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Abstract: Nowadays there is an increasing amount of everyday flood incidents around the world,
the impact of which poses a challenge on the society, economy and environment. Under the Water
Framework Directive (2000/60/EC), green infrastructure provided by sustainable drainage systems
(SuDS) is the recommended policy to manage and treat storm water. This paper presents
experimental work carried out in the laboratory on a permeable pavement rig, investigating mainly
the short-term hydrology of the pavement, and the way that runoff percolates through the
structure during simulated rainfall events. Results showed high flood mitigation capacity,
encouraging further investigation of this type of SuDS.
Keywords: urban runoff; SuDS; permeable pavements; hydrological performance; experimental
work

1. Introduction
The growing demands of the construction of impervious surfaces, in order to meet the needs of
public and personal vehicular and pedestrian transportation, result in increased surface runoff in the
urban landscape [1]. This has a direct impact on the society, economy and environment, as
impervious surfaces entail generation of greater proportions of storm water surface runoff, increase
in the peak flows and decrease of the concentration time, overall resulting in more frequent flooding
incidents all over the world. The current policy enforced to alleviate this situation is provided under
the Water Framework Directive (2000/60/EC), stating that green infrastructure provided by
sustainable drainage systems (SuDS) is the recommended policy to manage and treat storm water
[2]. SuDS mimic nature to manage and treat storm water, and incorporates the benefits of managing
quantity (flooding), quality (pollution) and biodiversity/amenity [3–5].
There are various forms of SuDS which help prevent flooding and clean up contaminants,
including constructed wetlands, pervious pavements, green roofs, and ponds. Pervious pavements
could play an important role in reducing flooding, as they constitute an everyday component of the
urban landscape; in particular, two-thirds of the total rain amount that falls on impervious surfaces
within urban catchments falls on pavements, which are liable for excessive runoff generation,
containing a variety of contaminants, and groundwater recharge obstruction [6]. Application of
pervious pavements is a popular practice the last decade both in Europe and in the USA [7–8]. In the
UK, the systematic use of grass concrete installations and small-element permeable concrete blocks
appeared in 1980′s, while it was in early 2000 that the usage of permeable block designs was
commercially established in the market [3]. On the other hand, in Australia, permeable paving systems
constitute an emerging technology, where several installations exist for more than 10 years [9].
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As permeable pavements and particularly permeable interlocking concrete blocks (PICPs)
constitute a relatively new technology applied in Europe, there is paucity of experimental data on
the hydrological response of this particular structure. To bridge this gap, this paper presents the
experimental work carried out in the laboratory on a permeable pavement rig, testing concrete
blocks (also known as interlocking concrete), overall investigating the hydrological performance of
the structure. This study focuses particularly on the short-term hydrology of the pavement, and on
the way that runoff percolates through the structure during a range of different rainfall events.
2. Materials and Methods
This section describes the materials and methods employed to achieve the tests. The overall aim
of this experiment was to collate empirical data in order to understand the hydrological performance
of the permeable pavement. It is noteworthy that evaporation from the permeable surface during the
rainfall was negligible, due to the indoors nature of this experiment. For each test, rainfall duration,
rainfall volume, and drainage volume were considered. The retention time and storage volume of
the structure were computed, by monitoring the inflow and outflow readings.
2.1. Experimental Setup-Apparatus
The entire experimental setup is illustrated in Figure 1. Water was delivered by a pump system.
A rainfall simulator, consisting of nine uniformly spaced sprayers, was set up above the pavement
surface. The applied rainfall intensities were collected by a flow meter. The water filtrating through
the pavement layers was collected in a steel reservoir at the bottom of the rig setup (see Figure 1),
where it was weighed by a scale. The reservoir capacity was 60 L. The data was measured by a
CR800 data logger (Campbell Scientific, Logan, UT, USA). The pavement was assumed to have zero
slope, and evaporation losses were assumed to be negligible, due to the indoors nature of the
experiment.
In the sub-grade layer, eight time-domain reflectometry (TDR) probes (CS650-Campbell
Scientific) were installed to measure the moisture content (MC) every 30 s, transferring the data to
the data logger. The MC probes were placed at two levels in the sub-grade, with an arrangement of
five probes located at the upper layer (i.e., at 75 mm) and three at the bottom layer (i.e., at 225 mm).
Furthermore, temperature (T) and relative humidity (RH) data of the lab environment were
collected at a rate of every 30 s.

