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Abstract: Permeable pavements allow rainfall and surface runoff to infiltrate through their surface,
and this reduces urban flooding by increasing water management efficiency. The design of permeable
pavements depends heavily on rainfall and soil conditions for a particular area. This study investigates the required base course thickness in different areas across Australia that can effectively reduce
flood intensities. A detailed hydraulic analysis was conducted, considering the pavement materials,
soil characteristics and rainfall intensities across Australia. The research also developed a relationship
between base course thickness, rainfall intensity and soil classification, which can facilitate reasonable
predictions of required design thickness for any location. The results showed a strong relationship
between soil characteristics and pavement thickness, with clay soils requiring increased pavement
thickness correlated with rainfall intensity. A spatial analysis was conducted, producing a tool for
initial screening on the design requirements, before proceeding with a detailed design.
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1. Introduction

Spatial Analysis of Pavement Design

Natural disasters are a major concern for Australia that cost approximately AUD
9 billion in 2015, and are anticipated to increase to AUD 33 billion by the year 2050 [1].
Flooding is a prominent disaster in Australia, costing about 29% of the total disaster costs
due to damage to the built environment and subsequent loss of lives [2]. Therefore, efforts
to reduce the flood probability through effective structural controls are important. Urban
development results in a significant increase in impermeable surfaces that hinder the
surface infiltration and increase the risk of floods [3]. Thus, innovative approaches, such as
using permeable pavement surfaces, are becoming increasingly attractive.
A typical permeable pavement consists of a permeable upper surface, with a layer of
2 to 6 mm diameter bedding gravel, under which lies a base course layer, above natural
soil (subgrade). The base course layer consists of aggregate, capable of providing both
strength and the ability to store infiltrated water [4–7] (Figure 1). As incident rainfall and
surface runoff water reach the pavement, it infiltrates through the pavers into the base
course layer and may subsequently infiltrate to the subgrade soil, allowing for groundwater
recharge [8–11]. This infiltration of stormwater reduces the volume and rate of runoff that
would otherwise go through to the stormwater collection system [12]. This reduction in the
peak volumetric flow of water is important in reducing the flooding probability in urban
areas [8].
Previous studies indicate that permeable pavements can reduce the total surface
runoff within a range of 1–40% and the peak flow by 7–43%, depending on the constructed
system [10]. The Australian standard pavement design tool (DesignPave v2.0) [13] also
supports these ranges of runoff reduction. Another study conducted in China found that
more than 50% of road surface runoff can be reduced by using permeable pavements [14].
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Other investigations have demonstrated that permeable pavements can perform well under
extreme conditions [15–20], which makes them an environmentally attractive alternative
to impermeable pavements, particularly in terms of flood control. Reducing the runoff
water can eventually reduce the extent of drainage system requirements for stormwater
collection [8,21,22] and, consequently, might reduce the carbon footprint of drainage construction. The reuse of water collected in the pavement can also reduce the energy/carbon
footprint for reduced supply requirements of that water to households [23]. The use of
permeable pavements, thus, complies with the sustainable development goals of the United
Nations by ensuring the sustainability of cities, sustainable consumption of resources, and
actions to reduce carbon footprint [24]. However, the extent of benefits/costs of using
permeable pavements is subject to detailed analysis [25–27], which is beyond the scope of
this research. This research focuses on the efficient in-situ runoff control with permeable
pavements for reducing the stormwater flow in urban areas, which is a means of increasing
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assess the pavement design requirements for reducing runoff in varying conditions.
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multaneously [21,22]. The design life of PICP is also high compared to other types of
permeable pavement and easy to operate and maintain [22], making it an effective solution
for the desired water-sensitive urban design. This research is, therefore, useful because a
spatial understanding of permeable pavement design thicknesses is important for planning
purposes, particularly in the many Australian regions currently aspiring to promote the
principles of efficient water use for a water-sensitive urban design.
2. Methods
2.1. Design Considerations
All pavements were designed for runoff control only, for a residential road design
assuming full infiltration into the subgrade material, i.e., without embedded drainage pipes
or impermeable linings. The DesignPave v2.0 modelling tool was used for all analyses.
The surface of the pavement was assumed to be covered with a standard type of 80 mm
thick pavers having openings along narrow joints (applicable for light traffic) [21], which
has a permeability of 9 × 10−5 m/s. This paver thickness allows for vehicular traffic. Only
uniform (single-sized diameter) granular material was assumed for the base course, which
is recommended for residential applications [21] and it comes with very high permeability
and water storage capacity due to its high void ratio. The permeability of subgrade soil, i.e.,
classification of subgrade soils, on the other hand, controls water infiltration, groundwater
recharge and thus water storage in the base course, i.e., overall permeability in pavement
design. Selecting other base course materials with lower void ratios would increase the
design thickness, but that parametric analysis was not intended in this research. The pavement thickness was designed to accommodate additional runoff from nearby contributing
areas. For this investigation, the design assessment was undertaken for a 100 m2 permeable
paving area with an additional 100 m2 contributing area for residential development.
Australian Rainfall Runoff (ARR) 2016 Intensity–Frequency–Duration relationships [38]
were used for the rainfall data and temporal patterns. The pavement system was designed
based on an Annual Exceedance Probability (AEP) of 5% with a storm duration of 30 min
(representing a moderate pattern of rainfall intensity). Pre-burst rainfall was not considered
in the analysis. While the runoff coefficient can be up to 0.91 for built-up city areas, the
design thickness was estimated considering an allowable runoff coefficient of 0.30, since
permeable pavements significantly reduce the runoff rate [39]. A range of California
Bearing Ratio (CBR), depending on the type of subgrade, was considered to evaluate the
influence of subgrade soil classification on design base course thickness, e.g., 3–5% for clay,
10% for poorly graded sand and sand with fines, 20% for well-graded sand and gravel with
fines, and 50% for gravel [40,41].
The subgrade hydraulic conductivity is defined as the ratio of distance travelled by
the infiltrating water over a period of time and is generally measured in m/s or cm/s
or m/day [42]. It depends on the soil classification, which generally includes clay, sand,
silt and gravel. The primary classifications were further sub-classified according to their
grading. The ranges of hydraulic conductivities for various soil classifications are provided
in Table 1. The assumed design value in Table 1 is the mean value of these ranges and
is often recommended for design when field hydraulic conductivity is unknown or not
measured [13], and complements the typical values provided by Argue [43].
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Table 1. Hydraulic conductivity of different soil types [13].

