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Abstract: One component of sustainable urban water management system is porous asphalt parking lot as a
medium to reduce surface runoff. Large areas of parking lots, provide ample spaces for the development of
porous parking lot system. Uniformly graded stone reservoir course acts as a structural support for the
pavement and provides temporary water storage before percolating into the existing soil. The study aims to
verify the appropriate depth of reservoir course that can temporarily provide water retention, hence preventing
the porous parking lot system from flooding or causes an overflow onto the pavement surface. Up to date, there
are no legal requirements on mitigation of rainwater into the groundwater by natural infiltration in Malaysia. A
specially fabricated water flow simulator for a laboratory scale study which allowed approximately 72 litres per
hour of pipe water to flow through 48 numbers of 0.55 mm orifice was used to simulate the porous parking lot
system. In addition, this system was designed to imitate 1.24 cm/hr to 59.89 cm/hr rainfall intensity, thus able
to simulate rain events with various intensities. It is found that a porous parking lots system with 110 cm
reservoir course was able to withstand approximately 500 cm/hr rainfall intensity.

Key words:Rainfall Intensity  Porous pavement  Porous Parking Lot  Rainfall-runoff and Water Flow
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INTRODUCTION rainfall absorbed by the system has effectively reduced

Urbanisation is defined as a dynamic process that rainfall events [4]. The brilliant idea of temporary storage
poses direct impact to environment including changes of of rain water to reduce storm water runoff can be
rainfall magnitude and frequency which lead to frequent implemented on the ground by introducing porous
occurrence of flash flood in urban area such as Kuala parking lots system.
Lumpur [1]. Porous parking lots were implemented to fill To deal with the increased runoff, engineers have
the scarcity and strengthen the sustainable development resorted to Best Management Practices (BMP). BMP are
of impervious surfaces in Malaysia especially in urban effective and practical methods to prevent the movement
area to reduce surface runoff. Utilization of impermeable of sediment and other pollutants from the soil surface to
surfaces through urban infrastructure engineering design ground or surface water. There are BMPs with infiltration
will result in a prominent environmental hindrance in our and without infiltration system. BMPs that comprise
urban surroundings [2]. Certainly, this manner of infiltration provide decreased runoff, in turn increase
development caused significant raise of impervious groundwater recharge and better water quality. The BMPs
surfaces. Impervious surfaces, such as roof tops, without infiltration (wet and dry detention basin)
roadways and impermeable parking lot surfaces, results in decreased the peak flow but do not increase infiltration,
storm water runoff which in turn transmit dirt and debris resulting in low water quality [5]
directly to the stream as compared to other types of land A porous pavement is a construction venture that
use [3]. Previous study by Shaharuddin et al. has allows water to drain all the way through the pavement
analysed green roof or vegetated roofs as an on-site structure [6]. Basically, porous pavements are
detention storage to improve water quality and reduce increasingly  in  demand  as  they  enable  site  planners
stormwater flow. The finding shows that large amount of and  public work  officials  to  manage  storm  water  in  an

stormwater runoff as well as peak flow during heavy
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Fig. 1: Typical Porous Pavement Cross Section [9]

environmentally friendly manner. Porous asphalt is able to This study proposes a laboratory model which
capture the “first flush” of runoff from the surface so that simulates real porous parking lot system. The study aims
the pollutant load including trash, dirt and debris are hold at verifying the appropriate height of recharge bed depth
from being washed into streams and rivers. The that can temporarily store water and prevent the porous
terminology “first flush” refers to initial storm water runoff parking lot system from flooding or causes an overflow
which carries higher concentration of pollutants in runoff onto the pavement course. The model will illustrate
that occurs afterwards once the surface  has  been reservoir course depths responding to a variety of rainfall
washed off by rain [7]. intensities and hence provides a guide to engineers

