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Abstract 
 

A rainfall simulator for laboratory experimentation is developed to test hydrological performances of micro-detention pond permeable 

pavement, MDPP. Rainfall characteristics consisting of rainfall intensity, spatial uniformity, raindrop size, and raindrop velocity show 

that natural rainfall is simulated with sufficient accuracy. The rainfall simulator used pressure nozzles to spray water for rainfall intensity 

from 40 to 220mm/hr. Uniformity distribution test gives coefficient of uniformity of 95% over an area of 1m2. The raindrops falling at 

velocity ranging from 0.5 to 15m/s with drop sizes diameter between 2 to 5mm. Free drainage system below the rainfall simulator is 

accompanied with outlet tanks attached with ultrasonic sensor devices to record the outflow data. During the experiments, the outflow 

received is 98% in average. Experiment results in typical runoff hydrograph and percolation rate of the MDPP system. This shows the 

ability of the rainfall simulator to obtain initial hydrology data to aid in the design of the MDPP prototype. 
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1. Introduction 

Rainfall simulator had been extensively used for study on rainfall, 

runoff, soil erosion, and infiltration for laboratory and field exper-

iments [1-3]. Rainfall simulators are devices to duplicate the phys-

ical characteristics and reproduction of natural rainfall. The ad-

vantages include the possibility to vary the system configuration 

for simulating different scenarios of rainfall field characteristics 

[4]. Other than that, the advantages encompass the fact that rain-

fall can be produced quickly on demand, wherever necessary 

without having to wait for natural rain at the intensity and duration 

required, thereby, eliminating the erratic and unpredictable varia-

bility of natural rain [5], as well as the rapid data collection under 

relatively uniform conditions [6]. 

Rainfall characteristics for rainfall simulators applied in hydrolog-

ical studies include drop size, spatial uniformity and terminal ve-

locity [7]. Other important criteria are the accurate control of rain-

fall intensity, repeatability of applying the same simulated rain-

storms, and ease of operation within the research area covered [8]. 

Rainfall intensity varies according to the study area, where most 

researchers choose to investigate in an area that is less than 5m2. 

Many rainfall simulators are designed with the nozzle at a height 

of 3 m or less to replicate the velocity and kinetic energy of natu-

ral rain [9]. There are two types of rainfall simulators; namely, 

drop former and nozzle simulators. Drop former is a drop-forming 

type, which simulates the rainfall through a drip tank with uniform 

arrays of holes. The water flow produces a distribution of drops 

with an intensity that is controlled by the diameter of the holes and 

the pressure in the tank. Its limitations are drop size distribution, 

velocity of the drops that is dependent on tank height, and imprac-

tical for large area. On the other hand, the nozzle type generates 

drops that force water into the nozzles and produce higher veloci-

ties and rainfall intensities at larger scales with uniform spatial 

distribution and reasonable drop size distribution [4]. As for spa-

tial uniformity, it is calculated based on Christiansen uniformity 

coefficient (CU) where higher than 80% is considered as uniform 

[5]. 

Rainfall simulator model parameterization was designed and fab-

ricated by designers to provide no limitation on frequency, dura-

tion and intensity for the objectives of their research [10-11]. De-

signers will make comparisons between study of rainfall simula-

tors in use; its specifications and performance characteristics, 

standard evaluation and test methodology from data collected by 

various studies [5],[12-13]. It is factual that no standard rainfall 

simulator that is applicable for all situations exists. Thus, the de-

sign of each rainfall simulator is specific for each condition and 

for the aim of the study. Investigation on urbanization and sustain-

ability awareness on green pavement leads to the usage of the 

rainfall simulator as a tool to evaluate hydrological performance 

of green pavement system [12],[14-17]. Furthermore, rainfall sim-

ulator offers the database needed for computational model simula-

tion; runoff and infiltration process for permeable pavement sur-

faces [18-19]. 

In this study, a rainfall simulator was needed for an artificial rain-

fall experiment done within a laboratory scale that is used to simu-

late infiltration processes and rainfall hydrograph of a new design 

of permeable pavement named micro-detention permeable pave-

ment (MDPP) system. The advantage of laboratory investigations 

in comparison to field measurements is the ability to control the 

determining factors and to concentrate research on specific pro-

cesses to fill the existing knowledge gaps [11]. The required prop-

erties of the simulator consist of producing: i) A wide range of 
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rainfall intensity varying from 40 to 220 mm/hr; ii) An acceptable 

reproduction of the rain on the plot area; and iii) A satisfactory 

design for the green pavement box as an important component for 

the rainfall simulator, in order to place the heavy material of 

MDPP and compacted subgrade, and transparent sheet to monitor 

the storage capacity of the MDPP. Thus, this research aimed to 

design and test a new rainfall simulator for green pavement appli-

cation and verify the chosen configuration that would satisfy the 

above properties. 

