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Figure 8. Permeability (a) and Cantabro mass loss (b) after 28 d of curing.

3.3. Durability of Pervious Concrete

The durability of the pervious concrete was assessed based on the raveling and freeze-
thaw resistance. The raveling resistance was measured using the Cantabro mass loss test,
and the freeze-thaw resistance was determined at (—18 4+ 2) °C and (22 £+ 2) °C in a
freeze-thaw chamber to determine the damage mechanism.

3.3.1. Raveling Resistance

The influence of silica fume, fly ash, and polypropylene fibers on the 28-day raveling
resistance is shown in Figure 8b. Mass loss manifests the abrasion quality during the (LA)
abrasion test. The incorporation of cementitious materials (such as SF and FA) along with
fiber reinforcement provides bridging mechanisms between the components of pervious
concrete. Figure 8b shows that the mass loss associated with the deterioration of the
specimens increased with an increase in the number of cycles. After 500 cycles, all mixtures
exhibited a failure pattern, where coarse aggregates detached from the surface and corner
edges, resulting in progressive damage. The PC3-SF mixture exhibited the lowest mass
loss (<22%) due to its dense microstructure and improved interlocking strength resulting
from the physical filling effect and the pozzolanic reaction of silica fume. The fly ash-based
mixture, PC1-FA, showed a more significant mass loss during the test than PC3-SF because
of the later strength gain of PC1-FA, owing to the delayed pozzolanic reaction. The use
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of PPFs with fly ash (PC2-FAP) and silica fume (PC4-SFP) resulted in a slightly higher
final mass loss than the mixture with fly ash (PC1-FA) and silica fume (PC3-SF). This
increase in mass loss could be attributed to the higher porosity and permeability of the
mixes containing PPFs in this study. For the same reason, the inclusion of PPFs without
other admixtures decreased the overall degradation resistance.

3.3.2. Freeze-Thaw Resistance

The impact of silica fume, fly ash, and polypropylene fibers on the 28-day freeze—
thaw resistance of pervious concrete is shown in Figure 9. The freeze-thaw resistance can
be divided into three stages. During stage I, no noteworthy variation in mass loss was
observed (until 100 cycles). In stage I of freeze-thaw cycling, the degree of saturation (DOS)
was low, and insignificant deterioration occurred, except for PC2-FAP with a higher DOS.
In stage II, the mass loss variation was more evident owing to the raveling or disintegration
of aggregates, debonding, and cement paste spalling. The mass loss of the fly ash-based
mixture (PC1-FA) and fiber-reinforced fly ash mixture (PC2-FAP) grew much faster and
was accelerated by the substantial uptake of water during consecutive freeze-thaw cycles.
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Figure 9. Freeze-thaw durability performance based on mass loss criteria.

During stage 11, the frost-heaving stress (FHS) builds up with a critical degree of
saturation, leading to serious micro-damage development with a progressive increase in
freeze-thaw cycling. The FHS depends on the air voids and the degree of saturation of
the specimens; therefore, mixtures with more air voids and full saturation exhibited more
mass loss and a higher degree of damage evolution (this condition has also been observed
in [64]). In stage III, the variation in the mass loss was more abrupt and sharp, indicating
serious micro- and macro-damage evolution, with obvious surface cracks developing in
the specimens that partially passed through the cement paste, and the aggregate interface
further aggravated the debonding of the aggregate with increasing freeze-thaw cycling. A
silica fume-based (PC3-SF) mixture with a dense microstructure increased the resistance to
frost damage during all three stages of freeze—thaw cycling. The incorporation of fibers
in pervious concrete provides a reinforcing effect to bridge the crack propagation and
strengthen the bond among concrete components, thus efficiently enhancing the freeze—
thaw performance of reinforced (PC5-PP-Rf) pervious concrete. The effectiveness of PPFs
in enhancing the freeze-thaw performance of silica fume (PC4-SFP) and fly ash-based
(PC2-FAP) reinforced mixes were found to be highly distinct, which was attributed to their
unique pore structure characteristics. In stage I1I, the deterioration rate was drastic because
the bridging mechanisms of the fiber were not capable of avoiding the cracks and resisting
the expansive stresses built up during the continuous freeze-thaw cycling; thus, a slight
improvement in the freeze-thaw performance was achieved.
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3.4. Hydration Product Analysis of the Cement Past Containing Fly Ash and Silica Fume
3.4.1. TGA-DTA Measurement

The TGA-DTA curves of cement paste containing fly ash (FPC1) and silica fume (SPC2)
are illustrated in Figure 10. Three different major endothermic peaks occurred in the temper-
ature ranges of 100-150 °C, 400-500 °C, and 700-800 °C. The first endothermic peaks found
at 100-150 °C were primarily due to the dehydroxylation of the calcium silicate hydrate
(C-5-H) phase. The second endothermic peak identified at 400-500 °C is attributed to the
dehydration and decomposition of portlandite Ca(OH), (this is consistent with [65,66]).
The addition of fly ash substantially influences the DTA profile, causing a reduction in the
endothermic peaks at higher temperatures. Calcium carbonate decomposition occurs at
700~800 °C. The analysis of TG and DTG results indicates that the addition of fly ash or
silica fume enhances the formation of hydration products through a pozzolanic reaction.
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Figure 10. TGA-DTA profiles of control and binder cement pastes after 28 days.