Porous parking lot system consists of a porous involved in the construction of porous parking lots with
surface, normally porous asphalt, overlying a reservoir adequate reservoir course thickness in the Malaysian
structure for temporary storm-water retention. The context.  A  locally  made  water  flow  simulator  (WFS)
reservoir  courses  are  filled with washed, uniformly was fabricated for laboratory simulation of the porous
graded stone that allows infiltration and provides parking lot system. This paper describes the installation
structural support for the pavement [8]. The pavement of the apparatus while at the same time highlights the
themselves  are  permeable  and  the  spaces  in  between calibration and laboratory assessment of WFS. The aim of
the  compacted  aggregates   allow   water   to  infiltrate. this study involved determination of the height of water
An  appropriate  design  of  the  porous  parking  lot stored in reservoir course responds to various rainfall
system will contribute to the effective solution for intensities.
mitigating  contamination  of  surface  water  and  flash
flood in a heavily urbanized area. Short term storage MATERIALS AND METHODS
detention of rainfall provides additional infiltration,
thereby    recharging    groundwater   and   enhancing Laboratory Set-up for Water Flow Simulator: A picture
base flow. In addition, the velocity of water in both of WFS is shown in Figure 2. It consists of the following
natural and constructed drainage channels will decrease, main  components:  a PVC  water  storage  tank,  simulator
thus reduce the sediment load (erosion of channels)
carried into receiving water [7]. Figure 1 shows a
schematic sketch of a typical porous pavement cross
section for parking lot.

In high population density areas, only limited
permeable surface is available which results in increasing
surface runoff after a major rainfall event. The magnitude
of the runoff and available space constrains limits
provision of proper infiltration basins and swales.
Contamination of surface water and flash flood due to
urban storm-water runoff have been identified as one of
the vital issues requiring immediate attention in heavily
urbanized area. In addition, when infiltration beds are
located beneath a parking lot, less land needs to be
dedicated for storm water control and the saved space can
translate into monetary savings. Fig. 2: Water Flow Simulator
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Fig. 3: Installation of Water Flow Simulator

tank, replaceable filter plate with rubber gasket, tray, tank out, so that the water showers the porous asphalt parking
support frame, body, acrylic front cover with rubber lot system. The tested media was put in the stainless steel
gasket, discharge chute with screen filter and stainless body. The 40 x 30 x 200 cm (Length x Width x Height)
steel table. To simulate rainy conditions, the water stored stainless steel body was reinforced with solid steel
in the simulator tank should continuously flow through girders.
perforated acrylic plate under the simulator tank. A 38.5 x Inside  the  steel  body,  the  tested  soil  was
48 x 49 cm (Length x Width x Height) simulator tank was compacted to obtain the required porosity. Then,
built from hard and transparent perspex which functioned reservoir course and choker course materials were placed
to temporarily store water pumped using a high durability into the rectangular structure. Finally, the porous
pump from a polyvinyl chloride (PVC) tank. The simulator pavement slab was placed on top of the media and ready
tank was attached with a hose to supply water from PVC for testing. Only the front side of the rectangular body
water storage tank, outflow for discharge measuring 2.5 x has acrylic cover lined with rubber gasket which was
14 cm and build-in with a rectangular opening, 5 cm from bolted to the stainless steel body. The media can be seen
top of the tank. The opening itself allowed the water flow through an acrylic front cover for observation. After
once  the required level in the simulation tank is reached. passing through the medium tested, the water finally
The same water level in simulator tank ensured that the reached the discharge chute. The discharge chute was
water fall through each orifice by gravitational force at attached with a reinforced 40 x 30 cm base to support the
constant pressure. The WFS required continuous flow of whole weight of the media. Stainless steel filter screen
pipe water. Perforated acrylic plate attached allowed rain- lined on top of reinforce base prevented the small
like flow to simulate rainfall. The perforated acrylic plate diameter grains from entering the discharge chute. Finally,
at the bottom of simulator tank was bolted together with the rectangular structure body and the discharge chute
rubber gasket to prevent leakage. Removable perforated were bolted to the table-like holder to stabilize the WFS.
acrylic plate comprised of 48 small orifices, each Figure 3 shows the installation of the WFS, meanwhile the
measuring 0.55 mm in diameter permitting water to flow description for WFS’s compartments were tabulated in
through. Clogging of the tiny orifices was avoided by Table 1.
using clean pipe water. Stainless steel tray under the
simulator tank restored the water overflow from the Calibration of Water Flow Simulator: The calibration of
rectangular opening and the water flow through WFS was carried out by determining the relationship
perforated acrylic plate into the storage tank. To start between number of openings and volume of water
simulating the realistic rain event through the media, the discharge through the perforated acrylic plate over a 60
tray that attached to the tank support frame was pulled minutes  duration  beyond  the  results shown in Figure 4.
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Table 1: Description of Water Flow Simulator’s Compartments 