2. Materials and Methods 

Rainfall simulator is designed with consideration on appropriate 

size, pump, flowmeter, pipe network, nozzles, frame, green pave-

ment box, gutter system and outlet discharge. Ultrasonic sensor 

device is developed to ease in reading the results obtained. It is 

installed at outlet to produce results of outflow discharge. 

2.1. Design of the Rainfall Simulator 

Rainfall simulator components include: Water tank, pumping and 

piping system, flow meter, nozzles, green pavement box, ultrason-

ic sensor device and outlet tank (Fig. 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 1: Rainfall simulator and green pavement box 
 

The length and width of the frame are 3.16 m and 1.47 m, respec-

tively. For this research, height is adjustable, where the maximum 

height is 3m from the surface of green pavement box to offer a 

variety of height in the experiments. 

Rainfall dropping from the nozzles comes from the water tanks. 

The water tanks, 3 set with volume of 3 m3, are connected with 

pump and piping system to flowmeter and nozzles. The pumping 

system gives a stable pressure to avoid variations in intensity dur-

ing the simulated rainfall events. The simulator uses three nozzles 

(Full jet S. S 3/4HH-30WSQ) to cover the catchment area of 3x 

1.305 m plot. Full cone nozzles give circular spray pattern to the 

catchment area. PVC plastic cover is fitted around the apparatus to 

limit the spray and ensure that the rainfall is within the catchment 

area. Adjustable valve is attached to the flowmeter to control the 

flow at maximum reading of 35 LPM@ 10 GPM. Height of the 

nozzles from the surface of the green pavement system is set at 

1.55 m with nozzles coverage diameter of 1.8m. 

The size of the green pavement box is 3 x 1.305 and 0.5 m (H). 

Perspex sheet (of 10 mm thick and 0.45 m height is extended to 

the box for transparent view. Bottom catchment is built with a 

rigid framework of 30 nos. steel rod and beams of 50 mm Ø with 

parallel beam arrangement. It is then closed with a fine nylon 

mesh, supported on galvanized steel mesh. A brown fabric is at-

tached to the underside of the fine nylon mesh to prevent soil sed-

imentation. The box is able to sustain huge loads of the pavement 

and the subgrade soil (5 tonnes). Gutter is attached below the box 

to collect the discharge water. The gutter is built from ductile iron 

of 2 (width) x 3 m (length). It is bended in triangle shape to ensure 

that the water will be directed to the outlet tank. The rainfall simu-

lator output device, RS Output Monitoring GUI program detects 

the depth of discharge water using ultrasonic sensor. The sensor 

reads the differences of water level in every 5 s to 1 min onwards 

with a maximum of 1hr interval. The reading is then transferred to 

the micro controller. It gives the result of the outlet discharge as a 

unit of hydrograph and in an Excel file in table form that consists 

of time, depth and discharge. 

2.2. Calibration of Rainfall Simulator 

The amount of design storm is set based on Intensity-Duration-

Frequency (IDF) curve for Kota Samarahan, Sarawak, Malaysia. 

Rainfall range is from 155 to 210mm/hr for duration of 15 min to 

1 hr. Inflow and outflow capacities of rainfall simulator are tested. 

Percentage of outflow received is calculated based on water bal-

ance equation, equation 1. 

 

(1) 

where, 

d1 is the depth of storage water (m),t is time (s),I is externally 

supplied rate of precipitation (m/s), and q1is overflow (m/s). 

To check uniformity distribution of the rainfall simulator catch-

ment area, 200 cylinder cups is arranged in the green pavement 

box. Rainfall intensity of 210mm/hr, 150mm/hr and 80mm/hr is 

applied for 7 min. Equation 2 is used to calculate Christiansen’s 

coefficient of uniformity, CU is: 
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CU 1100  (2)

  

where, 

(a) 

(b) 

(c) 

(a) Water tanks as inlet (b) Flowmeter and pump 

(c) Nozzle spray and radius 

(d) 

(e) 

(e) Drainage system, gutter 

and outlet tank 

(f) Rainfall simulator recording and monitoring system including 

ultrasonic sensor device, microcontroller and recording program 

(d) Green pavement box 
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x  is the rainfall depth, n  is number of measurements and x is an 

average of all the measurements. The depth of water collected in 

cylinder cups is measured, as shown in Fig. 2. 

 

 
Figure 2: Calibration on uniformity distribution and drop sizes 

 

Table 1 simplifies the techniques and measurements method of 

manual techniques reviewed by [2]. The manual technique is 

mostly used due to its simplicity, low cost and availability of ma-

terial. In this study, drop sizes are measured using oil immersion 

technique. 