3.4.2. XRD Spectra

The XRD diffractograms of the standard and blended cement pastes at 28 days are
shown in Figure 11a. The relative peak intensity of Ca(OH); in the blended paste (SPC2)
was lower than that of the reference paste without silica fume. However, stronger Ca(OH);
peaks were observed for the fly ash-blended paste (FPC1) because of its slower pozzolanic
reactivity. It is reported that the pozzolanic reactivity of fly ash is slower than cement
hydration, and the extent of fly ash reaction for blended paste with a water/binder ratio
(W/C) equal to 0.5 and an FA content of 25% is approximately 10% to 14% at the age of
28 days. According to Hanehara et al. [67], the extent of fly ash reactivity increased to
approximately 25% at the age of 1 year for blended cement paste produced with a W/C ratio
of 0.5 and an FA content of 40%. The CaCOj3 peaks observed in all pastes could be attributed
to natural carbonation. The precipitation of Ca(OH); and C-S-H on the etched surface of
fly ash particles, with an increase in the pozzolanic reaction, reinforces the contact bonding
between fly ash and cement as well as fly ash particles. This would ultimately make
the microstructure denser and more homogeneous and result in a remarkable long-term
strength gain.
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Figure 11. XRD spectrum (a) and FTIR spectra (b) of control and binder cement paste at 28 days of
standard curing.

3.4.3. FTIR Spectra Analysis

FTIR measurements were performed to demonstrate the mineral variations caused by
fly ash in FPC1 and silica fume in the SPC2 mix, as shown in Figure 11b. The absorption
peaks at 3420 cm~! are attributed to the vibrational bending of O-H groups in water, and
the bending at 1640 cm ™! is associated with the O-H groups. The other O-H band at
3643 cm™! originated from the O-H bond in Ca(OH),, which reduced the pattern of the
modified samples, indicating that Ca(OH), was consumed by the SCMs in the pastes. The
Si-O stretching vibration band at 975 cm~! represents the C-S-H gel with systematically
changing frequency and intensity with the CaO/SiO, ratio in C-S-H.

3.5. Microstructure Characteristics
3.5.1. Pore Structure

Mercury intrusion porosimetry (MIP) is a widely used technique for assessing the
porosity and distribution of pore sizes in cement-based materials. Figure 12 shows the
influence of silica fume and fly ash on the pore structure evolution and pore size distribution
of the blended cement pastes after 28 days of curing. The pore size distribution of each
mixture ranged from 0 to 10 pm. The specific pore volume exhibited a slight variation with
an increase in pore diameter (>100 nm); however, a significant increase in pore volume was
observed in the range of pore diameters less than 100 nm, as shown in Figure 12a. The
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Cumulative Intrusion (mL/g)

higher cumulative pore volume with fly ash is due to the lower pozzolanic reaction; as
the reaction activates, the total pore volume and pore size would reduce. The differential
curve in Figure 12b shows an unimodal pore size distribution, with the largest pore volume
located at 26.30 nm for all mixes. The probable pore diameter corresponding to the peak of
each differential curve reflects the refinement of pores and the pore size distribution shifts
toward smaller pore size ranges. According to Zeng et al. (2012) [68], the measured pore
size distribution can be classified into four size ranges: gel micropores (<10 nm), mesopores
(10-50 nm), middle capillary pores (50-100 nm), and large capillary pores (>100 nm). The
volume ratio of mesopores was the highest, followed by middle capillary pores for all mixes.
The inclusion of silica fume and fly ash in blended pastes densifies the microstructure by
pore filling and the pozzolanic reaction, which reduces the harmful macrocapillary pores
(>50 nm) that are detrimental to the strength and increases the mesopores, which are less
harmful to the strength of concrete.
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Figure 12. The porosity (a) and pore size distribution (b) of control and blended cement pastes at
28 days of standard curing.

3.5.2. Microstructure Morphology of Porous Concrete

SEM micrographs of fly ash, silica fume, and fiber-based pervious concrete after the
compressive strength test are shown in Figures 13-15. A few partially reacted and broken
fly ash particles with etched surfaces and hydrated rim encapsulation can be observed
in Figure 13. The precipitation of Ca(OH); and C-S-H on the etched surface of fly ash
particles with an increase in the pozzolanic reaction reinforces the contact bonding between
fly ash and cement, as well as fly ash particles, making the microstructure denser and
more homogeneous and resulting in a remarkable long-term strength gain. The cracks
detected in the SEM micrographs were assumed to be due to the compression strength test
performed before the SEM investigation. In general, the elemental composition determined
by EDS analysis indicates that Ca, O, Si, and Ai are the major elements comprising the
C-S-H and C-A-S-H gels in the cementitious composite.

