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ABSTRACT: In this study, the clogging mechanism of pervious concrete was evaluated using three different cloggers such as,
Sand (S), Clay (C), and combination of sand and clay (S &C). The clogging mechanism was performed through falling head
permeability apparatus, using clogger sediment load at the rate of 50, 150, and 200 grams in repetitive clogging cycles. It was
observed from the results that combined (S & C) clogger shows overall critical results of clogging as 80% of the clogging was seen
in 3 to 4 cycles. Moreover, it was observed from the results that pervious concrete mix made with R- type of aggregate gradation
shows optimum compressive strength of the order of 8.6, 15.9, and 17 MPa at 7, 28 and 56 days of curing. Furthermore, the visual
inspection test shows that clogging by clay clogger shows an even distribution of sediment on the whole length of the sample.
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RESUMEN: Investigacion experimental del mecanismo de obstruccion del hormigon permeable hecho con gradaciones variables
de aridos. En este estudio se evalud el mecanismo de obstruccion del hormigéon permeable utilizando tres obturadores diferentes:
arena (S), arcilla (C) y una combinacion de arena y arcilla (S & C). El mecanismo de taponamiento se realizo a través de un aparato
de permeabilidad de cabeza descendente, utilizando una carga de sedimento del obturador a razén de 50, 150 y 200 gramos en
ciclos de taponamiento repetitivos. A partir de los resultados se observo que el obturador combinado (S & C) muestra resultados
criticos generales de obstruccion, ya que el 80% de la obstruccion se observo de 3 a 4 ciclos. Ademas, se detectd que la mezcla de
hormigén permeable hecha con gradacion de aridos tipo R presenta una resistencia a la compresion optima del orden de 8.6, 15.9 y
17 MPa a los 7, 28 y 56 dias de curado. Finalmente, la prueba de inspeccion visual muestra que la obstruccion por arcilla muestra
una distribucion uniforme de sedimentos en toda la longitud de la muestra.

PALABRAS CLAVE: Hormigén permeable; Permeabilidad; Porosidad; Resistencia a la compresion; Potencial de obstruccion.
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1. INTRODUCTION

According to ACI, Pervious Concrete is a highly po-
rous concrete that can be used combinedly as a pave-
ment and drainage system. In recent times, pervious
concrete has been the most significant development in
concrete technology and had a profound environmen-
tal benefit. It is a special type of concrete made with
or without the inclusion of fine aggregate content than
a normal conventional type of concrete. It is wide-
ly used in pedestrian footpaths, car parks, sidewalks,
car washing areas, efficient sanitization systems, and
slope stability in hilly areas and other low-traffic ar-
eas (1-4). Pervious concrete provides many advan-
tages when used as pavement material, it recharges
the groundwater, and it eliminates the need for a 2
to 3% slope to prevent ponding (5). It minimizes the
heat island effect (6-9). Moreover, pervious concrete
as pavement material generates less noise from traffic
and low thermal conduction as compared to asphalt or
conventional rigid pavement (10, 11). For its diverse
environmental benefits, it was also tagged as the best
stormwater mechanism by Environmental Protection
Agency (EPA) and Low Impact Development (LID)
system (12-14). As per reports of ACI, the normal
size of pores in pervious concrete fluctuates between
2-4 mm and it may vary due to several aspects such as
powder to aggregate ratio, water to cement ratio, and
size and shape of aggregates (15-17).

Moreover, the porosity of pervious concrete ranges
between 15% to 30% (18, 19). However, there is seri-
ous concern that due to high turbid runoffs containing
fine silt, sand, and clay and frequent erosion of organic
and inorganic fine particles from surroundings, tem-
porary chocking of pervious concrete pavement. This
temporary accumulation of these fine materials inside
the pores leads to the clogging of pavement made with
pervious concrete (20-22). Therefore, the efficacy of
pervious concrete when used as pavement decreases
due to diminishing hydraulic permeability (23). Thus,
the problem of serviceability and premature degrada-
tion starts at an early age and cuts the service life of
pervious concrete pavement. When a significant per-
centage of pores in the pervious concrete pavement
gets clogged, water starts pooling on the surface and
causes waterlogging of pervious concrete pavement.
Moreover, the standing water over the road surface for
a long time accelerates the deterioration of the pervious
concrete pavement and sometimes causes unpleasant
nuisance and water-borne diseases (24-27). Howev-
er, a small amount of research is available on avert-
ing the clogging problems in pervious concrete pave-
ment systems. Different maintenance and rejuvenation
techniques such as vacuuming, pressure washing, and
sweeping have been adopted (28-30). However, all
these techniques show limited results as these were ef-
fective only to a depth of 15- 20 mm (31).

