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Abstract

Previous publications on restoring clogged permeable interlocking concrete pavers (PICPs), and also on available street sweep-
ing equipment, are reviewed in some detail. Special drainage cell geometries, called cupules, in specific PICPs were tested
under moving regenerative-air pick-up heads in a laboratory rig, and early results have been discussed in a previous paper.
Reported here are follow-up field tests on three different parking lot pavements at one installation of rapidly cleaned out PICPs
(RCPP) using a wide range of readily available street cleaning equipment. Rapid cleanout of the special purpose cupules at vari-
ous sweeper speeds is measured and reported for a regenerative air sweeper, two types of mechanical sweepers, and a portable
blower with two pick-up head directions of travel and for different filter media. A cost comparison of sweeper performance is
presented. Preliminary results of these initial RCPP field tests evidently conflict with recommendations by authorities. Results
are, however, considered to be initial, because of insignificant diminution in surface infiltration rates caused by clogging. How-
ever, according to the present study, routine RCPP management should ensure that rapid cleanouts similar to those observed
here will continue to be experienced over extended time, and RCPP left uncleaned for a prolonged time will be restored more
quickly and easily than is the case with the current generation of PICPs. Inexpensive and easy renewal of filter media could
lead to improved pavement and deicing management strategies. Accompanying this paper are two short videos that show our
field procedures for pavement installation, cleanout and restoration. An algorithm is provided for estimating minimum cost

cleanout of PICPs.

1 Introduction

Whether planning, designing, constructing or managing a perme-
able interlocking concrete pavement (PICP) installation, it is mor-
ally imperative to provide and sustain surface infiltration capacity
over the long term, allowing an adequate volume of stormwater
to be captured and treated by the facility. Besides the area of the
contributing drainage area, PICP infiltration capacity is depen-
dent upon factors such as drainage cell density and permeability;
surface slope; surface ponding; pavement base permeability,
drainage and void volume; grading and quantity of surface dust
and dirt applied; duration and intensity of applied surface loads
(such as traffic); and, above all, upon proper pavement man-
agement. Designing and constructing a new system to provide
appropriately high infiltration capacities is not problematic, but
maintaining infiltration capacity over several decades has proven
to be a concern, if not actually challenging. The obvious solution
is pavers that are quickly, easily and cheaply restored by a variety
of sweeping equipment, and this is the nub of the present paper.

An earlier paper (James and von Langsdorff 2016) de-
scribed laboratory tests of a new PICP designed to be readily
cleaned out. Where clogging of drainage cells in PICPs is domi-
nantly in the upper parts of the filter media, as it is in most cases,
infiltration rates in special PICPs may be rapidly restored if the
PICP design is dovetailed to the fluid mechanics of the street
cleaning equipment. PICPs described in this paper have special
purpose cupules, or concave filter recesses in the upper surface of
the block; more generally, cupules are recesses in a larger body,
as seen in anatomy and archeology; they have one surface which
is generally concave, whereas a cup has both an internal concave
and an external convex surface. In our application, the cupules
are designed to facilitate the rapid removal of filter media and fil-
trate by routine street cleaning equipment at economical speeds.
Below the cupules, the drainage conduits are designed to provide
specified maximum or controlled drainage flow rates, as shown in
Figures 1 and 2 (and later in Figures 6 and 7 below). Furthermore,
the geometry of these cupules also meets the requirements of
the Americans with Disability Act (ADA 2010), as well as certain
requirements for mass production.
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Figure1 Typical test block enclosed in a plexiglass ampule:
remnant of white aggregate in cupule, dark aggregate
in conduits and bedding layer; cupule width is 12.5 mm
(test cupules had sharp edges).

Figure 2 Pavement constructed from two forms of L-shaped
PICP blocks with cupules of two different lengths
aligned in the direction of sweeper travel; real cupules

have rounded edges, cupule width is 12.5 mm, block
joints are typically 2 mm wide.

Our earlier paper (James and von Langsdorff 2016)
demonstrated that infiltration rates in these new PICPs, denoted
RCPP, may be rapidly restored if their design is dovetailed to the
aerodynamics of the regenerative air street sweeper (RASS) at the
pavement surface. In that earlier paper, we describe experiments
carried out in Guelph, in Southern Ontario, using a rig designed
to reveal the air flow at the pavement surface of a simulated
RASS pickup head moving horizontally over test blocks having

geometry similar to the RCPPs. Cupules in the test blocks were
filled with dry, non-cohesive and uncontaminated filter media.

In later studies the issue of cohesiveness in the filter aggregate

in the cupules will be taken up. The earlier paper described our
experimental rig and demonstrated the cleanout principles, and
included CAD files of detailed drawings of the components of the
rig and test blocks, and a slow-motion video clip of the cleanout
processes (James and von Langsdorff 2016). In the present paper
we describe tests on a real PICP pavement constructed in Ayr,
Ontario using RASSs and mechanical street sweepers (MSSs) with
stiff bristles rotating vertically in the plane of the direction of
sweeper travel.

We have not discovered any previous literature covering
the design of drainage cells in PICP for rapid cleanout by con-
ventional street sweepers. While Scholz and Grabowiecki (2006)
review current trends in research and industry on permeable
pavement systems, and recommend future areas of research and
development, they do not mention PICP with attributes such as
the RCPP presented here.

In their manual Permeable Pavements (Eisenberg et al. 2015)
the American Society of Civil Engineers states that permeable
pavement will continue infiltrating if the top surfaces are cleaned
regularly “with regenerative vacuum sweepers at a recommended
minimum of twice per year.” Surfaces that are clogged due to
lack of regular surface cleaning can be restored by RASSs, which
are recommended for regular cleaning, while pure vacuum type
units (VSSs) are recommended only for the restoration of severely
clogged surfaces that have not been vacuumed regularly. Simple
(mechanical) broom sweepers (MSSs) are not recommended
since “they do not collect and remove accumulated debris”"The
Interlocking Concrete Pavement Institute reiterates precisely the
same injunctions (ICPI 2006), and so do other authorities. How-
ever, neither manual covers RCPPs such as those discussed here,
having been published before the advent of our RCPP, so it is not
surprising that our results may to some extent contradict their
(and derivative) recommendations.