Figure 1. The entire experimental setup.
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The rainfall simulator had a layout of 9 sprayers, arranged by 3 × 3 in space. A dense brass
mesh was placed between the sprayers and the pavement surface in order to attain the necessary
rain fall droplet intensity.
2.2. Experimental Materials
The experimental testing was carried out on a one-meter square of permeable pavement in the
hydraulics lab at Heriot-Watt University. The permeable pavement was constructed in a box made
of strong polypropylene and supported by a steel frame. The rig dimensions were 116 cm × 100 cm ×
100 cm, with one side made of Perspex to allow visibility of the thickness of materials and the layout
of the pavement structure, as shown in Figure 2. The construction complied with British Standards
[10,11] and with the standard specification used by Marshalls for their Priora Paving System.
Artificial rainfall was delivered through spray nozzles (Delavan) and measured via a CR800 data
logger (Campbell Scientific). The pavement rig was divided into four layers, as illustrated in Figure
2, comprising:
•
•
•
•
•

Impermeable rectangular concrete modules (Priora), 80 mm thickness, and 200 mm × 100 mm
dimensions
Bedding course, 50 mm thickness
Sub-base layer, 350 mm thickness
Sub-grade layer, 300 mm thickness
A Geotextile (1 mm thickness) was placed between sub-base and sub-grade to prevent from
migration of sand into course aggregate, and over the stainless steel outflow tank.

BRASS MESH

Figure 2. (Left) Schematic of the vertical cross-section of the rig pavement illustrating the total
vertical installation. Dimensions on vertical axis are in mm; (Right) Picture of cross-section of the
pavement structure.

2.3. Experimental Procedure
The experimental process involved repeatable rainfall events, and application of a fixed rainfall
intensity and duration. The rainfall simulation was repeated over four weeks, with a duration of 15
min. The simulated rainfall events were conducted over a seven-day cycle. The sequence of the
rainfall simulations was once per day between Tuesday and Friday (days 2 to 5), with zero rainfall
on days 1, 6 and 7 (namely Monday and weekend). The selected rainfall intensity was I = 25.56 L/h =
426 mL/min, which is representative for Edinburgh city, selected for the Heriot-Watt University site
from the Flood Estimation Handbook (FEH).
In order to determine the amount of moisture that each layer of the rig is able to hold,
laboratory investigation was undertaken. In particular, samples of one block, and samples of some
amount of fine aggregate, coarse aggregate and sand were collected and tested in the Geotechnical
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Laboratory at Heriot-Watt University. The materials were baked in the oven for 24 h, followed by
weighing the mass of each specimen on a scale. Subsequently, the materials were submerged in
water for 24 h, so that they become sufficiently wet. Then, the wet materials were left for half an hour
out of the water, so that the extra water was drained off, and each sample was weighed. The
difference between the wet and dry mass of each material gave the estimated moisture content
uphold of each material.
3. Results and Discussion
3.1. Initial Condition of the Sub-Grade
As described in Section 2.1, the moisture content (MC) was measured at two different levels
within the sub-grade. The MC or Volumetric Water Content (VWC) in the sub-grade layer
constitutes a representative index of the level of dryness of the materials. From the overall eight
probes installed in the sub-grade, VWC results of the top (probe 1) and bottom level (probe 8) are
presented in Figure 3. The results of the VWC (see Figure 3) show that VWC responded to a rainfall
event at the start of week 3, between 12th and 13th of July (indicated in Figure 3 by the dashed
vertical line). Until that time, VWC gradually increased during each storm event. It is inferred that
the sub-grade was quite dry during the first two weeks of rainfall simulations, as demonstrated by
the lack of discharge in the outflow until the eighth rainfall event. This is explained by the fact that
the pavement structure experienced a preceding long dry period of six months. The results of this
study indicate that rainfall response is linked to the sub-grade conditions, and support the
implementation of such structure in drier countries.
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Figure 3. Levels of VMC for weeks 1 and 2 of the experimental period.