Table 1: Techniques and users on drop size distribution [2] 

Remaks Techniques Methodology 

14 drop sizes 
calibration of 

rainfall simula-

tors  from 
1892 - 2012 

Stain method: 
measurement of 

stains on 

dyed absorbent 
paper 

 

Chemically treated paper is used 
for raindrops size measurement. 

Rain drops are allowed to fall on 

a sheet of absorbent paper (e.g. 
filter paper, blotting paper, 

blueprint paper, paper toweling, 

photographic paper, and adding 
machine tape) with a water-

soluble dye. Embedded dye will 

react with rainfall and leaves 
permanent marks on paper. The 

marks is measured and counted 

for rainfall size distribution. 
From 1940s to 

2012 of 11 

reported pa-
pers calibrat-

ed using this 

technique 

Flour pellet meth-

od: measurement of 

rain drops into 
finely sieved flour 

and produce dough 
pellets 

 

The dough pellets will be oven 

dried.  

Pellets were sized with sieves 
and weighed. It is then calibrat-

ed by weighing dried pellets 
produced by drops of a known 

size. 

From 1937- 
2016 from 14 

rainfall simula-

tors; calibrated 
using oil im-

mersion tech-

niques.  

Oil immersion 
method: measure-

ment of rain drops 

in a vessel contain-
ing oil. 

 

 

Raindrops is collected in 
glass/vessel trough containing 

mixture of lightly viscose liq-

uids; Vaseline®, treatment oil 
and mineral oil. Using a camera 

and microscope low viscosity 

and hydrophobic nature of the 
oil causes rain drops to form 

discreet spherical shapes, allow-

ing drop counting and measure-
ment by microscope or via pho-

tograph 

Three basins of 60cm Ø are placed in the centre of the nozzles. Oil 

is prepared using the mixtures of 2:1, consisting of engine oil 

treatment and mineral oil. The readings are taken at rainfall inten-

sity of 210mm/hr, 150mm/hr and 80mm/hr. Water droplets are 

suspended in a spherical shape in the basin due to the viscous oil 

mixture, as in Fig 3. The diameter of the droplets is measured and 

recorded. 

3. Results and Discussion 

3.1. Performance of the Rainfall Simulator 

Table 2 shows the performance of the rainfall simulator. The rain-

fall intensity is converted to inflow and controlled by flowmeter in 

littre per minute. The outflow discharge is recorded and percent-

age of outflow received is calculated. From the experiments, the 

outflow received is almost 98%. 

Table 2: Inflow and outflow capacities of rainfall simulator 

ARI 2 5 10 20 50 100 

Rainfall intensity 

(mm/hr) 155 170 170 185 200 210 
Inflow (LPM) 10 11 11 12 13 14 

Volume (L) 150 165 165 180 195 210 

Outflow (m3) 0.140 0.159 0.165 0.181 0.196 0.210 
Outflow received 

(%) 93 96 98 98 98 98 

3.2. Comparison of Rainfall Simulators 

Figure 3 illustrates the collection of spatial uniformity in the form 

of Christiansen’s coefficient of uniformity (CU), drop size distri-

bution, types of simulator, range of rainfall intensity, and simula-

tion area covered. The two types of rainfall simulators can be 

found in literature, consisting of drip former and nozzles.  

 

 

 
Figure 3: Spatial uniformity distribution at rainfall intensity 210mm/hr, 

150mm/hr and 80mm/hr 
 

Table 2 is presented to make a comparison with the rainfall simu-

lator of this study. The nozzle-type and laboratory-scale rainfall 

simulators are presented in this study. Characteristics listed are fall 

height, rainfall intensity, medium diameter of raindrops, spatial 

uniformity of rainfall over the plot, and the plot size. Considerable 

differences are observed between the rainfall simulators. For ex-

CU for rainfall 

intensity of 
210mm/hr, 

150mm/hr and 

80mm/hr are 97%, 
95% and 93%, 

respectively. 

Drop size distribu-

tion ranging from 2 

– 5mm falls within 

velocities of 0.5 – 

15m/s. 
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ample, rainfall drop height changes from 0.4 to 6m. Rainfall inten-

sities ranging from as small as 0.5 mm/min to 360mm/hr are simu-

lated. The median diameter of raindrops changes from 0.25m to 

6.5mm. Whereby, the rainfall simulator being design resulted in 

drop size distribution ranging from 2 – 5mm falls within the ve-

locities of 0.5 – 15m/s. The size of plots is considerably different 

from a minimum of 0.05 to 12m2. All simulators produce an al-

most uniform rainfall over the plots with a CU ranging from 80 to 

97%, excluding 2 studies that started at 60% coefficient. Closer 

CU value to 100% shows a more uniform pattern of the rainfall. 