2 Research Background

In this section we review previous publications in the research
literature that relate to the design and testing of RCPP, especially
PICP cleaning. Publications on other forms of porous pavement
are reviewed if relevant, but generally we do not review research
on porous asphalt or on porous or pervious concrete pavement.

2.1 PICP Infiltration Processes

Ferguson (2005, ch. 9) gives a good introduction to open-jointed
paving blocks in Porous Pavements, which is part of a series of
integrative studies in water management and land development.
Detailed descriptions of the physics of interfacial water flow ver-
tically and laterally in the drainage cells, bedding layer, base and
sub-base of PICP are hard to find. Brown and Borst (2013; 2015)
studied the infiltration and clogging processes of PICP, using time
domain reflectometers (TDRs) to measure spatial infiltration and



to assess the clogging dynamics of permeable pavement systems.
Paired TDRs were installed at two locations in each permeable
pavement type in a 0.4 ha parking lot with three permeable pave-
ment types (including PICP) at a depth of 0.4 m below the driving
surface. Results indicated that clogging progressed from the
upgradient edge. They suggest TDRs for maintenance scheduling.

Water percolating through PICP interacts with air, water va-
pour, dust, and gravel and concrete surfaces in the pores, and the
evacuation and replenishment of the displaced air is seldom con-
sidered. In dry weather, air and water vapour replaces liquid pore
water during percolation, aided by evaporation. Brown and Borst
(2015) also studied evaporation at their installation, using a water
balance approach. Average cumulative evaporation from the
permeable pavement sections for 134 rainfall events in 24 months
was 5.2% of the cumulative rainfall volume, and the range was
2.4%-7.6%. Thus evaporation comprises a small part of the total
water budget on an annual basis, and we therefore assume that
percolation by gravity is the dominant process, with the displaced
air escaping by moving upwards against the water. At this scale
the interfacial fluid flow is viscous and restrained by surface ten-
sion. Both viscosity and surface tension are affected by changes
in temperature: as temperature increases both water viscosity
and surface tension decrease. Infiltration at low temperature is of
concern; we found no published temperature corrections.

2.2 Measurement of Infiltration

Vertical and lateral (horizontal) saturated hydraulic conductivity
(SHC) of the bedding and base layers is the central attribute of
PICP, and accurate estimation of SHC is clearly paramount. An
explanation of the physics is given by Clyne et al. (2001). Review-
ing theories, they concluded that the Minnesota Department of
Transportation permeameter can reliably estimate the base SHC
if the base layer is =150 mm thick. When the base layer is thinner,
permeameter readings are restricted to early infiltration times
(MPCA 2017). In our test pavements the RCPP bedding layer is
<150 mm thick, so we deduced from this advice that infiltration
measurements using ASTM standard C1781 (ASTM 2015) should
use low total volumes of water, and we used volumes weighing
8.5 kg or 17 kg. Note that in our field studies SHC of the base layer
was an order of magnitude lower than that of the bedding layer.

Sampling infiltration is complex by virtue of its spatial
variability, as well as the varying antecedent moisture. Brown and
Borst (2014) evaluated surface infiltration testing procedures in
permeable pavement systems using ASTM C1701 (ASTM 2015),
focusing on how testing sites should be selected and recom-
mending that surface infiltration testing should strategically se-
lect fixed testing locations based on expected clogging patterns.
In our present test pavement, no clearly defined points of runon
existed, and no defined sources of clogging were expected, so al-
though we spaced some of our tests randomly, we also repeated
measurements at approximately the same places within the three

regions of the new pavement surface, simply because spatial
variations were noted by other workers.

Subsequently, in 2015 the American Society for Testing and
Materials (ASTM) produced a standard, simple infiltration estima-
tion procedure for PICP: C1781 Standard Test Method for Surface
Infiltration Rate of Permeable Unit Pavement Systems (ASTM 2015).
Because of its single-handed ease, low cost and speed, C1781 was
adopted in recent PICP studies and is used in this study, notwith-
standing Clyne et al. (2001).

2.3 Clogging in PICP

All literature reviewed confirms that PICPs initially have very high
infiltration capacities, normally ten times design storm specifi-
cations, but clog with age and use. Literature also confirms that
regular cleaning (RASS is frequently mentioned) can restore most
of the initial infiltration rate. Maintenance is a key concern. Note-
worthy in the papers listed below is the scant or absent attention
paid to the suitability, operation and operational condition of the
street sweepers employed. Our observations are that the individ-
ual sweeper hardware characteristics account for more than half
of the variance attributed to the paver-sweeper combination.
Thus researchers may ultimately recommended pavement main-
tenance schedules based on unknown and arbitrary sweeper
characteristics, assumed to be representative of the class. We
return to this point later, for instance in List C below.

Table 1 Literature reviewed (papers cited are fully referenced

at the end of this paper).

Date Lead Author PICP? Sweepers Notes
2002 Wilson Y 1,2
2002 UWRC Y 2,3
2003 Tan N 4
2003 Brattebo Y
2003 Abbott Y
2004 James Y 2,4
2006 Collins Y
2009 Pezzaniti Y 2
2010 Chopra Y VsS 2
2011 Lucke Y
2012 Sansalone N VSS
2012 Vancura N RASS, VSS 1
2013 TRCA Y
2015 Al-Rubaei Y 1

Notes

1 Recommends maintenance.

2 Applies sediment.

3 Recommends run-on avoidance.
4 Predicts clogging rate.

Summarising our review of the above papers, we infer that
obvious factors that affect clogging are subsumed into three lists
as follows.