Table 1. Hydraulic conductivity of different
soil types
[13].
Hydraulic
Conductivity
Range (m/s)
Assumed Design Value (m/s)
Soil Description
Min. Conductivity Range
Max.
Hydraulic
Assumed Design

Description
Well-graded sands
Poorly graded sands and gravely sands

graded sands
Silty sands
y graded sands and gravely sands
Clayey sand
ands
y sand Well-graded gravel
Poorly graded gravels and gravel-sand mixtures
graded gravel
y graded gravels
and gravel-sand mixtures
Silty gravels
gravels Clayey gravels
y gravels Inorganic silts, very fine sands, clayey fine sands
anic silts, very fine sands, clayey fine sands
Inorganic clays, gravely clays, sandy clays
anic clays, gravely clays, sandy clays
Inorganic silts, elastic silts
anic silts, elastic silts
clays of high plasticity
anic clays Inorganic
of high plasticity

5 × 10−6

Min.
5×
10−7
−6
5 × −10
10 9
−7
5 × −10
10 −99
10
−5
10
10−9

(m/s)

5 × 10−4

Max.
5 × 10−6
5 × 10−4 −6
5 × 10
5 × 10−6 −6
10
5 × 10−6
−3

5 ×10
10−5−5

10−6 10
−3
10−3 10

8 −5
510× −10

10−3 10−4

10
10
10−8
10−9
10−9
10−−99
10
10
10−−10
10
−11
10
10−11

10 10−6
10−6 −7
10
10−7 −8
10
10−8
10−9
10−9
−9
10−9 10

−−88

−4

Value (m/s)2.5 × 10−4
3 × 10−6

2.5 × 10
3 × 10−6
2.5 × 10−6
5 × 10−7
5 × 10−4
5 × 10−4
5 × 10−5
5 × 10−7
5 × 10−8
5 × 10−9
5 × 10−10
5 × 10−10
−4

