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Seepage through permeable interlocking concrete pavements and their subgrades using a large infiltration

table apparatus

Abstract

Permeable Interlocking Concrete Pavements (PICP) are being used increasingly in stormwater management. A
two-year experimental study was conducted to quantify some uncertain parameters related to PICP. The study
entailed the hydraulic testing of a representative volume of PICP within a specially constructed Infiltration Table
Apparatus with a surface area of 10 m?, and able to be tilted up to 6°. The study aimed to address some of the
controls of infiltration into, and flow through PICP by investigating the effect of the selected construction
materials and the incline of the pavements. Based on the permeability data gained on PICP, it was verified that
both the choice of construction materials (in both the layer works and the sand used for fill between the bricks)
and the incline of the pavements were found to affect their hydraulic properties. In general, the selection of
lower permeability materials in a PICP surface layer, and/ or increasing the incline, decrease the overall

permeability of the pavement.

Keywords: Permeable pavement; unsaturated flow; stormwater; urban drainage

1. Introduction

Permeable interlocking concrete pavements (PICP) have become increasingly prominent in the urban
development industry’s goals toward more environmentally friendly design directives, known as water sensitive
urban design (WSUD) or sustainable drainage systems (SuDS). These alternatives aim to decrease anthropogenic
impacts on the environment through intelligent design. As a result, permeable pavements and, in particular
PICP, have seen increased application in the past 30 years (Lucke et al., 2014) as their primary function is in
combatting some of the most notable issues faced by this industry related to stormwater management, water

conservation, and groundwater pollution.

Common applications for PICP include interior and exterior parking areas, driveways, walkways, traffic barriers,
and a host of other engineering applications which are growing each year. They can be rapidly constructed, have
good load-bearing capabilities, and are fairly cost effective. However, the main reason for the increasing recent
applications of PICP in WSUD and SuDS in recent years are their hydraulic properties. Their high permeabilities
and hydraulic conductivities promote water ingress into the pavement instead of diverting it to surface drainage
systems. They can be designed to have specific hydraulic properties as well, providing engineers and

practitioners with several benefits for their designs.

PICP serves to manage stormwater. They are able to accommodate between 5 000 and 10 000 mm/hour of
stormwater (Ferguson, 2006) and will naturally discharge that water at a far slower rate depending on the

design. This results in reduced downslope flooding, erosional damage and surface ponding or blocked drains
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(Figure 1). They act as reservoirs for large scale on-site water attenuation and storage in urban developments,

with adequately designed and constructed PICP with relatively small surface areas being able to store more than
6 mm of rainfall with ease. This liberates valuable development space which would otherwise be used for on-
surface storage tanks (Kelly et al., 2007). In doing this, PICP are also able to remove contaminants such as nitrates
and heavy metals from water flowing through them, acting as filters and further combating groundwater

pollution (Lucke et al., 2014).
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Figure 1. Examples of (a) erosional damage to retaining walls, (b) damage to interlocking pavements as a result
of poor drainage and (c) and (d) stormwater drains clogged by silt and organic matter respectively.

While the many benefits of PICP have made them a popular alternative to standard interlocking concrete
pavements (ICP) and other surfacing options, especially in terms of WSUD or SUDS, they are still a fairly novel
development option. As a result, very little design data exist for PICP and most real-world designs are based
exclusively on the experience of the engineer or professional. As such, this two-year experimental study was

undertaken with the objectives of (a) addressing the controls surrounding flow into and through PICP, (b)
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collating and evaluating the permeable pavement data available for WSUD and SuDS, and (c) contributing to

hydraulic understanding of the materials used to construct PICP.

2. Literature

2.1. Interlocking Concrete Pavements

A pavement comprises a group of layers, of differing materials, built upon a natural surface (subgrade) to create
a stable area on which to operate vehicles (TRH 14, 1980; TRH 20, 1990). Common examples of pavements,
based on this definition, include arterial roads, freeways, loading bays, and runways, and are intended for high
traffic volumes (400 vehicles per day) and heavy axel loads (80 kN or more). Most of these pavements are sealed
as water ingress into their layer works will result in instability and decrease their service lifetime. However, with
the advent of WSUD and SuDS, there are a growing number of unsealed pavements, designed to suit a wider

variety of requirements in urban developments as well.

From top to bottom, the layer works of almost all pavements follow a simple structure: surface, base, sub-base
and selected subgrade/subgrade. Each of these layers performs a specific function and, in load-bearing
pavements such as arterial roads or national freeways, must adhere to several rigorous standards such as those

described in TRH 14 (1980) and TRH 20 (1990).

Standard ICP (interlocking concrete pavements) are generally less engineered and differ slightly in structure to
that of load-bearing pavements. They generally consist, from top to bottom, of a surface layer of interlocking
concrete bricks and a thin (25-30 mm) bedding sand layer, placed on a prepared or natural subgrade. Together,
these layers also form a flexible and durable surface, but unfortunately cannot achieve the high carrying capacity
of a load bearing pavement. The construction of ICP is described by Cairns (2012) and shows that while there is
a great deal of preparation involved in their construction, the layer works is more simplistic and there is less

emphasis on the use of standards and specifications.

Interlocking concrete pavements can be constructed to carry more intensive traffic by following the methods
described in TRH 14 (1980) and TRH 20 (1990), but the surface of such a pavement would require constant
maintenance and, in the process, make it financially unviable. Also, in terms of WSUD and SuDS, ICP present the
same challenge as any other sealed pavement, in that they have low permeabilities and poor hydraulic

conductivities.

Permeable interlocking concrete pavements (PICP) include, for instance, pervious concrete, single-sized
aggregate, pervious concrete, and porous turf. Much like ICP, PICP are modular engineered surfaces that are

limited to low traffic volumes and loads.
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The surfaces of PICP are commonly two-part layers, consisting of interlocking, dry-cast concrete units (bricks or
blocks) with a sand or fine gravel-sized material placed in the joints between them. This material, commonly
known as jointing sand, consists of a sand or gravel which is free of particles measuring less than 0.425 mm

known as “fines” (USDA, 2012).

In PICP the bricks themselves are not porous, but are rather designed in such a way that their geometry causes
them to securely interlock while still having specified spaces between them. These spaces, in conjunction with
the jointing material, provide the pathways for the infiltration of water into the pavement. Below the surface is
the bedding layer which usually consists of a similar material to that used in the joints of the surface. Underlying
the surface and bedding layer combination is a geotextile (a synthetic fibre-based fabric) that primarily prevents
the migration of the smaller bedding layer particles into the layers below. Below are two additional compacted
coarse stone layers, similar to that of load bearing pavements, namely the upper and lower sub-base. The upper
sub-base layer consists of a slightly smaller particle size than that of the lower sub-base and their respective

thicknesses depend on the application.