Some authors have investigated surface cleaning
with pressurized water and air-blowing techniques

and suggested that the air-blowing technique is the
best practice to de-clog the choking (32). Others have
investigated that the combined effect of sand and clay
produces a flash downfall in permeability as seen for
single loaded sediment such as single sand or single
clay cycle of runoff, however, complete blocking of
pores was seen between 2 to 13 cycles of artificial
runoff (33). Gersson studied the effect of fine sedi-
ments over the clogging of pervious concrete and
found that fine sediment is more damaging for a re-
duction in hydraulic conductivity due to the small-
er size of sediments (34). Haselbach performed the
clogging of pervious concrete using clay sediments
and found that the rate of clogging depends on the
density of rinsing runoff. Moreover, it was observed
that less cohesive sediments can be removed easily
by applying sweeping as compared to more cohesive
soils (35). Alalea Kia found the critical condition of
clogging happens due to choking of top surface pores
and traveling of fine particles to the lower strata of
samples. It was also mentioned that all the rehabili-
tation techniques reestablish the permeation volume
partially and rehabilitation cannot work if choking
happens a few centimeters below the top surface of
pervious concrete (36).

2. RESEARCH SIGNIFICANCE

Based on the literature survey presented in the pre-
ceding section indicates that a lot of research has been
done to examine the strength and hydraulic properties
of pervious concrete made with single grade propor-
tion of aggregates. However, the information on clog-
ging potential for pervious concrete made with differ-
ent aggregate grade proportions is scanty. Therefore,
an investigation has been developed on the effect of
grade aggregate proportions on the clogging phenom-
enon of pervious concrete. In this study, three grades
proportion of aggregates (P, Q, and R) were prepared
from four aggregates proportions (A: B: C: D) such as
2.36 mm, 4.75 mm, 6.3 mm, and 10 mm. Moreover,
to stimulate the actual sediment load conditions and
to calculate actual load percentages, sieve and hy-
drometer analyses have also been done. Furthermore,
other properties such as porosity, permeability, and
compressive strength have been evaluated at 28 and
56 days of curing. Additionally, a visual inspection
test through the half-cut method, dry cut method, and
slicing method is performed to check the flow and
depth of clogging sediment.

3. EXPERIMENTAL PROGRAMME

The experimental program in this study was divid-
ed into two general findings. The first aim involves
the determination of porosity, water permeability, and
compressive strength. secondly, the clogging perfor-
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mance of pervious concrete was evaluated using three
different sediment cloggers.

3.1. Materials

The different materials utilized in this experimental
study have been discussed in the following sub-sections.

3.1.1. Cement

Ordinary Portland Cement (OPC) 43 grade, ac-
cording to IS: 8112 (37) was used as a primary binder.
The consistency was 32.5%, and the fineness of 6%
was determined as material properties in the present
investigation as per guidelines of IS 4031 (Part 2 and
4) (38, 39). The physical properties such as specific
gravity (3.15), initial setting time (40 minutes) and
final setting time (240 minutes) were also determined
as preliminary testing of OPC binder.

3.1.2. Aggregates

The three different grades (P, Q, and R) of Natural
Coarse Aggregates (NCA) and Natural Fine Aggre-
gates (NFA) have a size of 12-10 mm, 10-6.3 mm,
6.3-4.75 mm, and 4.75-2.36 mm were used in the
ratio of A:B:C:D. The different grades were used in
the ratios of, 0:40:40:20, (i,e 0% of 2.36 mm, 40% of
4.75 mm, 40% of 6.3 mm, and 20% of 10 mm) for P,
10:40:40:10 (i,e 10% of 2.36 mm, 40% of 4.75 mm,
40% of 6.3 mm, and 10% of 10 mm) for Q, and
20:40:40:0 (i,e 20% of 2.36 mm, 40% of 4.75 mm,
40% of 6.3 mm, and 0% of 10 mm) for R, respective-
ly. Natural Fine Aggregates, 2.36 mm was obtained
locally and was utilized in the ratios of 0%, 10%, and
20% as per IS 383 guidelines (40). The particle dis-
tribution for all three grades (P, Q, and R) is plotted
as per IS 2386 (part 1) (41) and presented in Figure 1.