Water Flow Simulator

No Description Quantity No Description Quantity

1 Body 1 7 Tray 1
2 Acrylic Front Cover 1 8 Removable Acrylic Plate 1
3 Rubber Gasket 2 9 Rubber Gasket 1
4 Discharge Chute with Screen Filter 1 Set 10 Simulator Tank 1
5 Table 1 11 PVC Water Storage Tank 1
6 Tank Support Frame 1

Fig. 4: Flow  Rate  (L/hr)  versus  Number  of  Opening  for Water Flow Simulator Calibration. R  Value for The2

Regression is Shown. 

Fig. 5: The Water Passing the Transparent Simulator through the tiny holes to simulate rain events. A known
Tank through 0.55 mm Diameter Holes. 40 x 30 cm stainless steel body dimension allowed

The calibration has been replicated three times for each calibration of WFS to rainfall intensity unit (cm/hr). The
number of openings. It is discovered that the volume of volume of water recorded was divided by the area of the
water collected was linearly correlated with the numbers body to obtain rainfall depth in cm. The rainfall intensity
of opening. The relationship proved that, the volume of is shown in Table 2. The WFS also functioned as rain
water constantly increased with increment of each four intensity simulator. Calibration results reveal that a
holes increment. The sprinkler system for this equipment minimum 1458 ml discharge of water passing through a
consisted of a closed transparent tank with 48 small single hole meanwhile at maximum 48 holes, the discharge
orifices on the floor panel to simulate realistic rain event. is 71867ml. Table 3 indicates that rainfall intensity (mm/hr)
Usually, the rainfall intensity was measured by an increased with the increment o the average flow rate
inductive flow meter connected to the supply hose. (ml/hr).

However, the rainfall intensity of this equipment was
adjusted by controlling the number of openings at the
bottom of the simulator tank using cellophane tapes or
other suitable media. The calibration was continued with
4 holes increments, starting from 2, 4 up to 48 holes. The
calibration adopted 3 data sets and tested using the same
source of pipe water. Clogging of holes during calibration
process must be avoided for accurate results. In this
study, compressed air is released through the blocked
holes to unclog the system during the calibration and
testing process. Figure 5 depicts the flow of the water

conversion of average flow rate (ml/hr) obtained from
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Table 2: Conversion to Rainfall Intensity Unit (cm/hr)

Opening 1 2 4 8 12 16 20 24 28 32 36 40 44 48

Average flowrate (ml/hr) 1485 2922 5807 11827 17663 23627 29140 34683 41350 47130 53630 59813 64380 71867

Rainfall intensity (cm/hr) 1.24 2.43 4.84 9.86 14.72 19.69 24.28 28.90 34.46 39.28 44.69 49.84 53.65 59.89

Table 3: Relationship between Water Level and Volume According to 

Different Rainfall Intensities.

Rainfall Intensity (cm/hr) 49.84 44.69 39.28 34.46 28.9 24.28 19.69 14.72 9.86 4.84 2.43 1.24

Water Level (cm) 109.9 102.3 87.8 74.4 64.1 57.0 43.5 31.5 20.7 10.7 4.6 2.2

Volume (ml) 1086.7 966 731.3 535.7 453.3 409.3 325.7 291.3 264.7 170 77.3 36.3

Fig. 6: Assembly of Porous Asphalt Parking Lot System course. The proposed depth was 110 cm, about 20.4

Test Material: Porous parking lot system comprises of In tropical region like Malaysia, the air is wet and humid,
porous asphalt surface with good infiltration rate. The also subjected to high rainfall intensity with highest
built-in networks of interconnected air voids that exist rainfall intensity of 432.4 mm/hr at 100 years ARI [10]. 
inside the pavement allow the rainfall landing on porous
surfaces to drain directly into the underlying stone RESULTS AND DISCUSSIONS
recharge bed with nearly no loss before being absorbed
by the existing soils. The stone recharge bed with For porous asphalt slab, the permeability test using
approximately 40% air voids with the depth between 30.5 a field permeameter fabricated in highway engineering
to 91.4 cm [9] provides temporary storage. The laboratory School of Civil Engineering revealed that the
configuration of the porous parking lot system developed porous asphalt slab (7.5 x 40 x 30 cm) prepared with 4.65%
in this study is shown in Figure 6. binder content has coefficient of permeability, k equals to