While the general structure of PICP remains consistent throughout industry, the wide variety of possible
circumstances where they are applied results in differences in material selections and layer thicknesses, as well
as the addition of various components such as drain pipes, meshes, silt traps and additional geotextile layers
throughout the layer works, depending upon the development requirements (Technicrete, 2017). In general,
there are three types of PICP that are utilised in WSUD and SuDS:

e Type Full Infiltration Pavement is designed to discharge all its water into the groundwater system. They
are only used where the subgrade has a high permeability and risk to the groundwater system is
minimal.

e Type-B Partial Infiltration Pavement is commonly applied where the subgrade has a moderate or low
permeability and there is a risk to the soil stability due to excess water accumulation.

e Type-CTanked or No-Infiltration Pavement is designed with an impermeable membrane below the sub-

base layers to completely prevent any infiltration into the subgrade.

Permeable interlocking concrete pavements are subject to standards and specifications, such as the SuDS
Manual (Woods-Ballard et al., 2007), Technicrete (2017), and National Standards for Sustainable Drainage
Systems (DEFRA, 2011). These documents detail design performances, maintenance and recommended material
selections for PICP layer works but, in summary, an effective PICP should have an active service lifetime of
approximately 15 years and an overall permeability of approximately 4 500 £/s/ha that decreases to no less
than 1 250 £/s/ha over the service period (Technicrete, 2017). Due to the varying application requirements,
construction materials and subgrades of PICP however, there exists a large amount of deviation from material-

specific standards in practice.

2.2. Unsaturated Flow
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Different portions of the pavement will experience different types of flow, of which most will be under highly

variable water saturation.

Unsaturated flow typically occurs as (Dippenaar and van Rooy 2019):

e Normal perching, when water is retained above a low permeability unit due to the large amount of
energy required to break the suction pressures of its smaller voids

e Capillary barred perching, between two units where the higher permeability unit is found below the
lower permeability one

e Imbibition, where water is drawn into a low moisture content, finer-grained unit, from one with either
a higher moisture content or a larger permeability, through suction

e Shallow interflow, when water, within units of relatively low permeability, is mobilised by cohesion
alone

e Percolation, when water migrates from an upper, high saturation unit or zone to a lower one through
a combination of cohesion and gravity

e Unsaturated fracture flow, when water migrates between units through networks of fractures without

completely wetting the surfaces of these fractures.

Unsaturated flow is complex depending on the medium (intergranular versus fractured porosity) and the
distribution and succession of different media (e.g. soil overlying rock, or intergranular porosity overlying
discreet openings as described by Brouwers & Dippenaar 2019), which is mimicked by vertical joints between

the interlocking bricks overlying fill in PICP.

Unsaturated flow and seepage have strong horizontal controls, counteracting gravity, with typically much longer
and saturated flow paths in the horizontal direction than the vertical direction. A similar type of flow behaviour
was thus expected to possibly occur between the surface combination and geotextile layer in PICP (Jones et al.,

2018).

2.3. Hydraulic Properties and Testing

Most of the accepted testing methods to acquire hydraulic parameters of ICP and PICP are aimed at evaluating
parameters such as void ratio, porosity, density, permeability, hydraulic conductivity, or infiltration capacity
(Kuosa et al., 2014). Some of the tests used in pavement construction are described by EN 1097-3 (1998) and
ASTM C29 (2009), primarily evaluating the void ratio and bulk density for aggregates. ASTM C1688 (2013) and
ASTM C1754 (2012), on the other hand, are also used to determine density and void content of concrete instead

of aggregates.
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A number of tests can be used in PICP. ASTM C1781 (2013) (single ring infiltrometer) and ASTM D3385 (2009)

(double-ring infiltrometer) described tests originally intended for soils that were subsequently modified to be
applicable to pavements. An example of this can be seen in studies by Hu et al., (2020) and Beeldens and Harrier
(2006) where various sealants were used to prevent lateral migration of water in the pavement surface on the
Single-ring and Double-ring infiltrometer tests respectively. This prevented the need for the rings to be driven
into the surface as originally specified for their use on soils. . These tests rely on inducing a pressure head or
flood condition above the surface of the pavement and observing gravity-driven infiltration. ASTM D5084 (2010),
alternatively, makes use of a flexible wall permeameter and was also originally intended for rock and soil. ASTM
D2434 (2006) applies a constant-head test to provide permeability data for the subsurface layers of a pavement,

but it too was intended for another purpose, evaluating laminar flow through granular soils.

In an attempt to address the need for standardised hydraulic tests, specifically aimed at PICP in industry, several
agencies are developing new tests and procedures. Two such systems have recently been formalised namely
ASTM C1701, (2009) and National Centre for Asphalt Technology (NCAT) permeameter. Both have been shown
to produce adequate results, but the ASTM C1701 has been reported to produce results that are up to 90% lower
than the NCAT permeameter (Li et al., 2013). There have also been several studies that detail how such methods
still have limitations when applied to PICP, as they are only applied to small areas of the pavement or cannot
account for clogging, high volume traffic ware, upslope water sources and or the effect of incline for instance

(Lucke et al., 2014).

An example of experimental procedures which test inordinately small portions of representative pavement can
be seen in a study by Zhang et al., (2017) where a model of a pervious concrete surface was constructed from
magnetic ball-bearings and felt in a flume that measured 2 m long, 30 mm wide and 85 mm deep. Within this
flume, an extremely small (201 mm x 30 mm x 9 mm) portion was packed with a felt lining, overlain by the
stainless steel ball-bearings, which do not accurately model the complexities within any pavement layer works,
especially those presented by the surface texture of the aggregates. Water was then passed through this flume
and the differences between the runoff volume and volume of water which flowed through the ball-bearing
assembly were compared while altering several parameters such as inflow volume, outflow volumes and incline.

Numerical modelling of the system was then compared to the experimental result data.

To address the issues that limit the already formalised procedures, some hydraulic test methods have been
developed for use on permeable pavements, such as the Stormwater Infiltration Field Test (SWIFT) which
evaluates permeability and degree of clogging. It entails placing a 25 £ bucket, filled with 6 £ of water, 60 mm
above the surface of a pavement. The bucket has a 40 mm diameter hole in its base, that is plugged with a
removable stopper, removed at the start of the test. The surface area that has been wet by the test is then
related to the permeability of the pavement (Lucke et al., 2015).

Another study by Lucke et al. (2014) investigated a full-scale constant head and falling head testing of an area

of in-situ permeable pavement. In this study, approximately 65 m? of pavement was isolated and subjected to
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constant and falling head conditions. Pressure transducers, placed at specific locations along the periphery of
the pavement, measured the change in head which was later related to the permeability of the pavement by
comparing the values with data obtained from Double-ring infiltrometer tests conducted on the same pavement
area. The Double-ring infiltrometer testing yielded values between 90 mm/h and 760 mm/h, while the falling
head and constant head data produced variations between 46 mm/h and 259 mm/h. These full-scale tests were

especially time consuming and the task of keeping the pavement section isolated proved extremely difficult.

Lucke and Beecham (2013) also presented a study which shares great commonality with this paper’s model. In
this study, an Infiltration Table Apparatus (ITA) was constructed in which approximately 18 m? of a permeable
pavement could be built and subjected to simulated rainfall and upslope runoff at a rate of approximately 0.0042
m3/min. Their ITA could also be tilted between 0% and 30%, allowing for the evaluation of the effect of incline
and in each test, the entire pavement was subjected to flow but only one portion of the length of pavement
could be measured at a time. Unfortunately, this study was qualitative and no permeability data for the
pavement constructed within their ITA was provided. In addition, no material data was supplied apart from some

basic schematic representations.

