconstruction mechanical
model analysis method, three numerical models with dif-
ferent pore structure characteristics are simulated.

4.1 Numerical Model

4.1.1 Size Distribution of Aggregates and Pores

The aggregate proportion in volume of pervious concrete
is set as 75%, according to the method introduced in Vip-
ulanandan and Liu (2008). The aggregate size distribu-
tion in the Vipulanandan and Liu (2008) is used in this
study. Coarse aggregates are generated as irregular con-
vex hexagon. The centroid positions of coarse aggregates
in the reconstructed structure models follow the random
distribution throughout the entire matrix. The overall
area porosity and pore size of the regenerated structure
models are in accordance with the actual image analysis
results. Pores are generated as regular hexagon. The cen-
troid positions of pores in the reconstructed models also
follow the random distribution throughout the entire
matrix.
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4.1.2 Aggregate and Pore Generation

A generate-and-place procedure is developed to gener-
ate the microstructure of pervious concrete in MAT-
LAB. The basic idea is to generate and place aggregates
and pores in a repeated manner until the target area is
fully packed. The final models are output from CAD
software.

4.1.3 Finite Element Mesh Generation and Uniaxial
Compression Simulations

Uniaxial compression tests are modeled using

ANSYS. The 2D numerical model has a dimension of

150 mm x 150 mm. The microstructure models are

meshed using quadrangular solid FE elements (element

size is 2 mm).

The solid elements for aggregates and mortar are
assumed to have a linear elastic deformation and brit-
tle failure behavior. To obtain the input parameters for
numerical simulation, series of laboratory experiments
were conducted to determine the actual pervious con-
crete parameters before the numerical modeling. To
obtain Young’s modulus and Poisson’s ratio of con-
crete matrix and basalt, specimens that can be used
in the material elastic modulus tester were prepared.
The mix proportion of concrete matrix specimen was
the same as that of P3 specimens used in the test. The
water-binder ratio was 0.22. Fly ash and silica fume
were incorporated by replacing 10% and 7.5% of the
cement by weight, respectively. At the same time, the
basalt specimens were purchased from the stone field
in which the coarse aggregate were bought in the
experiment. Upon completion of specimen prepara-
tion, a testing institution was entrusted to measure the
Young’s modulus and Poisson’s ratio of the materials.
In addition, the densities of materials were obtained by
measuring the weight per unit volume in the labora-
tory. Material parameters are listed in Table 8.

The boundary condition of each model is chosen as a
roller support at the bottom surface, and is fixed at the
middle point of that surface. Displacement-controlled
loading scheme was applied to the top surface and the
other two sides are kept as free. Maximum strain fail-
ure criterion is selected as the failure criteria for the
simulations.

Table 8 Material parameters.

Density Young’s modulus Poisson’s ratio
p(10~°tone/ E (MPa) v
mm3)

Aggregate 2.5 70,000 0.2

Mortar 2.2 25,000 0.2
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4.2 Numerical Results
4.2.1 Comparison of the Stress-Strain Plots of the Simulation
and Experimental Results

The stress—strain curves of pervious concrete specimens
obtained from the numerical tests are plotted in Fig. 10
and are compared with the laboratory stress—strain plots.
It can be seen that experimental and numerical stress—
strain plots show close proximity, even though failure
pattern of the numerical model is not consistent exactly
with that of the experimental results. In initial stage of
the pre-peak, the slope of numerical simulation results
is greater and numerical results show a stiffer response,
mainly because the chance of microstructure that can
be condensed and reorganized are ignored. After that,
the experimental plot and the simulated plot tend to be
the same (with the deviation of the Young’s Modulus of
approximately 0.6%) and reach almost the same peak
value (with deviation of approximately 7%).

4.2.2 Comparison of the Failure and Cracks of the Simulation
and Experimental Results

Figure 11 shows a comparison of failure patterns in

pervious concrete matrix revealed by experimental

specimens and numerical models. The failure appears
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firstly in the weak matrix zone induced by randomly
distributed pores and interfaces between aggregate
and cementing paste. Subsequently, the process gradu-
ally propagates and finally forms integrated cracks.
The integrated cracks are mainly distributed at the
interfaces between aggregate and cementing paste. It
can be observed that the cracks and failure initiated
by the applied displacement in the numerical models
(Fig. 11a) are generally in close agreement with that
obtained from the experimental tests (Fig. 11b).

5 Conclusion

A total of 9 pervious concrete specimens with different
pore structures were prepared by using combinations
of two different aggregate sizes. Compressive strength,
porosity, permeability and freeze—thaw durability of
pervious concrete were tested by lab experiments. Pore
structure characteristics of pervious concrete based on
image analysis were extracted and analyzed, and the
regenerated numerical models through a MATLAB
code were meshed and solved in ANSYS. Based on
these work, the following conclusions can be drawn:
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a Von Mises strain in the concrete matrix after failure of specimens
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b Cracks in the concrete matrix after failure of specimens
Fig. 11 Failure patterns in the a numerical result and b the corresponding laboratory test.

(1)

The average pore size of pervious concrete increases
with increasing in the proportion of coarse aggre-
gate with size of 10~15 mm. The addition of 7% fine
aggregate increases average pore size of pervious
concrete, while the addition of fiber reduces average
pore size of pervious concrete.

The pore distribution in the mixtures with larger
proportion of 10-15 mm coarse aggregate is less
homogeneous. However, fiber results in a more
homogeneous pore distribution of pervious con-
crete. The distance between pores for pervious con-
crete modified with 7% additional fine aggregate is
larger than that of corresponding coarse aggregate
proportions.

The compressive strength of no-sand pervious con-
crete decreases with an increase in the proportion
of the 10-15 mm aggregate. The fine aggregate can
improve compressive strength of pervious con-
crete. However, the incorporation of fiber does not

provide significant improvement in compressive
strength.

The volumetric porosities and area porosities of no-
sand pervious concrete increase with an increase in
proportion of 10—15 mm aggregate. The volumetric
porosities of pervious concrete specimens blended
with fine aggregate are found to decrease. The gen-
eral trends of volumetric porosities and permeabil-
ity coefficients are similar with the mix proportion
of this experiment.

The loss rates of compressive strength and of mass
of no-sand pervious concrete increase with an
increase in proportion of 10-15 mm aggregate.
Incorporation of fine aggregate and basalt fiber at a
0.2% volume content can both improve the freeze—
thaw durability of pervious concrete.

The simulated stress—strain plots and cracks initi-
ated by displacement loading mode from the micro-
structure numerical models are in close match with
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that from the lab experiments, which confirms the
correctness of proposed pore structural parameters
derived by image analysis.
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