The pavement layer was simulated by introducing a 2.633 cm/s and 20.6% air voids, which exceeds the
porous asphalt slab. A total mass of 16.4 kg of aggregates minimum 16% air void contents specified [9]. The
and filler were required to prepare the slab. At the mean of Marshall stability and flow of cylindrical sample at mean
4.65 % binder content, the porous asphalt slab measured binder content were 5810 kN (conditioned at 60°C) and
7.5 cm in height and weighted approximately 17.4 kg. The 3.55 mm respectively. The stability value recorded
thickness of the slab follows the minimum compacted exceeding the minimum stability of 5340 N, meanwhile the
porous   asphalt   thickness   provided   (6.35   cm)  [9]. flow obtained fall within 2.0 mm to 4.0 mm range [11]. 

The length and width (29.5 x 39.5 cm) of the slab were
slightly smaller than the WFS’s body inner dimensions to
facilitate proper placing of slab. 

This study proposes a 2.54 cm thick choker course
that fully comprises of intermediate-size aggregates,
passing 14 mm and retained 10 mm sieve size. The choker
course was installed evenly to provide smooth and stable
surface for overlying even porous asphalt pavement
despite filling the air voids of the underlying recharge bed
stone. In addition, the choker course prevent porous
pavement particles from migrating into the void space of
reservoir course. Researcher has suggested placement of
not more than 2.54 cm thick choker course [9].

The reservoir course contained aggregates that must
be very clean and uniformly graded, which functions to
provide temporary stormwater storage and contribute to
pavement structural capacity. The depth was typically
between 30.5 and 91.4 cm with approximately 40% air
voids. However, this study recommends thicker reservoir

percent higher than the depth proposed by guideline [9].



World Appl. Sci. J., 16 (5): 748-758, 2012

753

Fig. 7: Time Taken to Reach Appointed Level for Rainfall Intensity of 59.89 to 39.28 cm/hr.

Fig. 8: Time Taken to Reach Appointed Level for Rainfall Intensity of 34.46 to 9.86 cm/hr.

Theoretically, higher rainfall intensity causes rapid rainfall events, this study compares several rainfalls
water level rises over an impervious area within a short measured over one hour.
duration. Subsequently, flash floods taken place and The graphs reveal that the time recorded is inversely
results in severe infrastructure damages in certain proportional to the rainfall intensity. As the rainfall
country. Implementation of porous parking lots system intensity increases, the time taken to reach porous asphalt
will provide additional path for water to be temporarily surface is shorter. At lower rainfall intensity, longer times
stored and permeated into the existing soil, hence required to reach 10 cm height from the datum. Similarly,
avoiding rapid rises of water level from the ground. In this higher water level with 10 cm increment of the height up
study, the time required to reach appointed level inside to 110 cm requires longer duration to reach appointed
the WFS’s body was observed. The graphs illustrated in level as the rainfall intensities decreased. At the highest
Figure 7 through Figure 9 represent the relationship rainfall intensity of 59.89 cm/hr, the time recorded to reach
between the duration recorded to reach appointed level porous pavement surface is approximately 51 minutes,
according to various rainfall intensities. It is known that with an average of 4.2 minutes per 10 cm depth. On the
rain is well described in terms of a depth of rainfall over a contrary,  at  the  lowest  simulated  rainfall  intensity  of
certain duration. To compare the severity of different 1.24  cm/hr,  the  water  has  covered  the  porous  asphalt
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Fig. 9: Time Taken to Reach Appointed Level for Rainfall Intensity of 4.84 to 1.24 cm/hr.