2.4. Knowledge Gaps

A PICP’s performance is not governed by a single aspect of its construction but instead by a combination of
factors. These factors include but are not limited to; the layer design (thickness and material), surface unit
selection, topography and subgrade permeability or predevelopment condition of the pavement location. Table
1 provides a brief summary of permeability data obtained by studies conducted on PICP with different
constructions and subgrade types. In general, the permeability of the pavement was higher than the
predevelopment condition but the pavement performance was heavily affected by the construction material

selection.

Table 1 A comparison of construction material and permeability data obtained in different studies.

. Geological Origin of Pavement
Design Influx . .
Construction Material
Mean
Study
Performance
Authors Base K (m/s)
Storm Rainfall Equivalent Surface & Subgrade Subgrade
Quantity K (m/s) Sub- & K (m/s)
base
Beeldens Porphyry
and Herrier 1/;? I/Zl?a 5.4x10° (Granite or Silty NM 3.8x10°®
(2006) Y Rhyolite)
Beeldens Porphyry
and Herrier 1/;? I/Zlia 5.4x10° (Granite or Sandy 1.03x10°3 4.0x10*
(2006) Y Rhyolite)
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Fassman and
1/2- 12

Blackbourn /ear5 mm(}?wr NM NM NM Clay NM 8.64x10"
(2010) y

Bean et al. .
(2007) NM NM NM NM NM Sandy NM 72x10

Kumar et al. ;
(2015) NM NM NM NM NM NM NM 2.54x10

*NM = No Mention

Considering the structural aspects of PICP’s in literature, interesting phenomena can be noted as well. A study
by Castro et al., (2007) showed that a difference in the incline at which a PICP was constructed from 0% to 2%
resulted in infiltration moving from 70% in the upslope half to 70% in the middle and downslope half of the
pavement instead. A similar situation was observed by Kamali et al., (2016) where it was noted that the ratio of
horizontal to vertical hydraulic conductivity of the pavement changed from 0.5 to 3.5 with an increase of only
2% in incline. Despite the study’s shortcomings, these results a further corroborated by the work of Zhang et al.,
(2017) who showed that with an increase in incline, there is a measurable increase in stormwater runoff velocity.

3. Methods

3.1. Field Testing

Double ring infiltrometer (DRI) tests detailed in ASTM D3385 (1994) were conducted to relate standard field
methods with the results of the infiltration table. The double ring infiltrometer setup was slightly modified to
allow it to fit in the base of conventional tests pits (0.75 m wide) and to be easily transported. The outer ring
measured 300 mm high and was cut from steel tubing with an inner diameter of 300 mm and a wall thickness of
4 mm. The inner ring was made of clear acrylic with a 140 mm inner diameter, a height of 500 mm and a wall

thickness of 2 mm. A steel tape measure was inserted into the inner ring to measure changes in hydraulic head.

Double-ring infiltrometer tests were conducted on a site in Brooklyn, Pretoria. The tests were conducted on this
site as the in-situ material, which consists primarily of silty-sand and highly weathered quartzite gravel, is a
common subgrade for pavements in South Africa. Furthermore, it is common practice for the subgrade to be
prepared by excavation and compaction of the surface. For this reason, the double-ring tests were conducted in
the base of two 0.7 m deep test pits excavated on the site. The tests themselves entailed driving the two rings
into the base of the test pits and then adding water to the space between them to a height of 150 mm, which
was maintained for the duration of the tests. The inner ring was then also filled with water to a height of 150
mm, after which testing started. The time taken for the water height in the inner ring to drop by 10 mm was
measured, after which it was refilled and repeated. When the time difference between each subsequent
measurement became less than 3 s, it was assumed that steady state flow had been achieved. The test was then
repeated a minimum of three more times to gain the required data for the calculation of the material hydraulic
conductivity. The test pits were also further investigated by hand auger and profiled by an engineering geologist

according to the methods outlined by Brink and Bruin (2001)
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3.2. Infiltration Table Apparatus

The information acquired during initial field tests guided the design and construction of an Infiltration Table
Apparatus (ITA) for the full-scale model in the Bosun Brick (Pty) Ltd laboratory facility. The design of the ITA is
described in detail by Van Vuuren (2020), and comprises a 10 m? stainless steel construction surface (deck) that
can be tilted between 0° and 6°, upon which 8 m? of any PICP can be constructed provided it is less than 420 mm
in height. A water reservoir supplies water (Qn) to the pavement by sheet flow through a slot cut across the
upper end. Tempered glass measuring 9 mm in thickness bind the left and right sides of the pavement
constructed on the deck. An adjustable steel divider bounds the lower side of the pavement at the 4 m mark

(Figure 2a).

Bosun’s Infiltration Table Apparatus

¢Qu= 0.027m3/min

(a)

[FULL-PAGE WIDTH]

Figure 2. Experimental setup showing the (a) design specifications of the ITA; (b) ITA as constructed; (c) supply
tank; and (d) the collection tank, outlet meters and the submersible pump used to recycle water in the ITA.

The deck itself is 2 m wide and 6 m long. 6 mm wide slots are cut into the deck, perpendicular to the direction
of flow, at 191 mm and 132 mm intervals across the width. Slots are spaced 1 m apart with 10 mm steel rods
welded into these slots in a v-shape to prevent subsurface flow from moving from one linear meter of pavement

to the next. Catch trays (outlet bins) that transport pavement outflow (Q;-Qs) to flow meters below the slots.
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The steel divider at the 4 m mark allows for the measurement of runoff (Qs) in real time. At the midpoint of the
ITA, an axel and bearings allow for tilting of the entire apparatus by means of scaffolding jacks and a 4 000 kg

hand operated block-and-tackle at its upper end (Figure 2b).

Water is supplied to the ITA by an elevated 1000 £ (1 m3) supply tank (Figure 2c) connected to the reservoir of
the apparatus via PVC tubing and three Elster Kent V100 PSM water meters. These water meters provide the Qn
value for the experiments and are furthermore referred to as “inlet meters”. Ball-cocks are installed between
the inlet meters and the apparatus reservoir to allow for a variable Qun, by partially or completely closing one or
more of them as well as to start and end tests. Once the ITA reservoir is filled, any additional water will flow out
of its slot and onto the pavement being tested. Water that flows through or over the pavement on the deck then
exits the ITA and into the outlet bins which contain a 0.3 mm thick layer of polyester non-woven filter media to

prevent clogging of downstream equipment.

The media have an aperture small enough to retain particles 0.4 mm and larger. Water collected in the outlet
bins then flows through more PVC tubing and finally via five Madalena DS TRP flow meters (outlet meters) before
being collected in the bottom half of another 1 000 € (1 m?) collection tank (Figure 2d). The outlet meters are
monitored by a GoPro® camera mounted above them in real-time and would provide permeability data for the
pavement being tested (Qi-Qs). A submersible pump then moves the water from the collection tank to the

supply tank for reuse which would allow tests to be conducted for any duration of time.

