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Field performance monitoring of pervious concrete pavements

Avishreshth Singh ©2, Prasanna Venkatesh Sampath® and Krishna Prapoorna Biligiri P
aSection of Pavement Engineering, Faculty of Civil Engineering and Geosciences, Delft University of Technology,
Delft, Netherlands; ®Department of Civil & Environmental Engineering, Indian Institute of Technology Tirupati,
Tirupati, India

ABSTRACT ARTICLE HISTORY
Pervious concrete pavements (PCP) have been successfully constructed Received 1 November 2021
in low-to-medium volume roads attributed to their sustainability benefits. Accepted 30 January 2023

Several studies have investigated the hydrological performance of PCPs, KEYWORDS

but limited attention hqs bgen give_n to the structural .and environmen- Pervious concrete

tal aspects. Thus, the objective of this study was to monitor the structural, pavements; real-time field
hydrological and environmental performance of two PCP parking lots built performance; structural
using in-situ and ready-mix methods. Structural distresses were classified distresses; functional
based on the distress identification manual, while the infiltration tests were deficiencies
performed every three months for three years to quantify the clogging

rate. Joints/edges formed the weakest zones, while inefficient maintenance

caused 98% clogging within 18 months. Further, in-situ mixing was 17%

cheaper and 0.74% carbon-intensive than ready-mix technology. Overall,

this research is envisioned to pave way for the development of guidelines

that classify distresses and severity levels specific to PCPs, which also cover

adequate maintenance recommendations for field implementation.

1. Introduction

The rapid transformation of natural ground into transportation infrastructure has rendered imbalance
in the ecosystem and has caused severe problems such as flash floods, runoff generation, soil erosion,
urban heat islands, excessive hydraulic load on drainage systems, and noise generation (Wang et al.,
2021, 2020). More so, the accumulation of water on the pavement poses health threats to local species,
forces the users to take alternate routes, and affects the pavement surface condition (Harvey et al.,
2016; Lu et al., 2020; Oyediji et al., 2021). As a result, excessive transportation-related emissions are
generated during commuting and pavement maintenance, resulting in environmental and economic
losses. This necessitates the need to focus on roadway systems that result in low-impact development.
As the demand for sustainable pavement infrastructure is projected to increase, the construction of
pervious concrete pavement (PCP) systems can effectively address the aforementioned problems.
The materials required for construction of PCPs are similar to those of Portland cement concrete
pavements (PCCP) except that very little/no sand is required to create an open / gap graded sur-
face wearing course that allows for rapid infiltration of stormwater (ACI 309R, 2005; Singh et al., 2020;
Tennis et al., 2004; Zhu et al., 2019). However, the characteristic porous nature of pervious concrete
(PCQ) results in low strength and durability, thereby restricting the application of PCPs to sidewalks,
parking lots, medians and low-volume roads (Chandrappa et al., 2018; Dean et al., 2008; Tennis et al.,
2004). Adequate research is available that demonstrates the different mix proportioning techniques,
which can be adopted to achieve a balance between structural and hydrological parameters (ACI 309R,
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2005; Chandrappa & Biligiri, 2018; IRC 44, 2017). In addition, the formulation of standard test proto-
cols for production as well as characterisation of PC are emerging. In-place densities in the range of
1600-2000 kg/m3 are commonly obtained with this special porous material (Chandrappa & Biligiri,
2016; Tennis et al., 2004). Although the typical flow rates through PC vary from 0.14 to 1.22 cm/s, values
beyond this range have also been reported (AlShareedah & Nassiri, 2021; Nguyen et al., 2014; Tennis
etal., 2004). In general, the compressive strength of PC varies from 2.8 to 28 MPa, while flexural strength
ranges from 1 to 3 MPa (Cosi¢ et al., 2015; Deo & Neithalath, 2010; Lori et al., 2019; Zhou et al., 2016).