3.2. Moisture Content Retention by the Materials of the Rig
Investigation was undertaken to identify the potential moisture uptake by the materials of the
rig before the first runoff production, as described in Section 2.3. The results obtained are listed in
Table 1, and procedure is detailed in the Appendix.
It is concluded that sand displays high MC retention capacity in comparison with the block
layer and the aggregate layer.
The rig produced no outflow during the first two weeks of experiments (i.e., total inflow till the
end of week 2 was 51.12 L). This interesting result could be considered as the first response of the
materials attributable to the prolonged dry period that the pavement structure experienced; in
particular, it could be considered as a recovery period for the MC levels, since the rig received no
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inflow for approximately six months. Consequently, the MC had dropped significantly, and thus all
the amount of water was absorbed by the dry materials until their started being saturated.
Table 1. Results of the experiment of the moisture content retention by the materials of the rig.
Material
Block
Fine aggregate
Aggregate
Sand

Dry Mass (g)
3257.5
466.0
427.4
276.3

Wet Mass (g)
3386.5
489.0
435.3
304.3

Moisture Content (g)
129
13
7.9
28

Moisture Content (%)
3.8
2.7
1.8
9.2

Overall, the total water uptake of the rig was estimated to be 60.2 L. The total water inflow until
the first outflow production was: 6.39 (L) × 8 (rainfall events) = 51.12 L, which is close to the total
water uptake estimate. The difference in the result is possibly attributed to the time required for the
saturated samples of the materials to evaporate/drain some portion of the water that has remained
on them. After their submersion into water for 24 h, the samples were let to drain off the water for
0.5 h; it is inferred that this time was not sufficient for the water to evaporate or to drain adequately
off their surface, therefore affecting the final estimate value.
3.3. Hydrological Performance
In total, sixteen storm event simulations were undertaken on the permeable pavement. The
pavement required nine rainfall events to produce the first outflow. This resulted from the
prolonged period that the pavement remained dry. During ninth event of week 3 of the experiments,
outflow commenced approximately ten minutes after the rainfall start.
3.3.1. Hydrograph
Figure 4 illustrates the lag time between the inflow and the peak of the outflow, as well as the
runoff reduction and the attenuation capacity of the permeable structure for the first outflow
produced in week 3 day 2. Furthermore, Figure 4 shows the typical hydrograph produced for the
tested rainfall intensity. The outflow lasted for approximately 7 h after the rainfall stopped, as seen
in Figure 5. This result demonstrates the high attenuation attributes of the permeable pavement
structure.
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Figure 4. Typical hydrograph for the tested rainfall intensity, also indicating the lag time between
inflow and outflow, week 3, day 2.
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Figure 5. Outflow rate (L/hr) for the first outflow event, week 3, day 2.

3.3.2. Total Volume Analysis
It was anticipated that results during the two weeks of outflow (i.e., weeks 3 and 4) would show
some difference, due to the gradual saturation of the pavement structure, which was previously
totally dry (i.e., no outflow during weeks 1 and 2). The first eight storm events produced zero
outflow, because storm water was completely absorbed by the pavement materials. Outflow volume
analysis, described in this section, indicates gradual increase of the storm attenuation capacity
between testing weeks 3 and 4.
The average outflow for the tested rainfall intensity (i.e., 25.56 L/h) was analysed, as presented
in Table 2. Note that day 1 (i.e., Monday) included no storm event; days 2–5 (i.e., Tuesday–Friday)
included storm simulations. The last column in Table 2 indicates the mean volume drained as a
percentage of the total rainfall volume (i.e., 6.39 L). Results show that the amount of water
discharged from the pavement between weeks 3 and 4 ranged from 16.52% to 77.30% of the total
rainfall volume applied. These results are in agreement with those stated by [12], who found an
average value of 67% of rainfall to be drained. Results of Table 2 demonstrate the performance of the
pavement rig to effectively abate storm water runoff resulting from rainfall events.
Table 2. Outflow characteristics, including outflow amount and duration, and start delay, associated
to the pavement conditions for the tested rainfall intensity.
Testing
Week
3
3
3
3
3
4
4
4
4
4

Pavement
Condition
Day 1
Day 2
Day 3
Day 4
Day 5
Day 1
Day 2
Day 3
Day 4
Day 5

Average
Outflow (L)
0
1.055
3.116
3.832
4.072
0
2.176
3.600
4.170
4.939

Average Outflow
Duration (h)
0
7
10
12
14
0
6
9
12
14

Average start
Delay (min)
0
10.5
7.0
6.0
6.5
0
6.0
7.0
6.5
6.0

Average Outflow %
Rainfall Volume
0.00
16.52
48.77
59.97
63.73
0.00
34.06
56.28
65.26
77.30