3.3. Initial ITA Model Design

Based on the field data collected, a Full-scale Model was constructed, consisting of 3.36 m? of Full Infiltration

PICP as a representative volume which would be subjected to hydraulic testing within the ITA.

Testing of the Full-scale Model considers many variables including, but not limited to, layer materials, layer
thickness, the packing orientation of the interlocking bricks, incline, volume of water influx, type of influx (sheet
flow vs. simulated intermittent rainfall), and even the effect of the presence of each individual layer. A series of
preliminary tests were conducted in an attempt to reduce ineffective or redundant variables. To accomplish this,

generic layer works (GLW) were selected, constructed and subjected to testing in an iterative manner.

The GLW consisted of six layers constructed in consecutive stages in the ITA, with the natural subgrade being
represented by the deck, as follows (Figure 3):

e  Bosun Waterwise® bricks in a specific pattern for the surface layer (Figure 3C)

e No fines sand (P-Type 1) for the jointing material/ other sand

e A 30 mm thick layer of P-Type 1 sand for the bedding layer

e Bidum® A2 for the geotextile layer

e A 150 mm thick layer of 6 mm crushed quartzite for the upper sub-base layer
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e A 150 mm thick layer of 20 mm crushed quartzite for the lower sub-base layer.

Typical Permeable Paving Layerworks
Typical Storm Design in the Pretoria Area

Approx. 60/80mm
(0 endtacture

spending on Manufacturer) Surface - (Interlocking Concrete Bricks)

Approx. 30mm Bedding Sand
Geotextile

Approx. 150mm

Upper Sub-base

1in 20 year storm

in 30min

1in 2 year storm

in 30min

Approx. 150mm Lower Sub-Base

=0,0018m3/min =0,0036m3/min

| «<——— Natural/Subgrade

(a) (b)

Waterwise® Brick Packing Orientations Tested

Packing Methods Selected

Citylock® Waterwise®

Longest Joints Parallel to Flow Longest Joints at 45° to Flow

(©) (d)
[FULL-PAGE WIDTH]

Figure 3.Schematic representation of the (a) water influx in the Full-scale Model; (b) model layer works; (c)
packing orientations selected for the products used in the model; and (d) concrete brick orientations investigated
during the model design phase (Van Vuuren 2020).

Preliminary testing was conducted in three stages as some variables were suspected of having little to no effect
on overall PICP performance. The first stage considered the effect that each separate layer has on PICP
performance; the second looked at the effect of a change in the orientation of the bricks in the surface layer;

and the third considered the effect of incline on the performance of PICP.

The first stage was conducted by constructing the entire GLW in the ITA, one layer at a time, and hydraulically
testing the system after each subsequent addition. When only the surface layer was present in this stage, it was
placed on a 15 mm thick layer of 6 mm gravel. This was done to produce a level surface, as the 10 mm rods
welded to the deck caused misalignment of the bricks without it. In addition, the surface layer was tested several
times during this stage, once without any jointing material and subsequently with a range of different materials.

The results of this stage were recorded for comparison with those of the field tests and subsequent stages.



This is a preprint of: Van Vuuren JH, Dippenaar MA, Van Biljon R, Van Rooy JL. 2021. Seepage Through Permeable
Interlocking Concrete Pavements and Their Subgrades Using a Large Infiltration Table Apparatus. International Journal of
Pavement Research and Technology. http://dx.doi.org/10.1007/s42947-021-00010-8

The second stage entailed repacking the surface layer of the full GLW with the bricks horizontally rotated by 45°
relative to their original orientation, without changing their packing method or pattern. In the first stage, the
long joints of the bricks were orientated parallel to the direction of surface flow, and in the second the long
joints were placed at 45° to flow. Again, the results of this stage were recorded for comparison to the previous
and subsequent stages of testing. As the first and second stages did not consider the effect of incline, all of their
tests were conducted with the ITA inclined to 2.5° influx volume at maximum Qpu and a duration of

approximately 10 min for each test (Figure 3d).

The third and final stage of preliminary testing consisted of constructing the full GLW with the bricks in the
surface layer returned to their original position as in the first stage and then subjecting the pavement to
hydraulic testing at inclines of 0° (0%), 2.5° (3.5%) and 5° (7.8%) respectively. Testing of the GLW at each incline
was conducted at maximum Qu for approximately 10 minutes. As before, the results of each test were recorded
for comparison with the previous and subsequent stages. The results from these preliminary tests were used to

design the Full-scale Model.

3.4. Full-scale Model Design

The design of the Full-scale Model centred around three principles, namely the quantity and mechanism of water

influx onto the PICP, the construction materials used within it, and the incline of the PICP’s operation (Figure 3).

3.4.1. Influx mechanism

Influx as sheet flow was selected for the Full-scale Model as it closely resembles what the lowest portion of sites
encounters during peak flow. As for the volume of such flow events, common practice dictates designing for the
influx experienced in the 1 in 20-year storm. In the Pretoria region of South Africa, heavy rainstorms typically
dispense 54 mm of rain over a 30 min period, implying the maximum possible flow rate that the ITA could

produce is Qi = 0.027 m3/min, which is much higher than typical values for this region (Figure 3a).

3.4.2. Layer works

In terms of the layer works of the Full-scale Model, the selection of materials and layer thicknesses were made
according to guidelines described in Technicrete (2019) and TRH14 (1980) (Figure 3b). Starting at the top, the
surface layer consisted of interlocking concrete bricks and jointing material as in the GLW but, from information
gained in the preliminary tests, it was decided to alternate only the brick products, jointing material and bedding
material throughout the testing procedure. Many manufacturers and products were considered for use in the
surface layer but testing the large variety available would have been unviable in the scope of this project. As

such, two products were selected, namely Bosun’s Waterwise® and Citylock® bricks (Figure 3c). These two
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closely resemble the physical aspects of the majority of those commonly applied in industry, but also differ from

one another enough to verify whether brick geometry has an influence.

These two products both measured 60 mm high and were in the same price category as the majority of other
products available. Their geometries furthermore allowed for the variation of the surface permeability
depending on the packing method. While this was useful for the alteration of the testing procedure if needed,

only one packing method was selected as a result of data gained from the preliminary tests.

For the bedding and jointing material, practitioners and best practice guidelines prescribed certain requirements
on these materials for PICP (Technicrete 2019). The Plasticity Index (PI) should be zero and all particles should
be larger than 0.425 mm in diameter. Chemistry of bedding and jointing material was rarely addressed. While a
number of sands throughout South Africa would meet these requirements, their composition and thus chemistry
would vary between regions To ensure repeatability, a class system for these materials was developed that
consists of five particle type (P-Type) categories and one material satisfying each class was selected for testing
(Figure 4). The bedding layer was kept at a constant thickness of 30 mm for all tests and the material selected it,

was also used as the joining material for that test for uniformity.
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Figure 4.Grading curves for the sands selected in the P-Type classes for this study.