FiGcurke 1. Particle size distribution curves.

Moreover, the different physical properties and their
standards are presented in Table 1.

3.1.3. Sediment load

Sediment load for clogging was selected from the ac-
tual road dust sample and the particle size distribution is
shown in Figure 2. It was seen from the results of the hy-
drometer that 70% of particles present in finer dust were
clay and only 30% were silt. The loading rate of sediments
used in this study was of the order of 50 grams of fine
sand, 150 grams of kaolin clay, and 200 grams of sand
and clay in combination were used as for sand (S), clay
(C), and Combined “Sand & clay” (S & C) respectively.

3.2. PC mix proportions

The mix proportions of the different pervious con-
crete mixes are presented in Table 2. All the quantities

TaBLE 1. Physical properties of aggregates and testing standards.

Aggregate properties 2.36 mm 4.75 mm 6.3 mm 10 mm Testing standards
(NFA) (NCA) (NCA) (NCA)
Impact value (%) - 13.36 13.10 13.00 1S:2386-Part-IV (53)
Abrasion value (%) ; 20.86 19.00 18.03 ASTM C 131 (54)
Water absorption (%) 2.10 0.56 0.57 0.98 ASTM C127 (55)
Soundness (%) ; 5.70 5.68 5.30 1S:2386-Part-V (56)
Apparent density (kg/m?) 2490 2445 2420 2410 ASTM C127 — 15 (57)
Bulk density (kg/m?®) 1795 1780 1765 1750 ASTM C29/C29M (58)
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FIGURE 2. Particle size distribution of road dust.

(cement and aggregates) are measured by taking the
overall unit weight of pervious concrete as 1920 kg/m?.
The basic mix proportions for all the mixes were taken
following ACI-522R-s2010 (42). The pervious con-
crete mixes were made using a tilting drum mixer in
the lab at the authors’ institute as shown in Figure 3.
A sufficient number of specimens were cast to con-
duct all the tests for this study. Cylindrical samples
(100200 mm) were cast for porosity, permeability,

and clogging. However, for compressive strength test-
ing, cubes measuring 150 mm in size were cast.

3.3. Test methods

After 24 hours of casting, the specimen was de-
moulded and placed in a curing tank for 7, 28, and 56
days at room temperature conditions (20 + 1°C while
as humidity was maintained over 95%. All the testing
procedures are discussed in the following sub-sec-
tions.

3.3.1. Porosity

ASTM C1754 (2012) was used to evaluate the po-
rosity of the pervious concrete (43). The initial mass
of the sample is taken in submerged condition as W,.
The sample was then dried in an oven for 24 hours
at 105 °C, and the dry mass of the sample in the air
was taken as W,. The porosity of three samples from
each batch of pervious concrete was taken and the fi-
nal porosity was calculated as the average of the three
values. The porosity (P) was calculated using Equa-
tion [1].

_ Wy —Wy)
pP= [1 _ W] x 100% [1]

FiGure 3. Drum mixer and output of mixer.

TaBLE 2. Mix proportions of pervious concrete.

Mix Aggregate proportion AP Notation  W/C P/A 2.36 4.75 6.3 10 OPC  Water
Notation (AP) ratio  ratio mm mm mm mm Kgm® Kg/m?
A ® © M
P-A0 0%A+40%B+40%C+20%D P 0.35 1:5 0 640 640 320 320 112
P-A10 10%A+40%B+40%C+10%D Q 0.35 1:5 160 640 640 160 320 112
P-A20 20%A+40%B+40%C+0%D R 0.35 1:5 320 640 640 0 320 112
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Where P is the porosity of cylindrical sample, %;
W, is the mass of sample in dry condition, g; W, is
the mass of sample in submerged condition, g; V rep-
resents volume specimen, cm?®; and pw represents the
density of water, g/cm®.

3.3.2. Permeability

A falling head permeability apparatus as shown
in Figure 4, was used to measure the permeability of
pervious concrete. A cylindrical sample is fitted inside
the black collar and a water head of 90 cm is main-
tained in a graduated PVC tube. A fabric inch tape
and thin transparent pipe also adhere for head reading
and piezometer purposes respectively. To ensure that
the pervious concrete sample is saturated, valve (v))
is kept open initially and a trial is performed between
a preliminary head (h,) of 90 cm and a bottom head
(h,) of 30 cm. As the sample is saturated fully, the
permeability test is performed by calculating the time
(t) that it took from head (h, ) to head (h,) using a stop-
watch. Finally, the permeability was calculated using
Darcy’s Equation [2].