An investigation utilised recycled aggregates that were treated with silane polymer emulsion to
produce PC mixtures. Silane treatment caused redistribution of cement paste, which was more con-
centrated towards the aggregate contact points rather than developing a uniform coating over the
aggregates. As a result, PC with silane treated recycled aggregates resulted in higher strength com-
pared to the untreated mixtures (Liu et al., 2019). Other researchers have suggested that reducing the
aggregate-to-cement ratios resulted in improved structural characteristics with a reduction in porosity
(Ariffin et al., 2018; Dai et al., 2020; Singh, 2021; Singh et al., 2022). Additional details on the effect of
specimen geometry, different mix constituents such as aggregate type and content, cement content,
and the addition of waste / recycled materials on the physical, mechanical and hydrological proper-
ties of PC can be found elsewhere (AlShareedah & Nassiri, 2021; Singh et al.,, 2020, 2022; Zhang et al.,
2021). Studies report that the installation of PCPs negates the requirement of an underdrain network
because of its ability to store stormwater in the reservoir layer before slowly infiltrating into the ground
(Tennis et al., 2004; Terhell et al,, 2015). However, in areas of frequent and heavy rainfalls, an under-
drain network of pipes may be provided to discharge and collect water for harvesting purposes. In
addition, PCPs are sustainable roadway systems as they have better sound absorption characteristics,
and require lower energy and generate fewer emissions during production and construction com-
pared to conventional concrete pavements (Singh et al.,, 2020; Zhang et al., 2020). Research studies
suggest that frequent cleaning of PCPs is essential, as the pore network structure tends to clog due
to the accumulation of fine particulates in its matrix, which ultimately results in the loss of infiltration
capacity over time (Coughlin et al., 2012; Kia et al., 2017; Omkar et al., 2010; Sandoval et al., 2020; Singh
et al., 2020a; Vancura et al.,, 2012). A majority of the research studies have utilised conventional mate-
rials such as aggregates, cement, admixtures and very little to no sand to construct PCPs (Gupta, 2014;
Joshi &Dave, 2021; Singh et al., 2019; Vaddy et al., 2020). However, a recent study utilised cured carbon
fibre composites as a reinforcement material along with the traditional mix constituents to augment
the strength of these special pavements (AlShareedah et al., 2019).

Researchers in the past have designed PCP surface wearing course layer using the traditional
methodologies that are used for conventional concrete pavements. For instance, Delatte developed a
design database for PCPs as per the American Concrete Pavement Association (Delatte, 2017). Other
investigations have utilised finite element methods to ascertain the performance of PCP systems under
varying loading and traffic conditions (AlShareedah & Nassiri, 2019; Vancura et al., 2011). In terms
of field performance, PCPs allowed the infiltration of stormwater even after 12 years of construc-
tion (Wanielista et al., 2007). Further, PCP systems are known to arrest the heavy elements present
in the runoff and improve the overall quality of the resulting discharge (Wanielista & Chopra, 2007).
Another field study proposed exponential models to predict the infiltration rate for continuous and
intermittent rainfall conditions through the PCP sidewalks (Saaly et al., 2019).

Note that the design and construction practices adopted during the installation of PCPs vary from
one region/agency to the other. While some investigations used in-situ concrete mixing followed by
manual placement, others have utilised ready-mix concrete for field applications of PC. In addition,
majority of the research has focused on assessing the hydrological performance of PCPs, i.e. reduction
in the infiltration rate with passage of time. However, limited studies have discussed the structural and
durability aspects of in-place PCPs. Furthermore, very little emphasis has been given on quantifying the
sustainability credentials of the in-situ and ready-mix PCP construction methods. Overall, there is still a
lack of systematic guidelines that assist in identification and classification of distresses specific to PCPs,
their associated severity levels, and adequate maintenance strategies at various levels, which could
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Table 1. Salient features of two pervious concrete pavement parking lots.

Parameter MCT IITT

Aggregate size 12.5 mm and lower sizes (50%) + 6.3 mm and finer size (50%)
Cement content (kg/m?3) 400 (Ordinary Portland cement 53 grade)

Water-to-cement ratio 0.32 0.30

Aggregate-to-cement ratio 1:3.75

Construction method On-site PC mixing Ready-mix PC

Compaction Plate vibratory compaction (90 s per pass)

Traffic Two wheelers, cars and light-to-medium commercial vehicles
Climate Semi-arid tropical

Vegetation adjacent to PCP slabs Yes No

Exposure to loose soil from surroundings Yes No

Porosity (%) 24.56 31.61

Density (kg/m?) 1868 1725

Compressive strength (MPa) 21.28 8.85

Infiltration rate (cm/s) — falling head method 0.51 1.05

rationally evaluate PCP performance characteristics as well as their sustainability credentials during
the design life.