Table 4: Recommended Base Depth for Zero Discharge, Given Infiltration         (Assuming 40% porosity in Base Layer) [12].
Sand, Sandy Silty Clay Sandy Silty

Rainfall Soil Type Silts & Loams Clay Loam Clay Loam Loam Clay Clay Clay
Infiltration Rate (cm/hr) 0.69 0.43 0.23 0.15 0.13 0.1 0.05
Hydrologic Soil group C C D D D D D

Depth (cm) Base Depth (cm) for Zero Discharge
Up to 7.62 Average 1-year storm 25.40 25.40 25.40 25.40 25.40 25.40 25.40
8.89 Average 2-year storm 25.40 25.40 25.40 25.40 25.40 25.40 25.40
10.16 Average 5-year storm 25.40 25.40 25.40 25.40 25.40 25.40 25.40
11.43 Average 10-year storm 25.40 25.40 25.40 25.40 25.40 25.40 30.48
12.7 25.40 25.40 25.40 25.40 25.40 30.48 30.48
13.97 Average 25-year storm 25.40 25.40 25.40 30.48 30.48 30.48 35.56
15.24 Average 50-year storm 25.40 25.40 25.40 30.48 30.48 35.56 35.56
16.51 Average 100-year storm 25.40 25.40 30.48 35.56 35.56 35.56 40.64
17.78 25.40 25.40 35.56 35.56 40.64 40.64 45.72

pavement surface after 57.7 hours. At 1.24 cm/hr, the to rise up to 126.9 and 122.5 cm, respectively. The porous
water increases with an average of 4.3 hours per 10 cm asphalt surface is levelled at 120 cm from the datum. After
depth. However, the time taken to reach porous asphalt 60 minutes rainfall duration, both rainfall intensities tested
surface may differ slightly depending on the pavement had caused the water to go beyond the proposed porous
thickness. asphalt surface level, which eventually causes widespread

In this study, the time recorded to reach an appointed flooding. According to Table 3, at 49.84 cm/hr rainfall
level is determined corresponding to soil layer which was intensity the water level recorded approaching the
compacted to simulate a layer with coefficient of maximum depth of the reservoir course. The water level as
permeability equals to 0.254 cm/hr, using laterite soil. The low as 2.2 cm is recorded corresponding to 1.24 cm/hr
guidelines suggested infiltration rates of 0.254 to 25.4 rainfall intensity. The volume of water passing the bottom
cm/hr work best for porous parking lot system [9]. layer is increased as the water level is raised. This is due
Throughout the tests, the soil was assumed to be to the effect of hydraulic head, the measurement of water
saturated with a very low volume of water passing the pressure above a defined datum. The volume of water
system. The volume of water passing the bottom layer collected may increase if the bottom layer utilises a higher
was collected using a discharge chute attach to the WFS porosity media. Another important design criteria for
stainless steel structure. After a 60 minutes rainfall porous asphalt parking lots is the discharge time, usually
durations, the volume obtained increased as higher noted in hours. The reservoir course should be able to
rainfall intensities were simulated. drain within 12 and 72 hours [9]. However, the discharge

At rainfall intensities equal to 59.89 and 53.65 cm/hr, time greatly depends on the soils infiltration rate. The
the water level has exceeded the proposed reservoir claim is proven by comparing Hydrologic Soil Group C
course depth. These rainfall intensities caused water level and D as shown in Table 4. 
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Fig. 10: Time Required to Fully Discharge According to Various Rainfall Intensities.

Fig. 11: Water Level Recorded Against Discharge Time

The soil with higher infiltration rate allows water to However, the soil with higher infiltration rate will ensure
infiltrate into the existing soil at a faster rate. In Table 4, faster discharge rate. Other relationship that has been
the cells highlighted will not drain in recommended 72 established in this study is the relation between the water
hours and require additional piping due to a very low soil level and discharge time. The water level reduction
permeability and higher rainfall intensity. In this study, follows a quadratic trend as a function of discharge time,
the discharge time recorded also exceeded the maximum 72 as indicated in Figure 11. The observe results show that
hours required by researcher [9] for rainfall intensity of longer discharge time is required as the water level getting
14.72 cm/hr and above. This is due to a very low soil higher. The water level here is defined as the maximum
infiltration rate that initially has been compacted at 0.254 depth of simulated rainfall over a one hour period
cm/hr. After 60 minutes test durations, the time required according to various rainfall intensities. Another
for various rainfall intensities to fully discharge is observation was carried out in this study to establish a
determined. The discharge in WFS is assumed to be relationship between required bed depth for zero
vertical unidirectional flow. However, at site the discharge discharge within 12 to 72 hours. The relationship
experience vertical and horizontal bi-directional flow, in established enable prediction of the appropriate reservoir
turn speed up the drying process. Figure 10 shows the course depth for construction of porous parking lots in
time required for various rainfall events after 60 minutes Malaysia. Figure 12 indicates required bed depth for zero
durations to fully discharge. discharge within 12 to 72 hours [9]. 