L
K =(4,/43) 7 In(hy/h,) [2]

Where K is permeability, A | is the area of the head

pipe, A, is the specimen area, L is specimen length

and ‘t’ 1s the time required for water to drop from the
preliminary head h, to bottom head h,.

FiGurE 4. Falling head permeability apparatus.

3.3.3. Compressive strength

A compressive strength test on pervious concrete
was performed according to IS 516 (1959), (44). A
compression testing machine with a 2000 kN maxi-
mum loading capability was used to perform the com-
pressive strength test of pervious concrete. A sample
size of 150 mm cube was loaded till failure at a rate
of 5.2 kN/sec.

3.3.4. Clogging potential

3.3.4.1. Permeability reduction

The falling head permeability apparatus used for
measurement of permeability was used to evaluate
the outcome of artificial clogging in pervious con-
crete. Three cloggers (S, C, and S&C) were used to
produce artificial runoff and permeability reductions
are calculated using Darcy’s Equation [2].

3.3.4.2. Visual observation of clogging

To know whether the blockage in the pore channel
was at the top, bottom, or center, a visual inspec-
tion is necessary to perform. In this study visual in-
spection was performed through three techniques. a)
Half-cut method: In this method, the clogged sam-
ples of pervious concrete are cut into two halves
as shown in Figure 5 and the weight of each half is
taken. It provides an idea of whether cloggers are
present only on the top surface half or on the lower
half. b) Dry cut method: It is a visual inspection in
which a clogged sample is transversely cut into two
halves as shown in Figure 6 to know the location of
sediments inside the clogged sample. The sample is
cut under CTM using upper and lower steel strips.
C) Slicing method: Diamond saw cutter is used to
cut the clogged sample into four halves as sown in
Figure 7 to know the distribution and tortuosity of
sediment flow.

3.3.4.3. Image Processing of clogging

With the help of a high-resolution micro-focus
X-ray computed tomography (X-CT) system and fil-
ter 7 image processing software, the exact presence
of sediment was predicted with clear visuals. More-
over, the clogging of clogged sample was predicted
through X-CT at three sections, top, mid, and bottom
respectively.

3.3.4.4. Rejuvenation of clogging

Two rejuvenation techniques are used to un-clog
the clogged samples of pervious concrete are:

a.  Vacuum rejuvenation

b.  Pressure washing
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FiGure 5. Half cut method of clogged sample.

FiGURE 6. Dry cut method of clogged sample.

FiGure 7. Slicing method of clogged sample.
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Eureka Forbes vacuum cleaner having a suction
capacity of 2300 mm of WC (0.022 MPa) was used
for vacuum treatment of clogging. Both the nozzles,
floor cum carpet, and crevice nozzle were used to
remove the sediment particles from cylindrical sam-
ples. Whereas, a car service pressure washer having
20.7 MPa (3,000 psi) pressure of water was used pres-
sure washing treatment of clogging. Both the rejuve-
nation methods are intended to wash out the ingressed
materials and regain the hydraulic functionality of
clogged pervious concrete samples.

4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1. Porosity

The porosity of all the mixes of pervious con-
crete made with different grade aggregate propor-
tions is presented in Figure 8. Porosity obtained in
this study was in the range of 18 - 20% which is in
the qualified range of results observed in the liter-
ature (15-35%) (45-48). It was observed from the
results that porosity of pervious concrete across all
the curing ages decreases marginally with chang-
ing the aggregate grade proportion from P to R. For
example, in the mix P-A10, in which aggregate gra-
dation Q was used having 10% of NFA content, rel-
ative to pervious concrete control mix, P-A0 having
0% NFA, the reduction in the porosity was 3% and
2.5% at 7 and 28 days respectively, which is signifi-
cant. However, for the mix containing R type of ag-
gregate gradation in which 20% of NFA was includ-
ed, I,e mix P-A20, the porosity reduction relative to
control mix P-AOQ at the curing age of 7 and 28 days
was 8% and 10.25% respectively. The behavior is
similar to that observed in pervious concrete where
similar reductions in porosity have been reported in
literature upon the inclusion of NFA with NCA (49,
50). It is obvious that porosity is a volumetric prop-
erty, therefore the volume of the void will depend
upon a few parameters like the size of aggregates,
the proportion of fines, the amount of binder con-
tent, etc. Generally, the pervious concrete prepared
with a higher p/a ratio had lower porosity due to
the reduction of cement content than the mix pre-
pared with a lower p/a ratio. The increase in cement
content increases the packing density of the matrix,
thereby reducing the porosity of pervious concrete.
Similarly, the effect of aggregate gradation has the
same effects on porosity that as the amount of fine
content is increased porosity decreases due to an
increase in apparent density of pervious concrete.
The apparent density of mix containing 0% of NFA
(I, e mix P-A0) was 1960 kg/m?, while as the mix
containing 10% and 20% of NFA have the apparent
densities of the order of 1984 kg/m® and 2009 kg/m?
respectively, which is 1.2% and 2.5% higher than