In this direction, the objective of this research was to document the real-time structural and hydro-
logical performance of two PCP parking lots for a period of over three years that were constructed
using the in-situ and ready-mix methods. Further, the energy consumed, carbon emissions released
and the costs associated with the two construction methods were assessed and compared. In addi-
tion, the limitations pertinent to the current construction practices were documented. The guidelines
provided in the United States of America Federal Highway Administration distress classification man-
ual were used to identify various distresses. Additionally, infiltration tests were conducted to assess
the reduction in the infiltration rate of the special PCPs. Furthermore, this article proposes recom-
mendation strategies for construction and maintenance of PCPs to garner maximum benefits of these
specialty pavement systems. It is envisioned that the current study will pave way for the develop-
ment of rational guidelines to classify various distresses and their severities, which will also encompass
adequate maintenance recommendations at various levels, specific to PCPs.

2. Background to PCP parking lots

The first PCP parking lot was constructed using an in-situ concrete mixing technique in March 2018
on the Municipal Corporation of Tirupati (MCT) premises, State of Andhra Pradesh, India. Over 20 PCP
slabs, each having dimensions of 4m x 4 m x 0.15 m were constructed along a 120 m long parking
lot, overlaid on a 0.25 m thick sub-base. The details pertaining to the installation and measurement of
infiltration rates through the sub-base and surface wearing course layers at the time of construction
are explained in detail in Singh et al. (2019). The second PCP parking lot that was about 50 m long and
5 m wide was constructed by utilising ready-mix PC in April 2019 on the campus of the Indian Insti-
tute of Technology Tirupati (IITT) India. Over 32 PCP slabs, each measuring 3 m x 2.5m x 0.15 m were
constructed. The details regarding the construction and performance assessment (immediately after
installation) have been detailed in Vaddy et al. (2020). Further, the material composition for the two
pavements is discussed in Table 1 along with the other salient features as well as test results for poros-
ity, density, infiltration rate and compressive strength, which were estimated immediately after the
construction. Note that porosity, density and compressive strength investigations were performed on
six cylindrical cores extracted from the in-place PCP systems, while the infiltration rate measurements
were performed in the field on the PCP slabs at distinct locations as per the relevant test standards
(ASTM 1754/C1754-M, 2012; ASTM C39, 2021; ASTM C1701/C1701, 2017).

The cross-section of the two PCP parking lots is presented in Figure 1, and the construction
methodology is discussed below:
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Figure 1. Cross-section of pervious concrete pavement parking lots at (a) Municipal Corporation of Tirupati and (b) Indian Institute
of Technology Tirupati, India.

a) Municipal Corporation of Tirupati
(i) iExcavation and removal of soil to the designed pavement thickness.

(i) ii Compaction of existing natural soil with 12 passes using a 10 metric ton static steel wheel
roller.

(i) iii Placement and compaction of a 250 mm thick granular subbase layer (comprising aggre-
gates passing 12.5 mm sieve and retaining on 1.18 mm having 25% fine content) with a static
steel wheel roller.

(iv) iv Fastening the formwork for preparation of alternative PC slab (mastic pads were placed
between two adjacent slabs) each measuring4m x 4m x 0.15 m.

(v) v Mixing the constituents in desired proportions in an in-situ drum mixer for 180 s.

(vi) viLaying fresh PC mixture, and performing compaction with a plate vibratory compactor for
60-90 s by slowly moving it over a flat aluminium sheet to prevent sticking of the material to
the compactor.

(vii) vii Covering the freshly prepared slabs with plastic sheet and curing with water for seven days
before opening to traffic.

b) Indian Institute of Technology Tirupati
e The steps for the construction of PCP at IITT were similar to those for MCT (i to vii), except that
the thickness of subbase was 200 mm and construction of the continuous PC slabs of dimen-
sions 3m x 2.5m x 0.15 m was undertaken. Further, the PC mix was prepared at a ready-mix
plant, and was transported to the site in transit mixers before placement and compaction.