For an hour rainfall event, the discharge time required In  order to  establish  the  proposed  relationship,
gradually increased with the increment of simulated the  water  level  at  discharge  time  corresponding  to 6,
rainfall intensity. At 59.89 cm/hr intensity, the depth of 12,  24,  36,  48, 60  and  72  hours  must  be  determined.
water recorded is 126.9 cm and needs 155.7 hours to fully The  values  are  obtained  from  the  data  used to
discharge. A rainfall intensity of 9.86 cm/hr requires 57.3 establish the relationship in Figure 11. Prior to the
hours discharge time. The lowest intensity tested able to process, the best fit model of water level was established
fully drain within 12.2 hours with 2.2 cm rainfall depth. using  the   SPSS  Curve  Estimation  Regression  method.
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Fig. 12: Bed Depth for Zero Discharge within 12 and 72 Hours [9]

Fig. 13: Determination of Bed Depth for Zero Discharge

Table 5: Curve Estimation of Water Level (cm) Obtained from Laboratory Tests.

Discharge Time

Independent: ----------------------------------------------------------------------------------------------------------------------------------------------------------------

Dependent Mth Rsq d.f F Sigf b0 b1 b2

Water Level (cm) LIN .937 12 179.93 .000 -23.612 .8795

Water Level (cm) LOG .739 12 34.02 .000 -147.34 47.8341

Water Level (cm) QUA .997 11 1958.00 .000 3.9518 -.0826 0.0057

Water Level (cm) POWER .992 12 1444.14 .000 .0343 1.6070

Water Level (cm) EXP .947 12 216.34 .000 3.1909 .0256

Table 6: Initial Water Level According to Various Rainfall Intensities after a 60 Minutes Duration.

Rainfall Intensity (cm/hr) 59.9 53.95 49.84 44.69 39.28 34.46 28.90 24.28 19.69 14.72 9.86 4.92 2.44 1.24

Initial Water Level (cm) 126.9 122.5 109.9 102.3 87.8 74.4 64.10 57.0 43.5 31.5 20.7 10.7 4.6 2.2
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Five basic models have been chosen for comparison, 71867 ml/hr of pipe water, passing through 0.55mm
namely linear, logarithmic, quadratic, power and diameter orifices. In addition, 110 cm reservoir course
exponential. Table 5 indicates the result of Curve depth proved to sustain approximately 500 cm/hr rainfall
Estimation Regression on proposed model. From the intensity.
graphs plotted, the quadratic model gives the highest R Accumulation of water inside WFS due to almost
squared value with an accuracy of 0.997. Thus, it was impermeable soil layer shows how heavy rainfall can turn
selected as the best curve to model water level at a large impervious area into flash floods in a very short
discharge time corresponding to 6, 12, 24, 36, 48, 60 and 72 duration. Thus, it is important to implement porous
hours. The values are estimated using the equation parking lots systems as a green solution to sudden
established from the regression analysis as illustrated in increases of water level due to heavy rainfall especially in
Table 6. The water level estimates are 3.66 (6 hours), 3.78 Malaysia, a country in the tropics subjected to intense
(12 hours), 5.25 (24 hours), 8.37 (36 hours), 13.12 (48 rainfall. In future, the WFS can be used to evaluate water
hours), 19.52 (60 hours) and 27.55 cm (72 hours) quality that permeates through the porous parking lot
respectively. By subtracting the estimated water level system. In addition, the WFS can be utilized to estimate
from the initial water level recorded (refer Table 6), the water level inside the reservoir course if the porous
required bed depth for zero discharge within 12 to 72 parking system rests on different soil types. Currently,
hours for porous asphalt parking lots system can be there appear to be no legal requirements in Malaysia on
determined. It is assumed that after 12 to 72 hours of mitigation of rainwater into the groundwater by natural
discharge period, the water level will reduce as much as infiltration. The data obtained will enable precise
the depth estimated previously. Thus, the subtracted estimation of the required reservoir course thickness for
values give us minimum bed depth required at certain a given air voids.
rainfall intensity. The relationship proposed is illustrated
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