List A

Beyond the size of the runoff area, factors that affect clogging (1
to 6) that have been repeatedly researched and reconfirmed since
the very earliest tests are:

1. Quantity of filtrate or particulate matter, formerly
called dust and dirt (i.e. mass rate, gradation, chem-
ical nature);

2. Quantity of general waste and organics such as

leaves and paper products;

Formation of a surface crust of low permeability;

Type of street cleaner;

Time since last cleaning; and

Runon from adjacent areas, especially if concentrat-

ed.

o kW

List B

Factors that affect clogging (7 to 17) that, though obvious, are
generally left unstated:

7. Application of deicers;

8. Age, material and condition of the pavement;

9. Consolidation of and surface drainage of the pave-
ment itself (e.g. depressions);

10.Subgrade and slope;

11.Pavement and tyre wear caused by traffic (e.g. fre-
quency, speed, weight, tyres);

12.Vegetation sprouting and decaying in the pavement;

13.Biota within the drainage cells;

14.Antecedent rain or lack thereof;

15.Moisture content of the filter media, bedding layer,
base and sub-grade;

16.Stormwater flows over the surface; and

17.0ther weather (e.g. climate, snow, ice, wind, heat).

List C

Factors that affect clogging (18 to 25) that, from the above admit-
tedly selective review, we found were ignored in previous studies,
and are hypothesized here as novel and potentially noteworthy
considerations:

18.Consolidation of the particulate matter in the drain-
age cells by impressed loads;

19.Quality of the street cleaners;

20.0Operational performance of the street cleaners;

21.0perational settings for the street sweeper, includ-
ing speed over the ground;

22.Grain size distribution of the combined filter media
and filtrate,

23.Type and wear of the concrete blocks and filter
media;

24. Airflow in the pores of the filter media and bedding;
and

25.Vibration of the pavers caused by traffic.

2.4 Restoring Infiltration in PICP

Very likely, similar factors also affect the restoration of PICP drain-
age cell infiltration capacity, for which we now review related
literature.

In the 1990s the lead author and his students tested the
hypotheses that infiltration capacities decrease with age and
certain land uses, and that infiltration capacities may be improved
by street sweeping or vacuuming (Thompson and James 1995;
James and Verspagen 1997; Kresin et al. 1997; James and Shahin
1998). Of course, the laboratory test blocks were not subjected to
wear or the deposition of pollutants over time on the surface and,
therefore, performed under optimal conditions. The research also
used data collected at several Uni-Ecostone PICP installations, and
showed that there is little difficulty in designing and constructing
a system to provide appropriately high infiltration capacities;
however, sustaining infiltration capacities over many decades
requires vigilance.

The effectiveness of methods used to restore the infiltra-
tion capacity of permeable pavers was reported in 2003 by James
and Gerrits (2003). Street sweeping and vacuuming the surface
to maintain the infiltration capacities of permeable pavers was
investigated using an 8 y old installation of two different types of
permeable pavements in a parking lot at the University of Guelph.
No maintenance procedures had been used over the 8 y period,
other than snow removal and street sweeping with rotating
brushes 1 time/y in spring. Infiltration rates were tested before
and after material was systematically and increasingly extracted
from the EDCs (external drainage cells) and subjected to a particle
size and constituent analysis. Extracted material was also tested
for a number of different organic and chemical constituents such
as heavy metals, nutrients and organic matter. Results indicated
that the infiltration capacity decreased with increasing average
daily traffic counts, and as the amount of organic matter (other
than vegetation) and fine matter in the EDC material increased.
Furthermore, the tests indicated that the infiltration capacity
could be significantly improved by removing 10 mm to 20 mm
(0.4 in. to 0.8 in.) of EDC material, a removal depth that might be
achieved using certain equipment.

Some decades later, Drake and Bradford (2013) assessed
the potential for the rehabilitation of surface permeability using
RASSs and VSSs. A RASS was tested on two parking lots with well-
used PICP while a VSS was tested on a third parking lot with PICP.
Spatially variable partial rehabilitation was observed that was
attributed to “micro-conditions throughout the pavement having
a confounding influence on the overall effectiveness of mainten-
ance!They did not elaborate on the micro-conditions, but recom-
mended regular cleaning intervals and instructional guidelines
for pavement owners and equipment operators. From James and
Gerrits (2003) we suggest that the suggested micro-conditions
were conceivably wholly or partly caused by the uneven spatial
distribution of fine particulate matter (PM) accumulating in the
drainage cells.



In fact, the Minnesota Pollution Control Agency’s Min-
nesota Stormwater Manual website (MVPCA 2017) recommends
certain key actions to help ensure the long term performance of
permeable pavement during its operational life. Surface clogging
caused by organic matter and sediment can be reduced by peri-
odic vacuuming =2 times/y, typically at the end of winter (April
in Ontario) and after autumnal leaf fall (November in Ontario);
at least one pass should occur at the end of winter. RASSs are
again the suggested means of regular surface cleaning, while, for
neglected surfaces (those with no surface cleaning over several
years) true VSSs rather than RASSs or MSSs should be used. Ag-
gregate removed from the joints should be replaced with similar
material. Evidently the Minnesota Stormwater Manual reiterates
advice in the ASCE manual (Eisenberg et al. 2015) and may also
be contradicted by our findings for RCPPs.

3 Types of Street Sweepers

For many activities and users (e.g. industrial, municipal, agricul-
tural, civil engineering, highway maintenance, land develop-
ment, construction, institutions, landscapers and homeowners),
manufacturers offer suites of machines and tools for picking up,
transporting, storing and disposing of debris of all kinds. Street
sweepers are a case in point.