The test sections at MCT were monitored for their hydrological performance by conducting surface
infiltration rate (SIR) tests (as discussed in Section 3.1.1) once every six months, whereas falling head
infiltration test (detailed in Section 3.1.2) was performed on the test section at IITT. Further, the two
PCP systems were investigated for their structural performance, as discussed in Section 3.1.3. Note that
brooming (every day at MCT and once a week at IITT) was the only cleaning method adopted for the
two pavement sections.

3. Methodology and distress classifications

Once the PCP parking lots were constructed, it was essential to monitor their performance over time to
identify the different forms of distresses and their causes, in order to formulate management strategies
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Figure 2. Measurement of infiltration rate at the parking lot constructed on the campus of Indian Institute of Technology Tirupati,
India: (a) embedded infiltration ring of 270 mm diameter and (b) test setup.

to maintain PC assets over their design lives. The distresses in the pavement were broadly classi-
fied into two categories: (a) hydrological and (b) structural. The methods adopted to examine the
performance of two PCP demonstration test sections are discussed below.

3.1. Functional and structural deficiencies

3.1.1. Surface infiltration rate (SIR) test

Surface infiltration rate (mm/h) of in-place PCP systems was determined as per ASTM C1701 (ASTM
C1701/C1701, 2017). An infiltration ring with an internal diameter of 300 mm was used with 10 and 15
mm graduations marked on it. Prior to conducting the test, the PCP surface was wiped clean with a
broomstick. Note that the interface between the infiltration ring and PCP surface was sealed with glass
putty to prevent leakage from the sides.

3.1.2. Falling head infiltration test

In order to perform this test, an infiltration ring of internal diameter of 270 mm was embedded into
the PCP surface layer during construction, as shown in Figure 2a. The bottom of the rings was sealed
with a geomembrane to restrict the flow of water into the underlying sub-base layer. Additionally,
slotted pipes were extended from the base of embedded rings to the side of the PCP for draining the
water during testing. More details about the procedure involved in installing the rings within the PCP
surface wearing course layer may be found elsewhere (Vaddy et al., 2020). Another ring, identical to
the embedded ring in size, was placed over the pavement surface, and their interface was sealed with
glass putty (Figure 2b). A graduated steel ruler was fixed over the ring. Initially, the PCP slabs were pre-
wetted by pouring water and keeping the outlet of the pipes open. Once the water dissipated from
the surface, the outlet was closed and water was ponded to an initial head of 22 cm. After dissipation
of the air bubbles, the outlet of the pipe was opened and the time taken by water to fall from the initial
head to the final head of 4 cm was noted. The infiltration rate (K) was computed in cm/s.

3.1.3. Site inspections

Site inspections were conducted at regular intervals to assess the structural performance of in-place
PCP parking lots. The different structural and functional defects that were identified as part of this
investigation are summarised in Table 2. Note that the classifications of various structural and func-
tional deficiencies are based on the guidelines provided in the United States of America Federal
Highway Administration distress classification manual (Miller & Bellinger, 2014) as well as visual obser-
vations and experience. In the absence of guidelines pertinent to classification of distresses in PCPs, a
tentative range has been provided in this research, which could be utilised as a reference in the future.
Note that the severity levels were not defined for any distress type.
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Table 2. Classification of functional and structural distresses in two pervious concrete pavement parking lots.