the control mix. Therefore, with increasing the val-
ues of apparent densities, porosity of pervious con-
crete decreases significantly.

Ficure 8. Porosity of pervious concrete.

Furthermore, it was also observed from Figure 8
that at two different curing ages, a marginal decrease
in the porosity of pervious concrete was seen. On
comparing porosities of mix P-A0Q at 7 and 28 days,
a borderline decrease of 1% was seen at 28 days age
of curing as compared to porosity seen at 7 days. This
marginal decline in porosity after 28 days was due to
further strength gain due to which the micropores of
paste get filled and a marginal reduction in porosity
is observed. Similarly, for mixes P-A10 and P-A20,
a small decrease in the porosity of pervious concrete
at 7 and 28 days was observed. A decrement of 0.5%
and 0.3% in porosity of mix P-A10 and P-A20 respec-
tively was seen at 28 days as compared to porosity
observed at 7 days of curing age.

4.2. Permeability

The water permeability tests on pervious concrete
were performed at 7 and 28 days of curing age and are
presented in Figure 9. Here we assume the meaning
of PC conferring to the American Concrete Institute
which mentions the working range of permeability
coefficient from 0.13-1.2 cm/s (51). It can be seen
from Figure 9 that pervious concrete shows a decline-
ment in permeability with the change in aggregate
grade proportion from P to R. A maximum permea-
bility of 0.92 cm/s was seen for control mix P-A0, in
which aggregate grade proportion R was used, having
0% NFA content. A significant decrease in permea-
bility was seen for mix P-A10, in which Q type ag-
gregate grade proportion was included, having 20%
NFA. For mix P-A10, a decrease of 4.5% and 5% at
7 and 28 days of curing was observed as compared to
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control mix P-A0, which is a significant drop. More-
over, for mix P-A20, in which R type aggregate grade
proportion was used having 20% content of NFA as
compared to control mix P-A0Q. A significant drop in
permeability of pervious concrete was observed at
22% and 23% at the curing ages of 7 days and 28 days
as compared to the permeability of control mix P-A0.
It was further observed from the results of permea-
bility that a marginal drop in permeability was seen
for all the mixes of pervious concrete after 28 days
of curing. For example, for the control mix, P-AO0, in
which the NFA percentage was 0%, a reduction of
0.5% was seen at 28 days as related to 7 days. More-
over, a reduction of 0.5% and 1% in permeability was
seen for mix P-A10 and P-A20 respectively after 28
days of curing as compared to 7 days of permeability.
This marginal drop in permeability at 28 days of cur-
ing was due to the development in the microstructure
of pervious concrete which is also confirmed by en-
hancement in compressive strength after 28 days of
curing. Therefore, readjustment of micropores is seen
at higher curing age due to which permeability drop
is seen.

FiGURE 9. Permeability of pervious concrete.

Furthermore, a relationship was developed be-
tween permeability and porosity of all the mixes as
shown in Figure 10. It was observed from the relation
that R? holds a decent range of 0.9. Therefore, the per-
meability of pervious concrete can be projected from
the initially calculated porosity.