P-Type 1 or “No Fines Sand” is a washed, sieved, silica-rich, chemically stable sand, with 80% of particles by
weight falling between 1.0 and 5.0 mm in diameter. These sands are commonly only available from specialist
suppliers and are produced with a high degree of particle size control, making them less affordable than others.
They are however strongly recommended by professionals for use in PICP and served as the ideal bedding and

jointing material in this study.
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P-Type 2 or “No Fines Sand 2" is a slightly more affordable variant to the P-Type 1 due to a lower degree of
particle size control but it was also only available from a specialist supplier. It consists of a washed, sieved, silica-

rich, chemically stable sand, with 80% of particles by weight falling between 0.85 and 5.0 mm in diameter.

P-Type 3 is a “Crushed Stone” which consists of a sand-like material produced by crushing quarried rock and
sieving it to a degree such that 80% of particles by weight falling between 0.4 and 2.0 mm in diameter. This class
of material was selected as it was far more affordable than P-Types 1 and 2, but chemical stability was a concern.
A P-Type 3 produced from an igneous rock such as granite or a chemical sediment such as dolomite would
weather more rapidly over time than others, producing clay minerals or completely dissolving in slightly acidic

water respectively. For this reason, a quartzitic parent P-Type 3 material was used.

P-Type 4 or “Coarse Building Sand” class is selected to inform on the use of highly affordable alternatives to the
other material classes. It consists of a silica-rich, well-graded, general purpose building sand with a low clay
content and 80% of particles by weight falling between 0.2 and 5.0 mm in diameter. This is done because many
developments often do not make use of the full performance of PICP, or simply just do not have the required

funding.

P-Type 5 or “Fine Building Sand” consists of a poorly sorted, general purpose building sand with 80% of particles
by weight falling between 0.2 and 2.36 mm in diameter. This type of material is commonly mixed with coarse
aggregates and cement in the production of concrete and was readily available and extremely affordable. This

class represented the worst possible material selection for PICP.

A single geotextile layer consisting of A2 Bidim® was placed below the surface and bedding layers for any given
test. The geotextiles are nonwoven, needle-punched, continuous filaments of polyester fabric. Its average pore

size and hydraulic conductivity are 170 um and 4.2x10° m/s respectively.

Beneath the geotextile is two additional layers of crushed stone measuring 150 mm each forming the upper and
lower sub-base layers. The upper consisted of a 6 mm crushed quartzite while the lower of 20 mm crushed
quartzite respectively. Quartzite is selected as it is a readily available and chemically stable material while also

being highly recommended by practitioners for its high strength and durability.

3.4.3. Incline

Pavements are mostly designed to have the minimum possible incline as heavy vehicles have low incline
traversal limits. Inclines of as little as 2° or 3.5% extending over a long area of pavement can have serious
implications on downstream drainage systems. Many developments are however limited by budget and
available space and so high incline areas of pavement are unavoidable. For these reasons, testing of each layer

works combination was conducted at inclines of 0° (0%), 2.5° (3.5%) and 5° (7.8%).
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3.5. Full-scale Model Testing

Testing of the Full-scale Model was iterative, and the first step of the testing procedure was to prepare the ITA
and the selected layer works for that specific test by setting the ITA to an incline of 0°, and constructing the
required layer works within it according to best practice guidelines as far as possible (Technicrete, 2019 and
TRH14, 1980). Once complete, the apparatus’s reservoir was filled by opening the valve ahead of the supply
tank, followed by the tree ball-cocks at the inlet meters until water started exiting the reservoir through the slot
cut in it. The three ball-cocks were then immediately closed and their readings were taken. These readings were
taken to be the starting volume of that test. Next, the valves after the outlet meters were opened allowing the
ITA to drain fully of any water that may have built up in the ITA drainage system from a previous test or while
filling the apparatus reservoir. Readings were then recorded from the outlet meters and this was taken to be

the starting volumes at the outlet meters for that specific test.

Once the preparation phase was complete, testing was commenced by opening all three ball-cocks at the inlet
meters fully, starting a stop watch and the recording of the GoPro® camera simultaneously. Any water that
entered the reservoir after preparation, flowed out through its slot and onto the pavement being tested,
migrating through it if possible and exiting the ITA through the slots in the deck and their corresponding catch
trays to be recorded by the outlet meters. Readings were captured in real time by the camera, but manual
readings were also taken every 5 min as a precaution and for determination of the test termination time. All
tests were terminated once steady state flow was achieved, taken to be when all outlet meter readings differed

by the same amount, every 5 min, to two decimals (Discharge, Q (m3/min)).

Once steady state flow was achieved, the test was terminated by closing the tree ball-cocks at the inlet meters,
stopping the stopwatch and the camera recording, and taking readings of all the flow meters of the ITA. These
readings were taken to be the end volumes and the differences between them, and the start volumes were
taken to be the total volume flux experience by that PICP for that test. After allowing the ITA to drain completely,
its incline was adjusted to the next required interval and the entire procedure was repeated again. Once testing
of that layer works at all three incline intervals was complete, the ITA was adjusted to 0° for construction and
testing of the next layer works. This methodology was applied to the following layer works combinations at all
three selected inclines while keeping the geotextile layer, upper sub-base and lower sub-base constant:

1) Waterwise® brick surface with P-Type 1 jointing and bedding material

N

Waterwise® brick surface with P-Type 2 jointing and bedding material

w

Waterwise® brick surface with P-Type 3 jointing and bedding material

u b

Waterwise® brick surface with P-Type 5 jointing and bedding material

(&)

)

)

)

)  Waterwise® brick surface with P-Type 4 jointing and bedding material
)

) Citylock® brick surface with P-Type 1 jointing and bedding material

)

7) Citylock® brick surface with P-Type 2 jointing and bedding material
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8) Citylock® brick surface with P-Type 3 jointing and bedding material

9) Citylock® brick surface with P-Type 5 jointing and bedding material.

4. Results

4.1. Field Testing

The soil profiles of the two test pits excavated on the site in Pretoria comprised primarily of a thin fill layer at

the surface, followed by a silty clayey sand containing abundant highly weathered quartzite gravel until, there

was refusal with the hand auger on a cobble or large gravel particle in both cases. Nine double ring infiltrometer

test were conducted on HAO1 and six on HAO2 (3). Infiltration rates were all in the order of 0.25-0.63 cm/s.

Table 2. Double ring infiltrometer test results for HAO1 and HAO2.