2.5 × 10−6
5 × 10−7
5 × 10−4
5 × 10−4
5 × 10−5
5 × 10−7
5 × 10−8
5 × 10−9
5 × 10−10
5 × 10−10
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The design thickness (D, mm) of the pavement base course depends on the rainfall
thickness
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pavement
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on the
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2mm)
) andofthe
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%)course
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base course
(Equation
rate,The
the design
pavement
area (A,(D,
m
2
rate,
(1)). the pavement area (A, m ) and the void ratio (VR, %) of the base course (Equation (1)).
.
PI(𝑃𝐼
− HC
T𝑇
) ××
− 𝐻𝐶)
(1)
D =𝐷(=
(1)
𝐴
A×
×𝑉𝑅
VR
The pavement area and void ratio of the material depend on the design requirements.
The pavement area and void ratio of the material depend on the design requirements.
The amount of water that needs to be stored in the base course depends on the maximum
The amount of water that needs to be stored in the base course depends on the maximum
paver inflow rate (PI, m/s) for the selected paver, the subgrade hydraulic conductivity
paver inflow rate (PI, m/s) for the selected paver, the subgrade hydraulic conductivity (HC,
(HC, m/s) for the relevant soil class, and the rainfall duration (T).
m/s) for the relevant soil class, and the rainfall duration (T).
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The amount of water that infiltrates through the surface (L/s) is either the paver
infiltration capacity irrespective of the rainfall received (PIC, L/s) or it is the rainfall rate
received on the pavement (R, L/s), whichever is lower (Equation (2)).
PI = min( PIC, R)

(2)

Therefore, the run-on or the amount of water spilled over the surface (PS, L/s)
would be the difference between the rainfall rate (R, L/s) and the paver inflow capacity (Equation (3)).
PS = ( R − PIC )
(3)
The total outflow (PO, L/s) from the pavement system would be the difference between
the rainfall rate and the combination of the subgrade infiltration (function of HC and area)
(SI, L/s) and the paver infiltration (PI, L/s) rate (Equation (4)).
PO = ( R − ( HC + PI )

(4)

If the total outflow is more than the permissible discharge (PD, L/s) (which assumes a
runoff coefficient of 0.3), the pavement design thickness is increased to increase storage of
infiltrated water in the base course (Equation (5)).
i f ( PO > PD ), D = D +, until PO ≤ PD

(5)

3. Results and Discussion
3.1. Relations: Design Thickness vs. Permeability vs. Rainfall Intensity
The permeable pavement design parameters, soil classification and rainfall intensity
for 107 towns and cities were considered for estimating the probable design thickness
across Australia. This produced a relationship between the rainfall intensity and design
thickness for different soil classifications (Figure 9). The design thickness generally needs
to be higher if the rainfall intensity is higher or soil permeability is lower. For soils with
high permeability, the effect of rainfall intensity is much less significant. Therefore, the
estimated required design thickness is the minimum accepted value of 100 mm (to ensure the
structural integrity for light-traffic load [54]) for gravel and sands with higher permeability
(well-graded sand, permeability up to 5 × 10−4 m/s). For lower subgrade permeabilities,
the design thickness follows a positive linear relationship with rainfall intensity.
The permeability of sandy soils is generally high. However, the proportion of fines,
especially clay, is often found to determine the design thickness. This can be seen through
a comparison of (non-clay) poorly graded sand and silty sand compared to clayey sand
in Figure 10a. The poorly graded sand and silty sand have relatively higher permeability
than clayey sand and, therefore, require a smaller design thickness but still follow the same
increasing linear trend with rainfall.
When clay soils are dominant, the results suggest an insignificant difference in the
design thicknesses (Figure 10b) for all sub-classes. Even the clayey sand has a similar level
of permeability (Figure 9). The subgrade infiltration rate remains very low for all soil types
(Figure 9), which results in a similar base course thickness to accommodate the surface
runoff (Figure 10b). Soil with a gravel dominance generally has a very high subgrade
infiltration rate. However, areas with clayey gravel require increased design thicknesses
(this increases exponentially with rainfall intensity) than the minimum thickness required
at well-graded gravel sites (Figure 10c).
Figure 10 indicates that up to a rainfall intensity of approximately 50 mm/h, a minimum base course thickness of 100–110 mm can serve for flood control purposes, whereas a
base course thickness of 130 mm is required for a rainfall intensity up to 60 mm/h, irrespective of the soil classification. Above 60 mm/h, the design thickness tends to increase
almost linearly. Thus, as a whole, a linear relationship is observed (Figure 10a,b) for the
change in design thickness with rainfall intensity for the majority of soil classifications
and gradations.
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Figure 9. Base course thickness for variations in soil permeability and rainfall intensity.
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3.2. Spatial Distribution of Design Thickness