In PC5-PP-Rf, a few hydration particles and striations are visible on the fiber surface
(Figure 15). In contrast, the PC2-FAP and PC4-SFP mixtures exhibited dense hydration
products on the polypropylene fibers, leading to improved adhesion bonding between the
interface matrix and the fibers. This enhanced the flexural strength of the reinforced porous
concrete by increasing the bridging and pull-out resistance. The presence of fly ash and silica
fume particles refines the pore enlargement caused by PPFs in the cement interface matrix
through a micro-filling ability and pozzolanic reactions, which improves the mechanical
properties of reinforced porous concrete. Proper amounts of PPFs combined with fly ash
and silica fume ensured a uniform distribution throughout the matrix, enhancing the stress
transformation between the interface matrix and fibers in the reinforced porous concrete.
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Figure 13. SEM and EDS micrographs of porous concrete after 28 days of standard curing: PC1-FA
and PC2-FAP.
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Figure 14. SEM and EDS micrographs of porous concrete after 28 days of standard curing: PC3-SF
and PC4-SFP.
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Figure 15. SEM and EDS micrographs of porous concrete after 28 days of standard curing: PC5-PP-Rf,
PC2-FAP, and PC4SFP.

4. Conclusions

The following conclusions were derived by examining the impact of the B/ A ratio, 5%
fine sand, 10% fly ash or silica fume, and a binary combination of 10% fly ash or silica fume
with 0.2% PPFs on the mechanical and durability characteristics of pervious concrete.

1.  The binder-to-aggregate (B/A) ratio and compaction determine the strength and pore
structure characteristics of the pervious concrete. The compressive strength increased
with the B/A ratio up to an optimum limit of 0.28 and decreased beyond this limit.
On the other hand, the increase in the B/ A ratio always causes a reduction in porosity
and permeability. Therefore, the choice of an appropriate B/ A ratio requires the study
of the variation in the skeleton pore structure. For the type of mix analyzed, the value
of the B/ A ratio being equal to 0.23 guarantees a good compromise that provides
good compressive strength and optimal permeability.

2. Pervious concrete produced with fly ash or silica fume achieved the highest com-
pressive strength (>35 MPa) at 28 days but had inferior flexural and tensile strengths
compared to fiber-reinforced pervious concrete. The permeability was reduced by
10% fly ash or silica fume with 5% fine sand in pervious concrete; however, the binary
combination of either fly ash or silica fume with polypropylene fibers enhanced the
pore connectivity, thus yielding higher strength indices with adequate permeability
greater than 5 mm/s.

3.  Silica fume with fiber-reinforced pervious concrete exhibited the lowest mass loss
based on abrasion and F-T durability performance criteria. Fiber-reinforced pervious
concrete showed a similar mass loss to the silica fume fiber-reinforced based mix
but improved the overall degradation resistance by reinforcing and bridging the
aggregate and cementitious matrix together. Fly ash-based mixtures demonstrated
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more significant mass loss due to the substantial uptake of water during consecutive
F-T cycles.

4. Microstructural analysis showed that pervious concrete produced with an appropriate
amount of PPFs and fly ash or silica fume led to a uniform distribution of fibers in the
matrix, thus improving the stress transformation between the interface matrix and
the fibers through bridging effects in the reinforced pervious concrete. The inclusion
of fly ash or silica fume reduced the harmful capillary pores and refined the pore
enlargement caused by PPFs in the cement interface matrix through micro-filling
and a pozzolanic reaction, leading to improved mechanical properties and durability
characteristics of pervious concrete.

5. The durability of reinforced pervious concrete, particularly in terms of its clogging
resistance, is crucial for maintaining its long-term permeability. This aspect has not
been investigated in this study; therefore, the conclusions and the results should
be coupled with the clogging resistance characteristics to be obtained by further
experimental studies.

6.  The characteristics (mechanical and physical) of pervious concrete here proposed
and investigated comply with the requirements of the specific standard codes for
pervious concrete (e.g., the American ACI SPEC-522.1-13 [69] or the Chinese CJJ/T
135-2009 [70] and JC/T 2558-2020 [71]). Therefore, each mix is suitable for practical
applications that are consistent with the objectives of the users.
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Abbreviations

B/A Binder-to-aggregate ratio
A/B Aggregate-to-binder ratio
W/C Water-to-cement ratio

SpP Superplasticizer

PPFs Polypropylene fibers

FHS Frost-heaving stress

FA Fly ash

SF Silica fume

XRD X-ray diffraction

FTIR Fourier transform infrared spectroscopy
SEM Scanning electron microscopy

EDS Energy dispersive spectroscopy
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XRFE X-ray fluorescence spectrometry

TGA Thermogravimetric analysis

DTA Differential thermal analysis

SEM-EDS  Scanning electron microscopy equipped with energy dispersive spectroscopy
MIP Mercury intrusion porosimetry
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