S.No. Distress type Definition Measuring units
1 Ravelling Disintegration of PCP surface due to e Square meters
dislodging of coarse aggregates e Number
from PC matrix
2 Joint deterioration Increase in the joint width (transverse o Centimetres
joints) due to the ravelling of e Number

aggregates in the PCP caused by the
movement of vehicles from one slab
to another
3 Edge cracking Disintegration of aggregates from e Number
the pavement’s surface due to the
movement of vehicles: (a) near/over
the edge and (b) from the PCP
surface to adjacent areas

4 Skid marks Long tire marks along the longitudinal e Metres
direction of the PCP slabs e Number

5 Surface sealing Presence of localised patches of e Square metres
excessive cement paste over the o Number
surface of PCP restricting the
infiltration of water

6 Differential settlement Difference in the levels of two e Centimetres
adjacent PCP slabs due to improper e Number

construction practices

4, Results
4.1. Municipal corporation of Tirupati, India

4.1.1. Functional performance

Surface infiltration rate measurements were performed after every six months to adjudge the hydro-
logical performance of the PCP parking lots. The average SIR immediately after construction was about
1 cm/s. However, six months after construction, the infiltration rate reduced to about 30% of the origi-
nal, and at the end of the first year of construction, SIR was as low as 0.1 cm/s (90% reduction). Further,
the infiltration rate continued to deteriorate, and it was lower than 0.02 cm/s (98% reduction) after
1.5 years of construction. Clearly, the porous matrix of the PC surface wearing course was significantly
clogged with fine particulate matter, resulting in reduced permeability with time. The drastic reduction
in the infiltration rate was attributed to the fact that the pavement was not sufficiently maintained after
construction. Brooming was the only method adopted to clean the pavement surface on daily basis,
albeit a superficial technique, which was found ineffective in removing the clogged media within the
pores at lower depths from the surface, ultimately deteriorating SIR capacity. Hence, it is imperative
to adopt other maintenance strategies such as pressure washing, vacuum cleaning and backwash-
ing or their combinations as per site-specific requirements to maintain the infiltration capacity of PCP
systems over time.

4.1.2. Structural performance

The overall structural performance of PCP section was satisfactory. At the time of construction, PCP
exhibited no signs of any distress. However, with time, the pavement suffered from various surface
defects, which are discussed as follows (Figure 3):

i. Ravelling: was encountered across 25% of the total PCP area. Most of the pavement slabs per-
formed satisfactorily, and there were no major signs of ravelling except for the presence of a few
loose aggregate particles. However, severe ravelling was observed in three PCP slabs (Figure 3a)
on which garbage dump trucks as well as construction and excavation vehicles were parked. This
indicated that the aggregates in PCP slabs were either crushed or dislodged from the surface due
to heavy static loads and slow moving / stopping operations of the municipal utility vehicles on
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Figure 3. Structural defects: (a) severely ravelled pervious concrete pavement slab, (b) joint deterioration, (c) edge cracking and
(d) skid marks.

Table 3. Measurements of surface infiltration rate of pervious concrete pavement since construction, monitored for three years.

May August December  April August December  April August December  April

Month 2019 2019 2019 2020 2020 2020 2021 2021 2021 2022

Infiltration 1.43 1.42 1.40 1.39 1.37 1.36 1.35 1.31 1.28 1.26
rate (cm/s)

Standard 0.015 0.015 0.02 0.01 0.006 0.006 0.015 0.015 0.021 0.015
deviation
(cm/s)

Coefficientof 1.07 1.08 1.43 0.72 0.42 0.42 1.13 1.16 1.62 1.21
variation

(%)

the pavement surface. This behaviour highlights the need to assess the performance of PCP under
static loads for applications in roadway intersections, petrol pumps, etc.

ii. Joint deterioration: was one of the major distresses that was encountered between the joints of
more than 75% the slabs with high levels of severity, as shown in Figure 3b. Note that joint dete-
rioration was prevalent after one year of construction. Essentially, the joints were filled with loose
material (such as soil and other suspended matter) that might have accumulated during seepage
of stormwater into PCP system.

iii. Edge cracking: was not a significant distress and was observed only across those slabs (Figure 3c)
that allowed vehicles to move from PCP surface to the adjacent areas.

iv.  Skid marks: were generally caused due to sudden braking action of vehicles over low density areas.
Although skid marks may serve as the cause for initiation of ravelling, the test sections did not
show any signs of ravelled aggregates, as seen in Figure 3d.