4.3. Compressive strength

The compressive strength results of the pervious
concrete mixes made with three aggregate grade pro-
portions are presented in Figure 11 which shows that
the compressive strength of all the mixes increases
significantly with changing the aggregate grade pro-
portions from P to R. For example, significant devel-

—
=
n

Permeahility (emv's)
—
ca -
n b=l

ot
o

175

0.86 0.88 0.9 0.92 0.94 0.96 0.98
Porosity (%)

FiGure 10. Relationship between permeability and porosity.

opment of 8%, 10% and 3% in compressive strength
was seen for mix P-A10 in which Q series of aggre-
gate grade proportion was used at curing age of 7, 28
and 56 days, relative to mix P-A0, which is control
mix. The significant development in the results of
compressive strength at all the curing ages was due
to the inclusion of 10% of NFA in the Q series of ag-
gregate proportion, thereby due to which the devel-
opment in paste density magnifies the results of com-
pressive strength. However, for the mix containing R
type series of aggregates having 20% NFA content
I, e mix P-A20, the strength development relative to
controller mix at 7, 28, and 56 days was 21%, 24%,
and 15%, which is more prominent. A similar trend
in the development of compressive strength has been
reported in the literature that due to substitution of
a fine up to 5% increases the mechanical strength of
pervious concrete (52). The significant increment in
compressive strength with incorporation of different
percentages of NFA was due to the overall develop-
ment in apparent density of pervious concrete. It was
observed from the results that with incorporation of
10% of NFA, apparent density of pervious concrete
increases by 1.2% relative to mix containing 0% of
NFA. Moreover, a maximum increment of 2.5% in
apparent density of pervious concrete can be seen for
mix containing 20% of NFA relative to P-A0, con-
taining 0% of NFA. Therefore, with increasing the
apparent density of pervious concrete, compressive
strength increases significantly.

Furthermore, the development of compressive
strength in pervious concrete shows optimum results
at 28 days of curing for each mix as compared to the
compressive strength of pervious concrete at 7 and
56 days. A prominent development of 43% in com-
pressive strength was seen for the control mix, at 28
days as compared to 7 days strength. Nevertheless, the
increase in strength for the same control mix, P-A0 at
56 days was only 17% as compared to compressive
strength at 28 days. Moreover, the same increment in
compressive strength for pervious concrete was seen
for mix P-A10 and P-A20, in which aggregate grade
proportion of Q and R type was used having 10%
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FiGure 11. Compressive strength results of pervious concrete.

and 20% of NFA respectively. An increment of 45%
and 46% was observed for mix P-A10 and P-A20
at 28 days as compared to compressive strength at
7 days. However, a marginal development of 9% and
6% in compressive strength was seen for the same
mixes of P-A10 and P-A20 at 56 days as compared to
compressive strength at 28 days. This shows that on
increasing the curing period from 7 to 28 days, maxi-
mum hydration of pervious concrete mix occurs at 28
days because of higher creation of C-S-H which con-
tributes to more compressive strength. The increase
in strength was also attributed to the more pozzolanic
and filler effect of pervious concrete by incorporat-
ing more NFA which increases the overall density of
pervious concrete. For pervious concrete mix in the
varied graded proportion of aggregates.

4.4. Clogging of pervious concrete
4.4.1. Permeability reduction

The falling head permeability apparatus used for
measurement of permeability was used to evaluate the
outcome of artificial clogging in pervious concrete as
shown in Figure 12. The test was started by calculat-
ing the initial permeability of pervious concrete with-
out any sediment load which acts as reference perme-
ability. As the preliminary permeability was calculat-
ed, dry sediment was progressively added evenly to
the top surface of the specimen before adding extra
water to simulate the clogging phenomenon. It can be
seen from Figure 13 (a) that the permeability of each
sample reduces after each cycle of runoff. For the con-
trol mix, P-AO, the initial average permeability was
0.92 cm/s and it starts declining as compared to initial
permeability after progressive sand-laden runoff cy-
cles as 7.6%, 23%, 36%, 58%, 71%, 86%, 92%, 94%
and 100% for 10 cycles in total, however, the working
limit of permeability ends at the 7" cycle where clog-
ging was almost 80% and remaining permeability of
sample was only 0.12 cm/s. For the same control mix,
on applying the clay-laden runoff, permeability de-
clinement was more gradual than sand-laden runoff.
The reduction percentage of permeability was 3%,
7%, 20%, 41%, 60%, 75% 85%, 95%, and 100% for
9 cycles. However, 80% of clogging was done after
the 7" cycle at which the remaining permeability of
pervious concrete was below the permissible limits.
Moreover, for the same mix, combined (S and C) lad-
en runoff shows a quick declinement in permeability.
The decrease in permeability was seen at 38%, 55%,
70%, 85%, 97% and 100% for 6 cycles of combined

Ficure 12. Clogged samples: (a) sand clogging; (b) clay clogging.
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sand and clay runoff. Moreover, the permissible lim-
it of permeability was crossed in the early 4% cycle
of runoff at which 85% of clogging was seen. This
quick declinement in permeability for the combined
laden runoff was due to the formation of a mud lid
over the surface of the sample. Therefore, flocking of
clay with fine sand particles causes early blocking of
surface pores of pervious concrete by forces of Van
der Waals.