Test Pit Test Reading (s) Infiltration Rate | Infiltration Rate
(cm/s) (m3/s)

HAO01 T1 25 0.40 6.16E-06
T2 24 0.42 6.41E-06
Steady State Flow
T3 32 0.31 4.81E-06
T4 32 0.31 4.81E-06
T5 31 0.32 4.97E-06
T6 30 0.33 5.13E-06
Average 31.25 0.32 4.93E-06

HAQ2 T1 21 0.48 7.33E-06
T2 39 0.26 3.95E-06
T3 25 0.40 6.16E-06
Steady State Flow
T4 17 0.59 9.06E-06
T5 16 0.63 9.62E-06
T6 18 0.56 8.55E-06
T7 20 0.50 7.70E-06
T8 22 0.45 7.00E-06
T9 19 0.53 8.10E-06
Average 18.67 0.54 8.34E-06

This type of material is often used as a subgrade in pavements throughout South Africa once compacted and so,

the deck of the ITA had to be designed with slots large enough to have a higher permeability than this material
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and any of those in the Full-scale Model. This was done because the deck could limit the system permeability if
any one layer in the model had a lower permeability than it did. Additionally, the resulting high design
permeability of the deck meant that all downstream drainage systems and flow meters had to be large enough
to accommodate the exiting flow, without retarding it in any way as well. Lastly, if a silty-sand could display such
high permeabilities, it was reasonable to assume that the permeability of PICP constructed in the ITA would be
at least one order of magnitude greater. This means that saturating such a high permeability unit would require
immense flow rates and for that reason, the maximum possible Qi value of 0.027 m3/min was selected for use

in the Full-scale Model.

4.2. Full-scale Model Design

The first few iterative tests were conducted with only the surface layer present in the ITA. All the flow was
attenuated within the first linear metre of pavement and only the flow meter connected to Q; displayed a
reading and accounted for 100% of the volume that entered the ITA. This was the case for the surface layer
consisting of Waterwise® bricks alone and the bricks with a P-Type 1 jointing material. The subsequent tests
carried out on the GLW adding the bedding layer, geotextile and upper sub-base layers respectively produced
remarkably similar behaviour, with little to no increase in the discharge from other portions of the pavement

(Figure 5a).

The first time a change was noticed was when the lower sub-base was added to the GLW. It caused an increase
in the discharge measured at Qy, most likely due to the greater vertical distance that water had to traverse
before exiting the pavement. This increase was an order of magnitude lower than the flow measured at Qg,
which implied that there was development of a lateral flow component within the pavement due to the testing
incline of 2.5°, rather than the addition of the lower layer. Furthermore, there was no runoff (Qs) or other
discharge variation measured during these tests, implying that no single layer within PICP is solely responsible
for its hydraulic performance. The individual layers rather perform structural roles such as filtration and
increasing the bearing capacity and storage capacity of the pavement. Logically, a drastic change in layer
thickness or material selection for PICP would change its performance and are strongly not recommended by
practitioners and literature but these tests demonstrated that slight variations in particle size and layer

thicknesses are permissible without a negative impact on the pavement’s performance.

The next iterative test of the model design phase was aimed at a common occurrence in industry, namely the
selection of an inferior bedding and jointing material. A lack of experience, material availability and/or budget
constraints can often lead to poor selections of these materials and, as the surface is the entry point for water
into the PICP, it stands to reason that such a selection could limit the performance of the entire system,
regardless of the permeability of the lower layers. To verify this and investigate how drastic the variations in
performance could be due to such a change, this iterative test was conducted with a P-Type 5 bedding layer and

jointing material in the GLW. The result was a sharp increase in discharges measured from Q,-Q4 and a decrease
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in discharge at Q; but most notably, for the first time during the iterative testing, runoff (Qs) occurred. This
implied that one of the most influential portions of PICP layer works was the combination of concrete bricks,
jointing material and the bedding layer that makes up its surface combination (SC). For this reason, the type of

material and brick product selection were thoroughly investigated in the Full-scale Model (Figure 5b)
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Figure 5. (a) Comparison of exit volume changes at each point for the model design tests for different layers of
the GLW; (b) exiting percentages of influx volume at each point for different surface material combinations in
the Full-Scale Model at a 2.5° incline.

Following that, another iterative test for the model design phase was conducted looking at a structural property
that was suspected to have an effect on PICP performance, namely the orientation of the bricks in the surface
layer. The suspicion was that PICP with the longest joints of their bricks parallel to the downslope flow direction,
would experience greater downslope migration of water before infiltration than those with the longest joints at
an angle to the flow direction. This was because the aligned joints were suspected to provide preferential
pathways for downslope flow while misaligned joints would produce longer downslope flow pathways,
promoting infiltration instead. No discernible change in the system performance between the two instances was
noted, and so the orientation of the bricks in the surface layer was not further investigated in the Full-scale

Model.

Lastly, the iterative testing of the model design phase testing looked at the effect of incline on PICP performance
by subjecting the full GLW to inclined testing in the ITA and the results are shown in Figure 6. As before, nearly
all water entering the ITA from the reservoir was attenuated within the first linear metre of pavement, but as
incline was increased, there was a notable decrease in discharge from points Q; and Q,. This implied that water
tended to move further and further downslope before traversing the vertical thickness of the pavement as
incline was increased with the sharpest change occurring at an incline of 5°, supporting the finding that a there
was development of a lateral flow component with an increase in incline. For this reason, it was decided that

incline be deeply investigated in the Full-scale Model.

Discharge at Each Outlet Point for Inclined Testing of the Full Generic
Layer Works
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Figure 6. Discharges at different exit points of the Infiltration Table Apparatus as incline increased.

4.3. Full-scale Model
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Before addressing the specific results of the Full-scale Model, it is important to understand their presentation.

The results for these tests, shown in Appendix A, are presented in 5 min time intervals, starting at 10 min. The

reason for this is that almost every test reached steady state flow within 10 min, as demonstrated in 4 and Figure

7 which shows the 1 min interval results of a test conducted on the Full-scale Model with a P-Type 1 and

Waterwise® SC at an incline of 2.5°. It is clear that steady state flow occurs between 2 and 3 min in this test as

the difference between each volumetric reading becomes very small. Additionally, the mean discharges

(QMean) shown are calculated based on steady state flow data only. This eliminates incoherencies that may be

introduced by the model reaching steady state flow from zero flow and the period directly after the ball-cocks

at the inlet meters are closed and the model is draining freely. Lastly, all SC containing Waterwise® bricks and P-

Type 1 material are displayed as such while other SC were allowed more time to discern any possible differences.

Table 3. Short interval test results for a Waterwise® and P-Type 1 combination layer works of the Full-scale
Model (2018/09/06; incline 2.5° or 3.5%).