4.2. Indian Institute of Technology Tirupati, India

4.2.1. Functional performance
The pavement test sections constructed on-campus lITT were monitored for their hydrological perfor-
mance every three months, and the results are presented in Table 3. In order to monitor infiltration
rate, a 300-mm diameter infiltration ring was embedded in the PCP system, as discussed in Section
3.1.2 (Figure 2b). Further, the time taken by water to fall from an initial (22 cm) to final (4 cm) level was
noted to compute the permeability based on the falling head permeability test.

The PCP section was frequently cleaned (once every week) by manual brooming of the surface. It
was observed that there was a marginal (6%) reduction in the infiltration rate over two years. Even
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Figure 4. Severely sealed surface of pervious concrete pavement slab.
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Figure 5. Schematic of the pervious concrete pavement slabs with sealed surface.

though this parking lot was placed behind a construction site, the pavement was rarely subjected to
sediment loads due to runoff. The primary traffic source on this pavement was two-wheelers, although
occasionally medium-to-heavy vehicular loads such as ambulances, vans, cars, tractor-trailers and

trucks were encountered.

Surface sealing was another functional distress observed in PCP, and Figure 4 depicts a severely
sealed PCP surface. Surface sealing was caused due to: (a) improper mix design, (b) addition of
water during placement to allow free flow of stiffened PC from RMC trucks, (c) excessive spraying
of water to prevent moisture loss from PC prior to compaction, and (d) over compaction. Figure
5 presents the schematic and locations of the PCP slabs that were subjected to different levels of

sealing.
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Figure 6. Schematic of the ravelled pervious concrete pavement slabs.

4.2.2. Structural performance

In terms of structural performance, the test section did not perform well compared to the PCP system
built on-campus Municipal Corporation of Tirupati. The various distresses and their causes of IITT test
sections are discussed below:

i. Ravelling: The schematic of slabs subjected to ravelling are presented in Figure 6. Ravelling
was attributed to: (a) improper compaction at the time of construction resulting in low-density
mixtures, (b) heavy loading at premature age and (c) sudden stopping of vehicles.

ii. Joint deterioration: similar to the PCP parking lot at MCT, joint deterioration was one of the major
distresses observed in these pavement sections. Loss of aggregates at the joints between PCP
slabs (Figure 7) was observed across eight locations, whereas 11 locations at the junction of PCP
and PCCP shoulders (Figure 8) were found to be severely ravelled with prominent visibility of mas-
tic pads (that were used between slabs during construction). Joint deterioration was attributed to
(a) improper joint installation and (b) placement of tires at the junction of PCP and PCCP systems.

iii. Differential settlement: was observed across three adjacent PCP slabs (Figure 9), and occurred due
to: (a) improper levelling during construction and (b) over compaction.

4.3. Maintenance recommendations

Based on the observations from the two different PCP parking lots, it was inferred that the PCP site
be monitored continuously and cleaned periodically to identify the best maintenance solutions at the
very early stage of distresses so they could be controlled from deteriorating further. To summarise,
the maintenance recommendations for the different structural and hydrological distresses discussed
in the two PCP case studies are presented in Table 4.

4.4. Lifecycle analysis of PCP parking lots

In order to quantify the energy consumed and emissions generated from the construction of PCPs
using two distinct PC production techniques, a cradle-to-gate lifecycle assessment (LCA) study was
undertaken. The embodied energy, carbon dioxide equivalent (kg CO; eq./km), and economic bur-
dens were computed using the models proposed by (Singh et al., 2020), which are presented through
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Figure 7. Deterioration at the junction of longitudinal and transverse joints in pervious concrete pavement: (a) length between
slabs 15 and 16; (b) width between slabs 15 and 16; (c) width between slabs 19 and 20; and (d) depth between slabs 19 and 20.

Figure 8. Deteriorated joints at the junction of pervious concrete pavement and Portland cement concrete pavement shoulders:
(a) width at slab 11; (b) length at slab 11; (c) length at slab 13; (d) visible mastic pad; (e) length at slab 25; and (f) width at slab 29.