From Figure 13 (b) the initial average permeability
for mix P-A10 was 0.90 cm/s and it starts declining
after progressive sand-laden runoff cycles as compared
to initial permeability of 14%, 20%, 33%, 46%, 58%,
70%, 82%, 93% and 100% for 9 cycles in total, how-
ever, the working limit of permeability ends at the 7
cycle where clogging was almost 82% and remaining
permeability of sample was only 0.12 cm/s. For the
same control mix, on applying the clay-laden run-
offs, permeability declinement was more gradual than

sand-laden runoff. The reduction percentage of perme-
ability was 4%, 12%, 24%, 41%, 57%, 69% 80%, 86%,
94% and 100% for 10 cycles. However, 80% of clog-
ging was done after the 7" cycle at which the remain-
ing permeability of pervious concrete was below the
permissible limits. Moreover, for the same mix, com-
bined (S and C) laden runoff shows early clogging in
pervious concrete. The decrease in permeability when
compared to initial permeability was seen as 32%,
52%, 66%, 74%, 86% and 93%, 98%, and 100% for
8 cycles of combined sand and clay runoff. Moreover,
the permissible limit of permeability was crossed at the
early 5" cycle of runoff at which 86% of clogging was
observed. Furthermore, the reduction in permeability
for mix P-A20 was faster as compared to previous mix-
es due to low porosity (18%) as shown in Figure 13 (c).
Moreover, 80% clogging in pervious concrete occurs
at the 5%, 6™, and 3™ cycle after performing sand, clay,
and combined runoff cycles respectively. However, the

FiGure 13. Clogging of pervious concrete for mix a) P-A0, b) P-A10, and c) P-A20.
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complete (100%) clogging of pervious concrete occurs
on the 7%, 8%, and 5" for sand, clay, and combined run-
off laden.

4.4.2. Visual observation of clogging

It can be seen from Figure 13 that the permeability
of pervious concrete was initially highest but decreased
exponentially due to the choking of pores. However,
the exact reason for the blockage of pores was ob-
served from visual inspection. It was observed from
the half-cut method of clogging that samples clogged
with fine sand show a significant weight difference be-
tween the upper half and lower half. From the results
it was observed that the upper half weight for the sand
clogged sample was more than the lower half, indicat-
ing that major sediment was accumulated on the upper
half of pervious concrete. Moreover, no weight differ-
ence was seen in samples clogged with clay, as it was
observed from the dry cut method that clay sediment
was seen evenly through the whole depth of the sam-
ple. Moreover, the samples clogged with both sand and
clay showed a clear presence of sediment only on the
upper top 5 ¢cm, which was also confirmed from the
half-weight method of pervious concrete.

It was also analyzed from the slicing method of vi-
sual inspection that the clay clogger was evenly dis-
tributed over the whole length of the sample. However,
peripheral sand sediment was seen at the outer periph-
ery of cylindrical samples clogged with sand only as
shown in Figure 14. It indicates that sandy clogger
flows with water through the shortest radial flow path.
Therefore, in general, it can be concluded that clogging
due to clay is critical because of its cohesive nature,
makes a strong bond inside the pores, and is difficult to
unclog through rehabilitation techniques.

FiGurE 14. Peripheral sediment in sand clogging.

4.4.3. Image processing of clogging

The image processing techniques such as X-CT
tomography and filter 7 image processing were used

and are shown in Figure 15 and Figure 16. To know
the actual depth of sediment, X-CT tomography of
clogged cylindrical sample was performed at three
different sections (top, mid, and bottom). A 200 mm
cylinder was cut into three equal discs and X-CT of
each 65 mm disc was performed separately. It can be
seen from Figure 15 (a) that distribution of sediment
particles for sand clogged sample were more on the
top section of the sample. The intensity of sediment
particles for the sample starts decreasing with the
depth of sample. Therefore, it confirms the visual ex-
amination of above section that sand sediment flows
through shortest outer periphery path. Moreover,
X-CT of cylindrical sample clogged with clay alone
as seen in Figure 15 (b), shows that distribution of
clay particles was seen evenly throughout the depth
of sample. It can be further seen from the same to-
mography that clay particles predominantly clinged
with each other with the help of weak vander waals
forces due to sticky nature. Furthermore, the tomog-
raphy of cylindrical sample clogged with combined
sediment load shows that sediment was only present
on the top section of clogged sample. Therefore, with
the variable charged particles of sand and clay, a mud
lid was formed on the top of sample shows that chok-
ing of voids is only to the top section of pervious con-
crete. Therefore, clogging with clay shows chocking
through all the over the depth, which could be more
severe and critical. Moreover, image processing filter
7 was used to counter check the presence of clay sedi-
ment which is considered to be more critical. It can be
seen from Figure 16 that distribution of sediment load
was evenly distributed over the whole depth of sam-
ple, which is in full agreement with the above study
of tomography technique.