Inlet Meters (m3) Outlet Meters (m3)
Disch
Disch Disch Disch arge
Dischar
Time arge arge arge Qs
. ge Qu
(min): | 1 2 3 Q Q Q Qs Qs Q4 Qs Qs Runof
(m3/mi
) (m3/m (m3/m (m3/m f
n
in) in) in) (m3/m
in)
3.307 | 4.386 | 2.77 0.31 0.2 0.46 1.07
0 064 | 0 0 0 0 0
63 3 682 758 441 075 115
0.64 | 0.0036 | 0.31 0.2 0.46 1.07
1 - - - 0 0 0 0
05 2 758 441 075 115
0.66 | 0.0217 | 0.32 | 0.003 | 0.2 0.46 1.07
2 - - - 0 0 0
223 3 114 | 56 441 075 115
0.68 | 0.0239 | 0.32 | 0.004 | 0.2 0.46 1.07
3 - - - 0 0 0
618 |5 56 46 441 075 115
0.70 | 0.0230 | 0.32 | 0.003 | 0.2 0.46 1.07
4 - - - 0 0 0
922 | 4 948 | 88 441 075 115
0.73 | 0.0229 | 0.33 | 0.003 | 0.2 0.46 1.07
5 - - - 0 0 0
215 | 3 315 | 67 441 075 115
0.75 | 0.0216 | 0.33 | 0.003 | 0.2 0.46 1.07
6 - - - 0 0 0
377 |2 681 | 66 441 075 115
0.77 | 0.0217 | 0.34 | 0.003 | 0.2 0.46 1.07
7 - - - 0 0 0
548 1 043 62 441 075 115
0.79 | 0.0227 | 0.34 | 0.003 | 0.2 0.46 1.07
8 - - - 0 0 0
821 |3 428 | 85 441 075 115
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Figure 7.Short interval discharges at different points of Full-scale Model with a Waterwise and P-Type 1
combination layer works.

4.4. The Effect of Surface Materials

The model design phase showed that in general, the SC of PICP has the greatest influence on its permeability
but to ascertain exactly what that effect is, incline must be eliminated as a variable. Thus, consider the results
of the tests conducted at 2.5°only . An incline of 2.5° is great enough to accentuate the downslope effects of the
material choices on PICP permeability by allowing for the development of a lateral flow component, without it
being dominant over the vertical. The results for these tests are summarised in 5 and Figure 5b along with their
corresponding permeability values and percentage improvement according to Eq. 2. Firstly, it can be seen that
changing the brick product alone has an effect on PICP performance as the use of Citylock® bricks increased the
permeability (Kp/m) of the pavement by between 5% and 48% as opposed to an identical layer works containing
Waterwise® bricks instead. Due to the time constraints of the project however, a SC containing Citylock® and P-
Type 4 material could not be tested but its permeability can be estimated to be within 5% of that of a SC

containing Waterwise® and P-Type 4 material, using the trends in the data of other combinations.

Table 4. Maximum discharge and permeability values per linear meter of pavement for different surface material
combinations at 2.5° incline.
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Percentage Percentage
Maximum QMean
Product Sand Type Maximum Ky/m (cm/s) Decrease vs. P- | Improvement
(m3/min)
Type 1l vs. Waterwise
P-Type 1 0.028702 2.39E-02 - 48.0%
P-Type 2 0.020015 1.67E-02 30.27% 2.0%
Citylock P-Type 3 0.020185 1.68E-02 -0.85% 4.1%
P-Type 4 Not Tested +8.00E-03 Expected 52.44% NA
P-Type 5 0.0018075 1.51E-03 81.17% 5.2%
P-Type 1 0.0193876 1.62E-02 - -
P-Type 2 0.019626 1.64E-02 -1.23% -
Waterwise P-Type 3 0.019395 1.62E-02 1.18% -
P-Type 4 0.009344333 7.79E-03 51.82% -
P-Type 5 0.001718 1.43E-03 81.61% -
_ QMean(m3/5)
Kp/m " Surface Area of 1 linear m of pavement (m?) x 100 cm/m (2)

Where:
Ko/m = Permeability of linear meter of pavement 1, 2, 3 or 4 (Runoff is not considered)

Quean = The mean discharge of the linear meter of pavement in question

Changing the jointing and bedding material in the SC of the Full-scale Model had an even greater effect on its
permeability. Materials from P-Type 1, 2 and 3 classes were the most effective, attenuating approximately 70%
of water within the first linear metre (Qi) of pavement and producing no runoff (Figure 5b). By comparing their
permeabilities (Kp/m) to typical values (e.g. Powers, 1992), it can be seen that these materials result in the
pavement performing similarly to well graded or uniform sands and could easily cope with the flow rates
dispensed by 1 in 20-year storms. There was a drastic decrease in the permeability of the model when a P-Type
4 material was used, with only 50% of the water entering the ITA being attenuated within the first linear metre
of pavement (Qi). An increase of between 8% and 10% was seen in the volumes attenuated at points Q2, Q3

and Qa, with 7% exiting the model as runoff.

When runoff occurs, it implies a critical failure in the performance of PICP and in well-constructed pavements,
should only occur in extreme circumstances such as 1 in 100-year storms. This meant that, despite the model
being comprised almost entirely of highly permeable units such as the upper and lower sub-base layers, a poor
material choice in the SC limited the permeability of the pavement to that of a silty sand (Powers, 1992), giving

further support to the finding that the surface of PICP is the most critical portion of its layer works.

Lastly, when a P-Type 5 material was used in the SC of the model, the system permeability became extremely

low. Between 60% and 80% of water entering the ITA exited as runoff while the remainder was infiltrated
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between points Qi, Qz2, Qs and Q4 in amounts between 0% and 7%. From this, two principles governing PICP

permeability can be derived namely; the permeability of the entire pavement will be limited by the SCiif it has a
lower permeability than that of the layers below and the permeability of the pavement is determined by the
intrinsic material properties of each layer such as void content, porosity, density and permeability rather than

the structural properties such as layer thickness.

4.5. The Effect of Incline

Considering all results obtained from the Full-scale Model testing, a general trend can be seen: as incline
increases, permeability per linear metre (Ky/m) of the pavement decreases. The results for the model with SC
containing Waterwise® and Citylock® bricks are summarised in terms of their maximum mean discharge per

linear metre (Max Qumean) in Figure 8a, Figure 8b and 6.

Considering firstly the results for Waterwise® SC, it can be seen that regardless of the choice of bedding and
jointing material, the discharge at each point (excluding Qs) decreased with increasing inclines. The effect of
incline on the model with these SC was aggravated by low permeability bedding and jointing materials such as
a P-Type 5, which caused the difference in discharge per linear metre to decrease by two orders of magnitude
between 0° and 5° inclines, shifting permeability behaviour from a silty sand to a low-plasticity silt respectively
(Powers, 1992). The same could be seen in results obtained from the model with SC containing Citylock® bricks
and again, the P-Type 5 bedding and jointing material caused a one order of magnitude difference in discharge

per linear metre between 0° and 5° and a behavioural change from a silty sand to a clayey sand (Powers, 1992).

(a) (b)

Maximum Qy,,, Per Linear Meter of Pavement for Waterwise Surface Material Maximum Qy.,, Per Linear Meter of Pavement for Citylock Surface Material
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Figure 8. Maximum mean discharge per linear meter of pavement for (a) Waterwise and (b) Citylock containing
surface material combination layer works in the Full-scale Model at different inclines.