Wikipedia gives a brief historical background description of
street sweepers and their development (Wikipedia 2018). In En-
gland, circa 1843, Joseph Whitworth invented a mechanical street
sweeper; the first street sweeping machine was patented in the
United States in 1849 and the first self-propelled street sweeper
truck in 1895. When increased concern for water quality emerged
in the 1970s, street sweeper goals changed, as reflected in street
sweeper patents in the 1990s (see Table 2 below).

3.1 Categories

By considering only the general mechanics of the machines,
Eisenberg et al. (2015) identified three types of pavement (street)
cleaning equipment: mechanical street sweepers (MSSs), RASSs
and VSSs as described below:

1. MSSs are currently the most common street
sweeper for use on impervious pavements.
Brushes move litter and sediment to the machine’s
center, and another brush then lifts them onto a
conveyor belt and thence to the machine’s hopper.
Brush bristles can penetrate some types of per-
meable pavements, depending on their elevation
settings, but may not collect fine dust particles.
Brushes wear out and must be replaced. In our
tests we used the personal 24 in. (63.5 cm) Power
Sweeper by Iron Fist and the Tennant S30, whose
bristles had worn to a length of 55 mm, probably
33% of their original length.

2. RASSs are the second most common street
cleaner. They have a rotary sweeper that loosens
dirt and sediment, which can then be vacuumed

into the hopper. Fast moving air is recirculated
within a pick-up head mounted across the entire
truck width, which creates an adjustable vacuum
directly over the pavement surface. In our tests we
used a Johnston RT655 on which a side skirt was
damaged.

3. VSSs are typically the most expensive type of

street sweeper, and are often equipped for
multiple functions. VSSs are equipped with

rotary brushes for loosening surface dirt prior

to vacuuming. A strong vacuum is applied to an
intake nozzle, positioned on the pavement, that
lifts particles from the surface and within the
pavement. The intake is ~1 m wide and applies a
vacuum force at least twice that of a RASS; thus it
is claimed that VSSs can be effectively used for re-
storing clogged PICP. However, the narrower width
of suction increases cleaning time. In our current
experiments we have yet to test a VSS. Vacuuming
is most effective when the sediment within PICP
and other permeable pavement surfaces is as dry
as possible.

It seems that ASCE were considering Industrial and High-
way classes of street sweepers. In any case, their compartmental-
isation of street sweeper types is necessarily simplistic, as each
type may, or is likely to, contain elements of the others: for exam-
ple, in MSSs: roller brushes are arranged orthogonally or oblique-
ly to the RASS travel direction, forward or aft of the pick-up
head; hot or cold water jets; air jets; and vacuum. Thus sweeping
equipment may be better categorised by capacity (or purpose),
as it is by no means clear that more expensive equipment will do
a better job of cleaning in a given PICP situation, and generally
the smaller the capacity of the equipment, the lower the cost. For
instance, power blowers are not mentioned at all in the PICP man-
uals and literature. We tested an inexpensive lightweight portable
power blower with a significant scouring air velocity and found it
highly effective (but, overall, operationally tedious) in scouring to
greater depths than all other methods in our RCPPs. High speed
blowers mounted on driven carriages are yet to be tested.

Categorisation by manufacturer is not attempted here,
since there are too many; the website Environmental-expert.com
alone lists 82 street sweeper manufacturing companies (see link
listed in the references, Environmental Expert 2018). Manufac-
turers of equipment commonly seen in Ontario include: Elgin,
Johnston, Schwarze, Tennant, and Tymco.

Classification by capacity or purpose may be more sensible;
for example: freeway and highway cleaners; large parking lot
cleaners; small lot cleaners; sidewalk cleaners; or private property
cleaners. We decided to test a small number but a wide variety
of items of this equipment, since the effort will likely help equip-
ment operators and pavement owners select a single piece or
(better) combination of cleaning equipment (for tandem clean-
ing).



Once cleaned out the cupules may be fully or partially
refilled. Refilling openings or joints is (at the time of writing,
2016) done by manual or mechanical broom sweeping of select-
ed aggregate into openings and joints, as shown in the videos
attached to this paper.

3.2 Effectiveness of Cleaning Equipment

No purpose-designed equipment for cleaning PICP, let alone
RCPP, has been discovered by the authors in extant literature.
However, work has been done designing and building experi-
mental cleaning equipment for pervious pavements, and some
prototype equipment is currently under development.

Infiltration capacity and function of 1y to 5y old pervious
road pavements at 15 sites located near the Swedish west coast
were studied by Hogland and Wahlman (1988). They plotted
damage on the asphalt surfaces, measured infiltration capacity,
and drill-sampled the asphalt and materials at different levels
in the pavement. Results showed that the infiltration capacity
of the asphalt decreased, even during normal traffic loads, if
the surface is not cleaned regularly. A promising method for
cleaning clogged surfaces was tested in situ and in the labora-
tory, and it was concluded that pervious pavement is suitable
for use on surfaces with low traffic intensity )such as parking
lots, industrial areas, pedestrian roads and bicycle roads) when
no overland flow can occur from adjacent surfaces; appropri-
ate deicing methods are used; and the pavement surface is
cleaned regularly to maintain infiltration. While the equipment
may not suit RCPP, the principles underlying its development
are interesting.

By testing and modifying existing equipment, Flyhammar
(1991), also in Sweden, developed a special purpose cleaning
machine, again for pervious asphalt. High pressure water jets
with and without suction were used to rinse and open up the
friction courses. In Norway and Sweden, studded tires were
in use and they increased clogging. To clean clogged surfaces
with low traffic intensity they found that a water jet at 100 bar
(10 MPa) water pressure will probably suffice. Some pavements
may require cleaning 1 time/y to 2 times/y while others may
not need to be cleaned at all. Major clogging events must be
taken care of quickly. An absolute minimum cleaning frequency
is 1 time/y while a few cleanings a year is better. Interesting as
the principles of the device may be, in our application air might
be more effective than water, being less likely to drive fine PM
down into the bedding layers.