Equations (1)-(3) respectively. The functional unit was 1 km long, 3.5 m wide and 0.15 m thickness PC
surface wearing course layer. The primary inputs were collected from the construction agency whereas
the secondary data was gathered from (India Construction Materials Database of Embodied Energy and
Global Warming Potential - Methodology Report, 2017). This comparative analysis was carried out in
accordance with the International Standards Organization (ISO: 14040, 2006; I1SO: 14044, 2006), and
environmental lifecycle results are shown in Table 5. In addition, the results of the capital costs for the
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Figure 9. Differential settlement across slabs 27 and 29 of pervious concrete pavement.

Table 4. Pavement distress maintenance recommendation.

Distress type Potential maintenance strategies

Ravelling Sweeping
Sweeping and vacuuming
Localised milling, vacuuming and replacement
Structural overlay
Joint deterioration Sweeping and vacuuming
Localised milling, vacuuming and replacement
Avoid creating isolation joints and use of
pizza-tool joint cutter
Saw cut after 24 h under very hot conditions,
else between 36 and 72 h of PC placement
under wet conditions

Edge cracking Sweeping and vacuuming
Localised milling, vacuuming and replacement
Skid marks Localised milling, vacuuming and replacement
Surface sealing Localised milling, vacuuming and replacement
Differential settlement Localised milling, vacuuming and replacement
Structural overlay
Clogging Sweeping

Sweeping, vacuuming, pressure washing, back
washing, or their combination

ready-mix and in-situ construction methods are reported in Table 6.

MJ
Total embodied energy (m) 2(1000 XW x (TxDpx (Pe+Me+ (Te xDj))+Co) (1)

Total kg CO; eq./km = ) "(1000 x W x (T x Dp x (Pg + Mg + (Ty x D) + Gg)  (2)

Rs
Total cost (E) = Z(T x W x (M¢ + Te + C) 3)

where
T = Thickness of layerin m,
W = Width of the road in m,
Dy = Density of pavement material in kg/m3,
P, = Material production value in MJ/kg,
Py = Material production value in kg CO; eq./kg,



12 (&) ASINGHETAL

M, = Material mixing value in MJ/kg,

Mgy = Material mixing value in kg CO; eq./kg,

Te = Transport from production site to application site in MJ/kg-km,

Ty = Transport from production site to application site, kg CO; eq./kg-km,
D; = Distance from material production site to application site in km.

C. = Material compaction value in MJ/m2,

Cy = Material compaction value in kg CO eq./m?,

M. = Material cost in Indian Rs./km/m?,

Tc = Material transportation cost in Indian Rs./km/m?2,

C. = Construction cost in Indian Rs./km/mZ.

For the construction of PCP surface wearing course layer using ready-mix PC, embodied energy was
about 1.28% higher than in-situ mixing. The consumption of higher energy during ready-mix place-
ment was majorly attributed to the excessive fuel consumption during transportation of fresh PC
compared to in-situ mixing where PC material was transported manually in wagons prior to place-
ment and compaction. Further, the carbon emissions generated by in-situ mixing were about 0.74%
higher than ready-mix concrete mixing. This was ascribed to longer transportation distances involved
in delivering the raw materials directly to the construction site as well as generation of larger emissions
due to higher consumption of diesel during PC production. In addition, a capital cost analysis was per-
formed, which indicated that the cost involved in the construction of PCP surface wearing layer using
ready-mix PC was about 16% higher compared to the in-situ mixing. This was due to the additional
charges involved in PC mixing at the batch plant as well as transportation through ready-mix concrete
trucks. Based on the findings, it may be stated that the construction of PCPs for small-scale projects
may utilise in-situ mixing methods as they are economical and provide relatively uniform mix consis-
tency. However, for large-scale projects where rapid construction is desired, ready-mix PC may be used
despite higher cost only after achieving a balanced mix design using retarders.

Table 5. Lifecycle assessment results for 1 km long, 3.5 m wide and 0.15 m thick pervious concrete surface wearing course with
ready-mix and in-situ mixing methods.