During week 3, the outflow displayed an increasing trend successively after each rainfall event.
The average peak outflow in week 3 was approximately 6.6 L/h with a mean duration of
approximately 11.25 h. Similarly, outflow in week 4 exhibited an increasing route, albeit smoother
compared to week 3. The average peak outflow for week 4 was estimated at 10.1 L/h. During week 4,
outflow required 6–7 min to be generated after the start of the rainfall simulation. The storm

Proceedings 2018, 2, 607

7 of 8

attenuation duration on day 2 of week 4 lasted approximately 6 h, and gradually increased to 14 h
until day 5, week 4.
The mean attenuation duration during weeks 3 and 4 was approximately 10.5 h, which
demonstrates the advantageous capability of the interlocking concrete blocks permeable pavement
to reduce the peak concentration time and to mitigate storm water runoff. The total (cumulative)
volume discharged at the end of week 3 was approximately 12 L, whilst in week 4 it was 14.9 L. The
start delay of the outflow for the least wet event (week 3, day 1) was approximately 10 min, whilst it
decreased to 6 min within the same week, when the initial pavement conditions became wetter. This
indicates the capacity of the pavement structure to perform fine in wetter conditions.
4. Conclusions
Storm water storage capacity and long attenuation period following a storm are important
parameters for SuDS design and operation. This paper presented empirical data and findings from a
permeable pavement rig collected in the laboratory. The experiments quantified and assessed the
hydrological performance of the permeable pavement rig made of interlocking concrete blocks, for a
certain rainfall intensity and duration. The conclusions drawn from this study were:
•
•
•

High storm water attenuation ability of the pavement was demonstrated by the mean outflow
duration of 10.5 h after the rainfall event.
More than 50% of the total rainfall volume, including all rainfall events tested that produced
outflow, were retained within the permeable pavement structure.
The response of the outflow varied with pavement condition. Prolonged dry periods of months
result in decreasing the moisture content of the pavement materials, producing no outflow after
several rainfall events. This finding supports permeable pavements’ application into drier
countries. Greater outflow was produced from the structure once the pavement wetness
increased.
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Appendix A
The analytical steps followed for the estimation of the water uptake by each layer of the rig is
described as follows:
•

•

•

Step 1: Estimation of the water uptake of the block layer. The experimental rig consisted of 50
blocks. According to the results of Table 1, each block can retain 129 g of water. Consequently,
the blocks’ layer can hold overall: 129 (g) × 50 = 6450 g = 6.45 kg.
Step 2: Estimation of a known volume of a container which will assist to measure the weight and
volume of the remaining layers. The volume of the container used for this purpose was: Vc = 27 ×
14 × 8 = 3,024 cm3.
Step 3: Estimation of the volume and weight of the fine aggregate layer. The volume of the fine
aggregate layer was: 5 × 100 × 100 cm3 = 50,000 cm3. The volume of the fine aggregate layer
accommodates the volume of the container 16.5 times. The weight of the container filled up
with fine aggregate was: W1 = 3.435 kg. As a result, the total weight of the fine aggregate of the
rig was: Wfine_aggr_total = 3.435 × 16.5 = 56.7 kg. According to the results of Table 1, 466 g of the dry
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fine aggregate can hold 13 g of water; consequently, the total mass of the dry aggregate in the
rig can retain 8064.6 g = 1.58 kg of water.
Step 4: Estimation of the volume and weight of the aggregate layer. The volume of the
aggregate layer was: Vaggr = 35 × 100 × 100 cm3 = 350,000 cm3. The volume of the aggregate layer
accommodates the volume of the container 115.7 times. The weight of the container filled up
with aggregate was: W2 = 3.771 kg. As a result, the total weight of the aggregate of the rig was:
Waggr_total = 3.771 × 115.7 = 436.3 kg. Based on Table 1, 427.4 g of the dry aggregate can hold 7.9 g
of water; therefore, the total mass of the dry aggregate in the rig can retain 8064.6 g = 8.07 kg of
water.
Step 5: Estimation of the volume and weight of the sand layer. The volume of the sand layer
was: Vsand = 30 × 100 × 100 cm3 = 300,000 cm3. The volume of the sand layer accommodates the
volume of the container 99.2 times. The weight of the container filled up with aggregate was: W3
= 4.387 kg. Therefore, the total weight of the aggregate of the rig was: Wsand_total = 4.387 × 99.2 =
435.19 kg. According to Table 1, 276.3 g of the dry sand can hold 28 g of water; hence, the total
mass of the dry sand in the rig can retain 44101.77 g = 44.10 kg of water.
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