The ability of several different sweeping technologies to
pick up accumulated sediment of various sizes was evaluated by
Sutherland and Jelen (1997). They suggested that reductions of
up to 80% in annual TSS and associated pollutant washoffs might
be achieved by using bimonthly to weekly sweepings. It was
clear that sweeping technology can affect sweeping results and
achieve meaningful runoff quality benefits. In 1996-05 the Port
of Seattle conducted an evaluation of selected stormwater treat-
ment best management practices (BMPs) for the port’s marine

terminals (Sutherland et al. 1998). High efficiency weekly pave-
ment sweeping with normal sediment-trapping stormwater inlets
cleaned annually had a life cycle cost of approximately one tenth
that of wet vaults, mainly because heavy covers were necessary
for the latter.

Tobin and Brinkmann (2002) tested the effectiveness of
two different sweeper types in removing sediments, heavy metals
and organic constituents from a paved surface. Both a MSS and
a RASS were tested on an asphalt roadway. The results indicated
that while rotary brush sweepers were more effective in removing
total sediment loads from roads, each sweeper was effective in
removing particular chemicals from streets, and neither sweeper
proved better in all categories. The effectiveness of street sweep-
ing, washing and dust suppressants as urban PM control methods
was reviewed by Amato et al. (2010), who separated street sweep-
er types into the usual three categories: MSS, VSS and RASS units.
Potential measures to reduce emissions of PM from abrasion and
resuspension processes were studied, but the two driving forces
for municipalities to keep streets clean were found to be aesthet-
ics and sanitation. (Today, efforts are likely to be directed towards
reduction of TSS and other pollutants when draining to combined
and storm sewer systems.)

In their tests of street sweeping Sutherland and Jelen
(1996) found that tandem street sweeping (i.e. MSS followed by
VSS) was much more effective than had been previously conclud-
ed by the Nationwide Urban Runoff Program (NURP).

Vancura et al. (2012) observed that pervious concrete void
maintenance depends on what machines owners have available
and that they choose to use. They compared the abilities of
three common municipal utility vehicles to unclog in-service
pervious concrete pavements: a vacuum truck with a flexible
200 mm hose; a VSS; and a RASS. Using optical microscopy, they
found that clogging materials rarely migrate into voids deeper
than 12.7 mm from the surface. All three machines were able to
remove clogging materials that were located within 3.2 mm of
the surface; but clogging materials located deeper than 3.2 mm
remained within the voids, likely disturbed by the suction and
forced air of the maintenance vehicles.

Researchers using VSSs and RASSs (or indeed MSSs) have
typically not reported the mechanical details of the equipment
used, possibly because the details may have been regarded as
proprietary knowledge. For the RASS used in this study we pub-
lished details of the pick-up head in our previous paper (James
and von Langsdorff 2016). Many details can be gleaned from in-
formation held by the U.S. Patent Office. Links given in Table 2,
with the filing year and assignee, were found by a simple Goo-
gle search for street sweeper pick-up head patents. Opening
the links and zooming into the technical drawings, one discerns
the evolution of the technology as shown simplistically in Table
2. From these ideas, modifications for a device for restoring
RCPP can be devised (the term of a patent is generally 20y, so
most patents listed in the tables have already expired, or soon
will).



Table 2 Pick-up patents: filing date, assignee, effect of patent
and link.

FilingYear  Assignee Effect and URL

Suction chamber combined with blower
https://www.google.com/patents/US3512206

1966 B.W.Young

1967 Wayne Vacuum with brushes
Manufacturing https://www.google.com/patents/US3436788
1977 FMC Corp Has two vacuum chambers

https://www.google.com/patents/US4109341
Has constriction with venturi effect

https://www.google.com/patents/US4359801

1981 Jimmy Tate

1987 Tymco Mounts a pickup head below a light pickup truck
https://www.google.com/patents/US4773121
1984 Tymco High speed elongated blast orifice, chambers with decreasing volume

https://www.google.com/patents/US4660248
Pickup head includes transverse roller brush forward of vacuum

https://www.google.com/patents/US5542148
Same as last, but brush is rear of vacuum

https://www.google.com/patents/US5560065

1995a Tymco

1995h Tymco

1996 Elgin Pickup head with lower noise level
https://www.google.com/patents/US5839157
1997 Elgin Speed increased, similar to the pick-up head used in our study

https://www.google.com/patents/US5852847

4 Pavement Surface Cleanout Processes

From the above literature, and with imagination, we propose the
following (non-exhaustive) list of processes that may inform the
RCPP cupule cleanout function (some are repeated from the lists
of clogging processes above):

geometry of the drainage cells;

alignment of the cupules;

filter media in the cell (size, gradation);

nature and gradation of clogging filtrate in the filter
media;

movement of air through the cell from below;

type of cleaning equipment;

speed of the cleaning equipment;

alignment of the cleaning machine;

operational efficiency of the cleaning equipment;
shape, length and rotational speed of brushes, if any;
water velocity at the cell, if any;

air jet velocities at the cell, if any;

vacuum velocities at the cell, if any;

fluid mechanics (e.g. turbulence) of airflow at and in
the cell;

lift, entrainment and removal of the largest filtrate
particles;

vibration of the pavers caused by the cleaning
equipment;

freezing temperatures;

consolidation and compaction of the particulate
matter in the drainage cells;

wear caused by traffic factors (e.g. frequency, speed,
weight, tyres);

supply of general waste and organics, such as leaves,
forming a crust;

vegetation sprouting in the pavement;

biota within the drainage cells;

type and quality of the street cleaners and their
operational performance;

operational settings for the street sweeper, including
speed over the ground;

time since last cleaning;

antecedent rain or lack thereof;

moisture content of the filter media, bedding layer,
base and sub-grade;

local run-on from adjacent areas;

other weather conditions (e.g. snow, ice, wind);
deicing chemicals;

age, material and condition of the pavement;
consolidation of and surface consistency of the
pavement itself (e.g. depressions); and

slope.