4.4.3.1. Rejuvenation of clogging

Vacuuming as shown in Figure 17 was performed
on all the mixes of pervious concrete through carpet
and crevice nozzle for a minute after drying the sam-
ple in the oven for 24 hours at 60 °C. It was observed
from the results of this treatment that sand clogged
sample shows a maximum recovery of 80% regain
in permeability. Moreover, a worst rate of recovery
of the order of 10% was observed for the samples
clogged with clay alone. Whereas, recovery against
combined (S & C) clogger was observed as 40%.
However, aggregate pervious concrete mix combina-
tion made with P-type of aggregate gradation shows
optimum results against both the rejuvenation tech-
niques relative to other mix combinations made with
Q, and R-type of aggregate gradations. This optimum
recovery for P-type of mix combination could be due
to higher porosity relative to other mix combinations.
Vacuuming extracts, the ingressed material of clog-
ging from the sample, therefore mix having more
voids enables large suction cavity through maximum
depth of sample.
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FiGure 15. C-T of clogged specimen of pervious concrete.

FiGure 16. Image processing of clogged specimen of pervious concrete.

FiGure 17. Rejuvenation of clogged specimen of pervious concrete.
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Moreover, pressure washing as shown in Figure
17 (a) pushes out or washes the impurities through
the pervious concrete sample. A maximum recovery
of pressure 50% was seen for samples clogged with
combined (S&C) clogger sediment. This could be
possible that combined sediment forms the mud lid
over the top surface of sample, which stops maxi-
mum amount of sediment on the top surface with-
out blocking the internal path of voids. However,
results of pressure washing against sand shows
worst results (20% recovery) due to secondary
clogging of lower section. Due to pressure washing
sand particles easily move down the top section of
sample and settles in the lower section of sample.
However, using pressure washing in the opposite
direction for the same sample shows some devel-
opment in de-clogging but the development was
marginal. Furthermore, pressure washing against
clay clogged shows a recovery rate of 30%, which
is acceptable. Pressure washing dissolves some
loose part of clay and drains out on the other side
of sample. It was further, observed that the overall
recovery of pressure washing was optimum for mix
combinations made with R-type of aggregate gra-
dation due to higher ranges of porosity relative to
other combinations of pervious concrete.

5. CONCLUSIONS

The present study was designed to determine the
influence of different aggregate grade proportions on
the clogging potential of pervious concrete. Based on
the results obtained, a few conclusions are drawn.

1. Relative to the control mix, made with P-type
of aggregate gradation, the 28-day compressive
strength increased significantly by 10% and 24%
for mixes P-A10 and P-A20 in which Q and R type
aggregate grade proportion was used respectively.
Therefore, the inclusion of NFA up to 20% in per-
vious concrete increases the compressive strength
significantly at 28 days of curing age due to in-
creasing the overall density of concrete matrix.

2. Clogging done by combined sand and clay clog-
ger shows an 80% loss in permeability in 4 to
5 cycles for all three mixes. However, clogging
through clay alone take highest number of cycles
(9-10) to reach 80% of clogging, therefore could
show worst case of clogging due to even filling of
pores through whole length of sample.

3. All the visual observations supported by image
processing shows that clogging due to clay alone
could show critical results of clogging as the
sediment of clay was evenly distributed over the
whole depth of sample. Whereas, clogging due to
combined sediment shows least clogging due to
formation of mud lid on the top of sample.

4. Rejuvenation treatment shows that a maximum
80% recovery of permeability was observed for

sand clogged samples against vacuuming treat-
ment. Whereas, a maximum recovery of 50%
in permeability was seen for combined clogged
samples against pressure washing. However, in
general it was observed that pervious concrete
mix made with R-type of aggregate gradation
shows optimum results of recovery against both
the rejuvenation techniques.
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