Table 5. A data comparison of Full-scale Model layer works with surface combinations containing Waterwise®
bricks at different inclines.
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Surface
Incline Parameter P-Type 1 P-Type 2 P-Type 3 P-Type 4 P-Type 5
Product
Max  Qwmean
0.0346 0.0309 0.0232 0.0169 0.0055
(m*/min)
0°
Max Ko/m
2.89E-02 2.58E-02 1.93E-02 1.40E-02 4.60E-03
(cm/s)
Max  Qwmean
0.0194 0.0196 0.0194 0.0093 0.0017
(m*/min)
Waterwise® | 2.5°
Max Ko/m
1.62E-02 1.64E-02 1.62E-02 7.79E-03 1.43E-03
(cm/s)
Max  Qwmean
0.0188 0.0146 0.0124 0.0066 0.0001
(m*/min)
5
Max Ko/m
1.57E-02 1.22E-02 1.03E-02 5.49E-03 9.55E-05
(cm/s)
Max  Qwmean
0.0407 0.0175 0.0218 Not Tested 0.0060
(m*/min)
0°
Max Ko/m
3.39E-02 1.46E-02 1.82E-02 Not Tested 5.04E-03
(cm/s)
Max  Qwmean
0.0287 0.0200 0.0202 Not Tested 0.0018
(m*/min)
Citylock® 2.5°
Max Ko/m
2.39E-02 1.67E-02 1.68E-02 Not Tested 1.51E-03
(cm/s)
Max  Qwmean
0.0286 0.0214 0.0106 Not Tested 0.0003
(m*/min)
5
Max Ko/m
2.38E-02 1.78E-02 8.82E-03 Not Tested 2.25E-04
(cm/s)

It is thus reasonable that as the incline is increased, more water flows further laterally downslope before exiting
the pavement at its base, regardless of material selection. This suggest the existence of two components of
unsaturated flow within PICP namely; a vertical (FVverr) and lateral (FVit) component, with a resultant
component (FVges) directly downward in the direction of gravity (Figure 9). These components represent the
velocity of unsaturated flow in various directions within the pavement. When the incline is small (near
horizontal) the data shows that FV .t is extremely small too and that FVyert is dominant. When incline is increased,
FVi.t becomes larger while FVye« becomes smaller. Therefore, a critical angle must exist where, if it is further
increased, dominance shifts from the FVye« component to the FVi.« component. Data obtained from the Full-
scale Model shows that this angle exists somewhere between 2.5° and 5° or greater, as the sharpest increases
in the discharges, regardless of material selection, were measured from points Q, to Q4 and especially in runoff

(Qs) between these angles.
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Figure 9.Schematic diagram of the observed flow velocity components in PICP at different inclines.

A possible reason for this behaviour may be the occurrence of capillary barred perching between the SC and the
remainder of the layer works at low inclines (Dippenaar and van Rooy, 2019), as the SC generally has a higher
density and thus lower permeability than the lower layers of the pavement. In addition, the interface between
the SC and lower layers may also simulate the bottom of a horizontal fracture, where lateral flow presents a
longer pathways and higher energy requirements (Jones et al., 2018). Water then builds up on the interface,
before moving laterally, until enough is present to overcome the adhesion and suction pressures to form a
breach allowing downward migration. When incline is increased, the boundary between the SC and the rest of
the layer works is no longer horizontal. This results in the migration of water along the boundary by percolation,
to areas of the SC with a lower saturation through cohesion and gravity, rather than water crossing the boundary

which requires more energy (Dippenaar and van Rooy, 2019).

A clear example of this behaviour is shown in Figure 10 describing a test conducted on the Full-scale Model with
a Citylock® and P-Type 3 SC at 0° incline. During this test, the formation of tendrils was noted within the sub-
base layers of the model while the layers of the SC were near saturation, demonstrating that flow in the sub-
base layers may resemble unsaturated flow between different media resulting in fingering and dispersion
plumes as described by Brouwers and Dippenaar (2019). Their formation validated the suspicion that a build up
occurs on the boundary between the SC and the lower layers of the pavement until the suction pressures are
overcome and a breach is formed. The breach then provides a preferential pathway for further flow to occur by

decreasing the invasion pressure at that point giving rise to a stationary and persistent tendril or rivulet.
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A Diagram of Observed Flow Through PICP

Near Saturation Surface Material
Combination

{-- Capillary Boundary

Subsurface
Layers

Figure 10. A (a) tendrils formed in the sub-base layers for Full-scale Model testing of a layer works
containing a Citylock® and P-Type 3 sand surface combination at an incline of 2.5° and (b) a schematic
representation of the flow mechanisms observed during testing of the Full-scale Model.

5. Conclusions

Apart from the clear evidence that PICP are extremely effective at managing stormwater and water attenuation
schemes, it was seen that there are several other benefits to their use in urban developments as well. These
benefits include their ability to accommodate large amounts of flow which may occur over a long period of time
or instantaneously, that they can retard the flow of water within their layer works and that a large amount of
attenuation can be achieved by a very small area of pavement. The benefits associated with PICP are however,

subject to some key factors and will only be present if proper design and construction procedures are followed.

5.1. Key Findings
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e The permeability of PICP will primarily depend on the material properties of their layer works and only
partially on their respective thicknesses.

e The permeability of PICP will be determined by that of the lowest permeability layer.

e An increase in incline affects the permeability of PICP. A steeper incline will induce more interflow,
resulting in a decrease in permeability while a lower incline will induce percolation.

e  Atypical Type-A PICP will have a maximum mean infiltration rate of 0.0407 m3/min or 3.39E-02 cm/s,
if it is not limited by a low permeability subgrade, which is subject to decrease to around 0.0286 m3/min
or 2.38E-02 cm/s when it is constructed on an incline or slope of 5° or 7.8%;

e There exists an angle above 5° where lateral flow will dominate and PICP will no longer have satisfactory
performance.

e The orientation of the joints between the bricks in the surface layer does not affect the permeability or

performance of PICP.

5.2. Limitations and Assumptions

Every effort was made to complete this study in a representative and accurate manner but the time and budget
constraints of the project necessitated the use of certain assumptions. Firstly, it was assumed that all
Waterwise® and Citylock® brick units were identical to the other units of their product range in every way.
Secondly it was assumed that the ambient atmospheric conditions at the time of each test, such as temperature,
humidity, atmospheric pressure etc., had no effect on the outcome of the test. Thirdly, it was assumed that the
chosen layer works of the Full-scale Model and the variations thereof, were accurate representations of actual
PICP constructed in industry. Lastly, it was assumed that the deck had negligible effect on the hydraulic

properties of the model.

In addition, there were some limitations to the Full-scale Model. The first was that the model did not investigate
the phenomenon of clogging and its effect on the performance of PICP. Clogging is an intensely complex process
and falls beyond the reach of this study’s scope as well as its budget and time constraints. It would be better
understood through a study dedicated to it alone. The second limitation was that the Full-scale Model only
investigated the hydraulic properties of PICP subjected to sheet flow. A system that could wet the pavement
within the ITA in a way that simulated rainfall would have been invaluable to this study but unfortunately also

fell outside of the time constraints.

5.3. Way Forward

In the context of the global initiative for urban developments to be more environmentally friendly and
particularly in terms of water conservation in South Africa, PICP are extremely effective, efficient and there is
vast potential for their application and future development. While this study only provides data for these

pavements in a selection of conditions, it will certainly assist industry and design professionals. With more
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studies such as this, the hope is that enough information will be available for the creation of an internationally

accepted set of standards and for PICP design and construction.
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