4.1 Freezing, Groundwater and Modeling

Backstrom (1999) comprehensively studied porous pavement in
a cold climate during freezing, thawing and snowmelt condi-
tions in order to evaluate whether porous pavement is suitable
for stormwater management in cold regions. A full scale porous
pavement construction was built in 1993-1994 in a residential
area on the outskirts of Luled, Northern Sweden. In situ measure-
ments of ground temperature, frost heave, groundwater levels
and runoff were taken. Draining of the porous asphalt at different
ambient air temperatures in the range —10 °C to +20 °C was also
investigated in their laboratory. They found that porous pave-
ments potentially reduce meltwater runoff, avoid excessive water
on the road surface during snowmelt, and recharge groundwater.
Porous pavement was more resistant to freezing and frost heave
than comparable impermeable pavement. Thawing porous pave-
ment was a rapid process, explained by meltwater infiltration and
increased air temperature during the beginning of the snowmelt
period.

Minimizing salt or sand use for deicing and traction in
the winter and keeping landscaped areas well maintained and
preventing soil from being washed onto PICP pavement helps
increase its life (Minnesota Pollution Control Agency’s Minnesota
Stormwater Manual, MPCA 2017). Less salt is required than for
impermeable pavement. Maintenance agreements should avoid
conventional parking lot maintenance tasks such as sanding,
re-sealing, re-surfacing and power-washing. Proper winter main-
tenance is critical (Eisenberg et al. 2015). The following minimum
practices are recommended: prohibit sand application whenever
possible and post No Sanding! signs; prohibit stockpiling and stor-
age of snow plowed from other areas; and if sand is applied then
it must be removed as soon as possible with VSS.

Groundwater contamination is a serious concern for PICP,
especially where roadway deicing includes the use of salt, which
may then be detected in local groundwater and aquifers; but this



topic is large and tangential to the present paper. A comprehen-
sive and readable treatment is given by Ferguson (1994), while
Pitt and Lantrip (2000) report on infiltration through disturbed
urban soils, and Pitt et al. (2003) describe infiltration through
compacted urban soils and its effects on biofiltration design.

Several models have been developed for the design of
low impact developments (LIDs) that include PICP (Myllyoja et al.
2001; Sutherland et al. 2002; Rivard et al. 2004; ICPI 2009; Ross-
man 2010; Zhang et al. 2010; Pitt et al. 2011; CHI 2018). Readers
are reminded to check whether the models being considered in-
clude coding for processes related to the restoration of infiltration
capacities. The LID routines in SWMM (CHI 2018) will be informed
by the measurements reported in this present work.

5 Tests on New RCPPs

New RCPP pavers (James and von Langsdorff 2016) that were
designed to meet the American Disability Act (ADA 2010) were
installed in a parking lot at the Unilock Plant in Ayr, Ontario on
2016-11-26-27, and the construction can be seen in a 2 min video
attached to this paper (https://youtu.be/gx39ejkvicg). In a single
installation, three different pavements were built, each having
different cupule filter media:

1. Cupules arranged in the direction of travel, white
aggregate (test 2 in Figure 3 below);

2. Cupules arranged in the direction of travel, HPB (a
common class of Ontario aggregate) in conduits
(drainage cells below the cupules), with paver
jointing sand (PJS) in the cupules (test 1 in Figure 3
below); and

3. Cupules arranged transverse to the direction of trav-
el, HPB in the cupules (test 3 in Figure 3 below).

Tests of transverse cupules were included as some perme-
able pavement owners would not want the cupules cleaned out
when performing frequent sweeping (daily or weekly, typically
intended not to regenerate infiltration but simply to remove trash
and debris) and when having to refill aggregate could be prob-
lematic.

At the outset, it must be noted that our tests and conclu-
sions are for single passes of the sweeping equipment, because
we are here concerned about effective cleaning, and cleaning
costs are obviously related to cleaning time (duration) and thus
number of passes.

Field cleanout tests were conducted 2016-11-23
09:00 h—11:00 h under overcast conditions, air temperature -5 °C,
overnight low —10 °C. Conditions were distinctly suboptimal as
tests were conducted on a pavement that was essentially at a
temperature noticeably below freezing; infiltration and water
scour tests were impossible. The likely effect of subzero paver
temperatures would have been for moist frozen aggregate to
bind to the pavers, though this was not noticed. However, the PJS,
supposedly dry in sealed plastic bags, had frozen solid, with the
result that it was difficult to break up, spread and sweep into the
cupules. In the end, a heavy forklift truck was driven over frozen

clumps of sand, to break them up, effectively compressing them
into the cupules; not a typical pavement situation, but still of
interest (one could use this method for accelerated aging tests).
For these reasons the tests did not produce systematic scour of
filtrate in the cupules.

As shown in our second accompanying video (https://you-
tu.be/pCxzxF_5AHo) two street cleaners were operated by ded-
icated, experienced operators at two speeds: first ~7 km/h, and
then a second pass followed at ~22.5 km/h. In neither machine
were the controls optimized. The machines were:

1. RASS: Johnston RT655, full vacuum but no water. The
blast jet and vacuum air speeds were adjustable, but
not tested over their ranges. Vacuum was maximised.
Carefully examining the underside of the pick-up
head we found that one of the several rubber skirts
was missing. It should be noted that skirts wear
easily and are readily damaged and seldom make a
coherent airtight seal with the pavement because
of rugosity and the unevenness of worn pavement.