Pervious concrete
Embodied energy
Mixing method Dy, (kg/m?3) Pe (MJ/kg) Me (MJ/kg) Te x Di (MJ/kg)  Ce (MJ/m?) (x 106 MJ/km)
Ready-mix 2022 134767 0.00178 0.09959 0.02484 1.54
In-situ 2022 1.34767 0.00467 0.07816 0.02484 1.52

Portland cement concrete

Carbon dioxide

Tg x Dj (kg equivalent (x10°
Mixing method Dy, (kg/m?3) Pg (kg CO; eq./kg) My (kg COz eq./kg)  COzeq/kg) (4 (CO, eq./m?) kg CO; eq./km)
Ready-mix 2022 0.18669 0.00006 0.00657 0.01069 2.05
In-situ 2022 0.18669 0.00034 0.00773 0.01069 2.06

Table 6. Cost analysis results for 1 km long, 3.5 m wide and 0.15 m thick pervious concrete surface wearing course with ready-mix
and in-situ mixing methods.

Length of road Capital
Mixing constructed cost
method M¢ (USS$/day) T, (USS$/day) C. (US$/day) per day (m) (USS)
Ready-mix 1499 282 264 48 42,614

In-situ 999 90 89 32 36,812
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4.5. Summary and learnings from the case studies

The two PCP parking lot field case studies adopted two distinct methods of concrete mixing. For the
PCP sections constructed with RMC technology at lITT, most of the distresses were developed within
the first few months of construction, pointing that mix consistency was non-uniform raising concerns
on the application of RMC for PCP systems. The poor consistency of PC mixtures may be due to the
following reasons: (a) time taken by RMC trucks to reach the site (from the plant) was about 45-60 min
depending on traffic; and (b) addition of small proportions of water to the fresh mixture during con-
struction to facilitate free flow of stiff PC. In order to address the problem of stiffening of PC mix on-site,
additional proportion of water was added at the RMC plant itself. However, the first few loads of the
resulting mix had high paste content, and the problem persisted. On another account, though in-situ
mixing technology results in production of uniform and high-quality PC, its application is limited to
small-scale work due to the prolonged time taken during construction.

Based on the two case studies, it was understood that despite recent developments in the domain
of PCP construction, their applications are limited to low-volume roads such as sidewalks, and park-
ing lots due to its low characteristic strength and the need for frequent maintenance. Further, the
construction of PCPs often suffers from quality control issues associated with traditional mixing and
construction practices. In this direction, there is a significant need to develop high-quality PCP systems
for field applications that possess consistent mix characteristics, high strength without compromis-
ing on the infiltration rate, and addresses other problems such as slow construction rate and labour
requirements along with throwing light on the utilisation of PCP as a potential long-term pavement
maintenance and preservation strategy.

5. Conclusions and recommendations

The real-field studies illustrated in this paper attempted to monitor the performance of two PCP park-
ing lots that were built using in-situ and ready-mix pervious concrete. The extent of severity and
the locations of different functional and structural distresses that were developed in the two PCPs
were identified and their causes were discussed. In addition, the environmental and economic perfor-
mance parameters of the PCP systems constructed using two distinct mixing methods were detailed
in this technical note. Further, maintenance recommendations were provided to address the various
distresses that could occur in PCP systems.

e Ravelling was majorly observed in the areas where utility vehicles were parked. Joints and edges
formed the weakest zones in the PCP slabs.

e Non-uniform compaction was another concern, as it led to occurrence of locations with low density
and also caused differential settlement.

e The addition of small amounts of water to extract PC from ready-mix trucks during placement
caused surface sealing during compaction, resulting in a total failure of the infiltration capability.

e Regular brooming was efficient in retaining the infiltration rate of PCPs only when they were
subjected to direct rainwater and no polluted discharge from the nearby sources.

e The embodied energy of PCP surface wearing course layers prepared with ready-mix PC was about
1.28% higher than in-situ mixing, while the carbon emissions generated by in-situ mixing were
about 0.74% higher than ready-mix concrete mixing.

e Surface wearing course layer constructed using ready-mix PC was about 16% expensive compared
to in-situ mixing method.

Essentially, though tentative guidelines provide recommendations to mitigate clogging and structural
distresses, there is a significant need to develop standard specifications and guidelines that classify
the various distresses and severity levels specific to PCPs, which also encompass recommendations
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for adequate maintenance strategies at various levels. Such an approach is expected to pave way for
formulation of potential global standards for maintenance of the PCP systems.
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