For the rainfall simulator in study, CU value for the rainfall inten-

sity of 210mm/hr, 150mm/hr and 80mm/hr are 97%, 95% and 

93%, respectively.  

When these characteristics are considered, it can be said that the 

rainfall simulator of this study is in accordance with its counter-

parts. The rainfall simulator developed in this study has a consid-

erable plot size of 4m2. One notable feature of the rainfall simula-

tor is its capability to monitor the performance of green pavement 

systems for its infiltration and permeability capacity and storage 

performance. 

Table 2: Hydrological characteristics of rainfall simulator 

Ref. 

Spatial 

Uniformity 

(CU, %) 

Drop size  

(mm) 

Type

s of 

Noz-

zles 

Rainfall 

Intensity 

(mm/hr) 

Catchment 

Dimension 

Area ( m x 

m x height) 

[1] 
 
>80% 

0.48-0.51 NZ 50 to 150 2  x 6 x 3.5 

[4] 
 

62- 76 
0.25 -3.3 DF 61.6 & 31 4 × 4 × 2 

[3] 

 

>80% 
 

0.5–2 

 

DF 

 

0.5, 0.75, 

1.0, 1.5 

and 2.0 
mm 

min−1 

1.5 x 1 x 

1.2 

[12] 

 
0.001, 

0.007, 

3.91, 
14.58, 

and 81.44 

0.69–8.97 DF 600 

2.30 × 

1.801 

× 1.60 
 

 

[5] 

from 3 

rain-

fall 

simu-

lator  

 
86, 87-

91,97 & 

95 

 

2.2, 3.0, 
2.25 & 1.6 

 

NZ 

 
47.5-52.5, 

13-178,67 

& 54 

 
2 x 3 x 3, 2-

12m2(2-

3m),0.65 x 
0.94 x 3.25 

& 0.5 x 0.8 

x 4.5 

 

[5] 

 
82 and 89 

2.2–3.1 NZ 45- 105 

 

6.5 x 1.36 x 

1.15 
Review 

on 

artifi-
cial 

rainfall 

gener-

ated by 

13 

rainfall 
simula-

tors 
based 

in 

various 
Euro-

pean 

re-
search 

institu-

tions 
from 

Ger-

many, 
the 

Nether

er-

 

61–98 
0.38–6.5 Both 37–360 

Area: 

0.05m2-1.5 
m2 

Height from 

0.4-3.43 

lands, 

Spain 

and 

Swit-

zer-

land 

[10]. 

 

[6] 

from 

1967-
2003 of 

7 rain-

fall 
simula-

tor. 

 

80-90 

 

1.2-2.25 

 

NZ 

 

10-142 

 

0.24-3.5m2 

 

Review 

of RS 

charac-
teristics 

from 

studies 

be-

tween 

1990 

and 

2010 

[13] 

are 

summa

ma-
rized 

herein.  

 
Lowest: 

58-73 of 

[20] 
 

Highest: 

95 of [21] 

 
Smallest: 

0.42mm of 

[22] by 
Nozzle 

and 1.9mm 

of [23] 
 

Largest: 

3.7mm of 
[24]  by 

Nozzle & 

6.7mm of 
[24] by 

Drop 

former 

 
NZ : 

59 

re-
searc

hers 

DF: 
17 

re-

searc
hers 

 

 
 

 
Smallest: 

2-

86mm/hr 
[25] 

Highest: 

94-
573mm/hr 

[26] 

*both 
using 

nozzles 

 
Simulation 

area: 

<1m2: 34 
researchers 

≥1m2- 4m2: 

15 re-
searchers 

>4m2: 12 

researchers 
Height: 

1.4-3.0m: 

47 re-
searchers 

3.1m-5m: 

10 re-
searchers 

≥6m: 7 

researchers 
 

4. Conclusion 

The analysis of the rainfall characteristics including rainfall inten-

sity and its spatial uniformity, raindrop size, raindrop velocity, and 

kinetic energy shows good performances and indicates that natural 

rainfall conditions are successfully simulated to test the MDPP 

system.  

The main advantages of this rainfall simulator are: 1) The compact 

structure for laboratory-scale despite that it can put huge loads on 

the green pavement system and compacted subgrade (about more 

than 5 tonnes); 2) The simple and inexpensive construction and as 

it uses local material; 3) The green pavement box with transparent 

view using Perspex sheet for easy monitoring; and, 4) That it can 

be operated by one person, where the runoff collection is moni-

tored using electronic devices.  
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