In most research the integrity of the seal is not
reported, and it is a possible source of discrepancy.
(http://www.johnstonnorthamerica.com/products/
truck-mounted/rt655/); and

2. MSS: Tennant SweepMaxPlus S30, with worn (55
mm) brushes, set to their lowest elevation (http://
www.tennantco.com/am-en/equipment/sweep-
ers-rider/mid-sized-rider-sweeper/s30).

The maximum surface curvature (for drainage) of our test
pavement was estimated, by straight edge, to be ~10 mm down-
wards over 2 m, which may not suit RASS. Cupules were variously
filled with accumulated sediments to the top surface of the
PICP. Scour was measured by estimating the depth of sediment
removed (measuring/estimating vertically from the top surface
of the PICP). In the end, both machines produced comparable re-
sults, ~15 mm scoured at the higher speed and ~20 mm scoured
at the lower speed. Despite the conditions, this was better scour
than we had seen in any field tests on other PICP. Results were
probably influenced by the fact that the cupules in both longi-
tudinal pavements were oriented in the direction of travel of the
sweeping equipment. The pavement segment with cupules ar-
ranged transversely showed no scour for both machines, a result
we had hoped for—we were never required to recharge those
cupules. The tests proved that both MSSs and RASSs are effective
at rapidly cleaning cupules aligned longitudinally, to the extent
suggested by all authorities, where pavements are maintained by
sweeping twice a year (at the beginning and end of winter). For
deeper scour and faster speeds some optimization techniques are
recommended (e.g. use lighter, round grain sand in cupules; ad-
just main brush elevation in the transverse brush in order to reach
the invert of the cupule; adjust the blast jet air velocity; install the
pavement as flat as possible, to ensure that the cleaning head fits
flush with the surface). Tandem cleaning is recommended in the
literature.



Field cleanout tests were again carried out on 2106-11-28
13:30 h-15:00 h, under overcast conditions, air temperature 8 °C,
overnight low 2 °C. Conditions were cool but reasonably dry,
while the pavement aggregate was damp. Tests were conducted
using two inexpensive but commonly available devices: a per-
sonal gasoline powered mechanical sweeper (like a homeowner’s
snow blower) and a lightweight portable gasoline powered (leaf)
blower. Infiltration tests were not carried out on the same date.
Tests over the cupules covered with PJS showed less scour than
those covered with white aggregate or HPB, so PJS was not used
to refill the cupules; coloured aggregate and HPB were used for
refilling instead. The cupules were left filled for the winter 2016-
2017, after which further tests are envisaged (in the first warm
weather, likely April 2017).

The two devices were operated at walking speed, the roller
brush at ~2 km/h and the leaf blower at ~60 m/h. Both had a cov-
erage width of about 0.7 m. The devices were:

1. A 196 cc 24 in. power sweeper: Power Fist, brand

new (http://www.princessauto.com/en/detail/24-in-
power-sweeper/A-p8617409¢ ); and

2. A 24.5cc blower: Makita MM4 model BHX2500CA,

brand new, 145 mph (232 km/h) maximum air speed
(https://www.makitatools.com/products/details/
BHX2500CA).

The roller brush produced ~25mm scour, if anything slightly
deeper than the previous equipment, and, again, did not scour the
transverse cupules. On the other hand, the blower produced excep-
tional results, about 75 mm scour, tending to throw the aggregate
back up at the operator. HPB was, if anything, even more effectively
scoured than the white aggregate, and transverse and longitudinal
cupules were equally scoured. For these tests, which essentially
examine effectiveness of the physical geometry of these concrete
pavers in place for a year, blowers are more than adequate for com-
plete cupule cleanout, though progress through an entire parking
lot will obviously be slow; a simple cost analysis is given below.
Again, this was a better scour than we had seen at any field tests
on PICP. Figures 5 to 7 below show the cupules filled, empty and
partially emptied. Results supported the orientation of cupules in
the direction of travel of the sweeping equipment. As suggested by
almost all authorities, namely that PICP be maintained by sweeping
2 times/y (at the beginning and end of winter), we intend to test
again as soon as the weather warms up in early 2017.

Our results may contradict the ASCE and ICPI manuals and
others that recommend that RASSs are effectively the best at clean-
ing PICP. These earlier researchers examined different conditions,
and did not embrace RCPP. We have not yet tested VSSs. Again, we
remind readers that standard manuals ignore blowers.

5.1 Infiltration Observations

Using ASTM standard C1781 (ASTM 2015) we measured mean
infiltration (of three tests) in the original Eco-Optiloc pavement,
before it was removed in order to install the new test pavements,
as 5080 mm/h (200 in./h).

Before the new RCPP was installed we measured infiltra-
tion into the bedding layer as 104 140 mm/h (4100 in./h), and in
the Granular A sub base as 865 mm/h (34 in./h). One day after
the new RCPP was installed we measured infiltration rates of
3050 mm/h to 11 700 mm/h (120 in./h to 460 in./h) in the three
different segments shown in Figure 3. Infiltration into the base
was considered to be relatively unimportant.

Figure 3 Photo facing NE; test 1 (top left): 6600 mm/h, 260
in./h; test 2 (top right): 2970 mm/h, 117 in./h; test 3
(centre foreground): 11 550 mm/h, 455 in./h.

Infiltration tests were also carried out just before the onset
of winter, on 2016-12-02, as follows: conditions were overcast,
light rain, 2 °C, with overnight freezing. Three measurements were
taken in the locations shown in Figures 4 and 5. For the rings, in-
side diameter D = 298 mm and mass of water M = 17 kg for both
buckets together. The formula for infiltration rate / (in mm/h) is:

I=K-M/(D*-t) M
= 4583666 000 x 17 / (298%t)
=877 464/t
where t is in seconds and K is a conversion factor in mm3/kg.

of I
(o
e

a7, T
Jf,.:, A ’;ip,
I

Ty, ;1:/"6" r’, ;

Figure 4 Test pavement viewed towards SW; test 1 (near
right): t = 394 s, I = 2230 mm/h (88 in./h), white
aggregate; test 2 (near left): £ = 300 secs, [ = 2925 mm/h
(115 in./h), white aggregate; test 3 (far centre): t =78 s, I
=11 250 mm/h (440 in./h), HPB.