(a)

Based on the developed relationships between design thickness, rainfall intensity
(c)
(b)the minimum base course design thicknesses
and soil class,
for permeable pavements
throughout Australia that enable full infiltration through the subgrade were estimated
Figure 10. Relationship of base course thickness with rainfall intensity for various soil classifications:
and the results are presented in Figure 11. The differences in hydraulic conductivity
(a) thickness for different sand classifications and clay soils; (b) estimated thickness for different
between the sand classes are the determining factors for design thicknesses. Therefore, two
classes of clay soils; (c) estimated change in thickness for categories of gravel soils.
spatial analyses were conducted, one considering all sand and gravel soils as well graded
(Figure 11a) and another considering all sand and gravel soils as poorly graded or silty
sand (Figure 11b).
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11. Estimated
Estimatedpermeable
permeable
pavement
base
course
thickness
distribution
throughout
Ausconsidering (a) well-graded sand and gravel soils, and (b) non-clay poorly graded sand and gravel
tralia considering (a) well-graded sand and gravel soils, and (b) non-clay poorly graded sand and
soils.
gravel soils.

Considering only well-graded sand throughout demonstrates a clear stratification
of base course thickness requirements (Figure 11a). The kriging interpolation analysis
considers the influence of known points to predict the spatial variability of unknown
points. Thus, the generated probabilistic spatial map showed zonations in line with the
soil classification zonations, as all the sandy soil sites required the minimum base course
design thickness. The influence of rainfall created the zonations within silty or clayey soils.
For example, although Adelaide, which is in the semi-arid southern zone of Australia, is
characterised with clayey soils (Figure 7b), the lower rainfall intensities (Figure 2b) result
in minimum base course thicknesses for this area.
When sandy soils are considered as poorly graded, the design thickness stratification
becomes further segmented, due to the hydraulic conductivity and the base course vs.
rainfall relationship generated in Figure 10a. However, in general, it is evident from
Figure 11 that the pavement design thickness is lower in the southern, western and central
parts of Australia. At least one-third of Australia requires a design thickness less than
120 mm, largely because of the common rainfall patterns. The high rainfall and clayey soils
in the north-eastern zones result in the highest design thicknesses (more than 250 mm) for
controlling surface runoff and urban flooding.
4. Conclusions
This study has presented a spatial analysis of permeable pavement designs across
the continent of Australia using the latest hydrological design procedures. It has demonstrated the strong influence of both subgrade soil type and rainfall intensity on design
characteristics. Due to the predominance of sandy soils and low rainfall intensities in much
of the west, south-west and central parts of Australia, a minimum base course design
thickness of 100 mm is often sufficient. However, Australia also has high-rainfall tropical
regions and areas with dense clay subgrades and so the spatial distributions of base course
thickness, presented here, will be useful for planning purposes, particularly for regulatory
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and consenting authorities that seek to promote the principles of water-sensitive urban
design. The spatial distribution was analysed based on some assumptions (viz., sandy
soil gradations, hydraulic conductivity of subgrade, void ratio of the materials). Still, the
parametric analysis indicated the extent of design thickness variations for the variability
of parameters.
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