Figure 6 RCPP, clean cupules.

Figure 7 New RCPP, two sizes of cupules, after partial
cleanout, HPB grit.
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6 Discussion and Conclusions

This paper describes field observations of three different RCPP
pavements. All had an identical RCPP block, in a single installa-
tion, and all were cleaned using four widely differing street clean-
ing devices, ranging in capital cost over more than three orders of
magnitude, from ~$350K to ~$0.15K (CAD in 2016). All pavements
were, at the least, satisfactorily cleaned by all devices.

One major finding ostensibly contradicts prevailing wis-
dom, in that expensive truck-mounted RASS machines, though
quick, were found not necessarily better than MSS machines, or
indeed blowers, at least for our RCPP. On this point we choose
to delay making recommendations until we have completed
our post-winter pavement sweeping tests in Spring 2017. In the
meantime a simplified analysis is offered in the next section.

6.1 Selecting the Best Sweeper

Based on the contention that PICP pavement owners are less
likely to have their pavements cleaned if the cost is high, some
comparative numbers have been run in a simple spreadsheet,
based on the above test results (readers are encouraged to enter
their own numbers).

The basic algorithm is:
C=c-(W/w)- L+ /v (2)

where:

C =incremental cost of cleaning the lot/pavement,
CAD,

¢ = hourly cost of sweeping device, CAD/h,

W = width of the lot or pavement, m,

w = width of the cleaning head of the device, m,

L =length of the lot/pavement, m,
| =length of one 180° turning circle, m,

v = speed of sweeper device, m/h,

and:

c=S/n+0 (3)

where:

capital cost of sweeper device, CAD,

designed rental life of the device, h, and

basic wage (without benefits) of sweeper
operator, CAD/h.

Clearly, skilled operation and excellent condition of the
sweeping device and pavement lead to higher speed and lower
incremental cost. Similarly, the cheaper and wider the device, the
lower the cleanout cost and consequently the more frequently
the pavement or lot is likely to be cleaned (based on cost). By
incremental cost we imply the cost of cleaning only, ignoring
important costs such as delivery, consumables, disposal and
suchlike. The spreadsheet with rough numbers, for a 100 m x
100 m 1 ha lot, is given in Figure 8. The final column indicating the
cost per mm scoured in the cupules (over a pavement area of 1 ha

n
o]



of course). Wages were taken from the Government of Canada
schedule of wages (Government of Canada 2015).

Incremental cost of sweeping, tested on Ayr RCPP test pavement, analysis 2016.12.09
pavement size. width X length (m) 100 100
Design rental life (h) 4000

sweeper cost operator/h cost/h speed turnlength width time inc.cost depth cost/mm

SK s $ km/h m m h S mm S
RASS 350 25 $112.50 10 10 2 0.6 $61.88 10 $6.19
MSS 51 20 $32.75 5 5 1 21 $68.78 15 $4.59
PMS 0.9 20 $20.23 2 3 0.7 7.4 $148.80 20 $7.44
PB 0.15 20 $20.04 0.06 0 1 166.7 $3,339.58 75  $44.53
DRAB 20 20 $25.00 5 Bl L3 14 $34.33 50 $0.69

RASS
MSS
PMS Powerfist 24 inch power sweeper (new)

PB Makita MM4 power blower BHX2500CA (new)
DRAB

Johnston RT655 regenerative air sweeper truck
Tennant $30 mechanical brush sweeper (55mm bristles)

this is a desired device!

Figure 8 Rough incremental cost for one 1 ha lot.

In the last line of the table in Figure 8 DRAB is an untested
desired combination of numbers that would dovetail with the
characteristics of the new RCPP; in other words a sweeper to
savour, perhaps a wide, sidewalk or parking lot sized, combined
regenerative air-vacuum sweeper (with strong air jets) and trans-
verse roller brush, potentially reducing PICP cleanout cost/mm by
an order of magnitude.

Of course, this analysis is directed towards RCPP that is
maintained adequately (i.e. cleaned out between once and twice
annually) and not towards PICP that was been allowed to serious-

ly clog.

6.2 Overall RCPP Performance

It was expected that observed infiltration rates would exceed
current design storm requirements; the mean infiltration rates
were approximately:

1. Original Optiloc pavers, 200 in./h (5.08 m/h); new
RCPP, from 100 in./h to 500 in./h (2.54 m/h to
12.7 m/h) depending on filter media; underlying
base, 30 in./h (0.76 m/h); and
2. Bedding layer, 4000 in./h (101.6 m/h),
Together, these numbers indicate significant storm hydro-
graph attenuation; the bedding layer obviously supplies transient
storage.

Further tests are intended for the end of winter. Naturally
it would be of interest to develop a winter testing methodology,
since deicers function at temperatures down to about —15 °C, and
the transport of deicing chemicals into the underlying ground is
a serious concern. Winter testing protocols are currently under
discussion by the authors.

Finally, inexpensive and easy renewal of filter media in
RCPP opens up the encouraging possibility of developing and
using media designed for seasonal use: winter media for trapping
remnant solid particles of salt and deicers, and summer media for
trapping contaminants and particulates generated by summer
traffic and local vegetation.
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Postscript

Using PICP reaffirms the age-old axiom: one can only repair a
critical condition (in this case local and downstream flooding,
groundwater depletion and water pollution) by replacing it with a
chronic situation (PICP), which incurs the inevitable price: vigilance
(in this case, infiltration maintenance)— a moral that needs to be
more widely understood and accepted. As does, a reviewer might
add, the moral imperative for PICP manufacturers, owners and
researchers to be alert to potential environmental improvements.
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