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Abstract - Rainfall simulators have been used for erosion 
research for more than 50 years now. These are widely used in 
agricultural soils to assess the infiltration capacity and porosity 
of soils, and hence learn lessons on the potential of plant roots to 
penetrate those soils. Recently, rainfall simulators have been 
very useful to investigate soils detachment by both the raindrops 
kinetic energy and the subsequent flow shear stress. This has led 
to notable advances in the understanding of the failure of 
infrastructures such as unpaved roads due to surface soil loss 
and formation of erosion features, buried pipes and facilities due 
to removal of fill materials, as well as bridge scour and 
embankments failures to mention a few. To help conduct a 
thorough and rigorous research, rainfall simulators must 
produce raindrops of the same size as those produced by the 
natural rainfall. Calibrating rainfall simulators satisfying this 
key demand of raindrops sizes in the range of 1 mm to 6 mm 
posed challenges for years, and therefore led to inconsistencies 
in results from different studies. In this paper, an economical 
rainfall simulator which can be used for assessing erodibility of 
soils in unpaved roads was developed. The flour method 
technique was used to determine the sizes of the raindrops. The 
mean raindrops sizes were found to be 3.0 mm, 3.2 mm, and 3.5 
mm, respectively for the rainfall intensities of 30 mm/hr, 51 
mm/hr and 68 mm/hr falling through 2.0 m. In the same order 
of rainfall intensities, raindrops hit the surface of the tested 
surfaces by 193.5 µJ, 244 µJ and 301 µJ kinetic energies, which 
were sufficient to initiate detachment in soils of D50 ranging 
from about 0.4 mm to 1.5 mm compacted to maximum dry 
density.  
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1. Introduction 
Rainfall erosion is certainly the most deteriorating 

agent of unpaved roads. The starting point of the rainfall 
erosion is no other than the surface soil particles 
detachment by the raindrops’ kinetic energy and 
probably by subsequent flow shear stresses. After 
detachment, rainfall erosion is completed by transport 
and deposition of detached particles by both splash and 
flow velocity. Soils exert different potentials to resist 
detachment. This intrinsic resistance of the soils to both 
the raindrops kinetic energy and the shear stresses is 
called the soil erodibility, which defines the rate of 
erosion for a given soil. The simulated rainfall has been 
used widely to investigate the susceptibility of soils to 
erosion, mainly for agricultural soils [1-3]. Two types of 
rainfall simulators exist based on the way raindrops are 
generated. These are the drop-forming simulators and 
the pressurized simulators. A comparison between the 
two is shown in Table 1. Each of these has its merits and 
demerits but have both been used successfully used for 
erosion studies. To develop good understanding on the 
erodibility of soils in unpaved roads, it is an imperative 
necessity to use a rainmaker device that can mimic sizes 
of the natural raindrops, and thus the effect of the natural 
rainfall on the detachment of soil particles at the surface 
of unpaved roads. The severity of erosion roads depends 
on how much soil detachment is caused by both 
raindrops’ kinetic energy and the shear stress from the 
subsequent flow. The design and calibration of an 
adjustable rainfall simulator that can be adjusted to 
simulate raindrops for a climates and regions to be 
studied. The use of rainfall Intensity – Duration – 
Frequency (IDF) curves for different regions can help to 
check the accuracy of a rainfall simulator. Deliberately, 
the example IDF curves from the Central and Eastern 
Africa region (Democratic Republic of Congo and 
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Rwanda) [4-6] which could represent the natural rainfall 
intensities and drop sizes in Sub-Saharan Africa, and 

probably in most of the tropical region where unpaved 
roads are predominant were used [7]. 

 
Table 1. Comparison between drop-forming and pressurised simulators. 

 Drop-forming simulators Pressurised simulators 

Merits Suitable for small plots (< 10 m2) 
and hence suitable for laboratory 
works due to limited spaces [8]. 

High spatial uniformity of 
raindrops (> 90%) and easy 

control on drop size are attainable 
[2-3]. The raindrops of natural 

rains are reproducible (1 mm - 6 
mm) [1], [9]. The raindrops fall by 

gravity force [1]. 

Suitable for laboratory and field tests, 
and performance for wider plots (10 – 
500 m2) [8], [10]. Variable rainfall and 

random raindrop sizes, with spatial 
uniformity of raindrops greater than 80% 

[3]. Can reproduce natural raindrops 
sizes. Maximum drop size and kinetic 
energy achievable for the heights less 

than 4 m [2], [8]. Portable and high 
resistance to wind effect [10]. 

Demerits Low rainfall intensities while 
drops form at lower heights [11]. 

Difficulty to achieve terminal 
velocities and kinetic energy of 

raindrops [1]. About 9 m needed 
to achieve maximum drop sizes 

and kinetic energy [2], [8]. 

Higher rainfall intensities (> 200 mm/hr) 
than naturally occurring rainfall can be 

achieved [3]. Drop velocities can be 
exaggerated due to water pressure [11]. 

Challenging control of drop sizes if 
greater water pressures are required 

[10]. 
Limits in 
operation 

Mostly stationary, perform poorly 
in windy areas leading to 
difficulty for field use [3]. 

May need to be powered by pumps and 
generators to help raindrops fall at 

desired velocities [3]. 

2. Methods and Materials  
Three rainfall intensities of 30 mm/hr, 51 mm/hr 

and 68 mm/hr were used in this research. These were 
chosen deliberately based on IDF curves from countries 
of the Central and Eastern Africa, a region in the Sub-
Saharan Africa where about 80% of the road networks 
are unpaved [9], [12-14] and thus in much need to 
control erosion in these roads. Using the flour method to 
determine the size of the raindrops [3], [7], [15-17], the 
drop sizes of 3 mm, 3.2 mm, and 3.5 mm were found, 
leading to the kinetic energy from the raindrops of 193.5 
µJ, 244 µJ and 301.1 µJ, respectively for 30 mm/hr, 51 
mm/hr and 68 mm/hr rainfall intensities. The sizes of 
the raindrops were satisfactory to initiate erosion of 
soils of 0.4 mm < D50 < 1.5 mm [18], which were found 
appropriate at the surface of unpaved roads [9]. 
Importantly, the obtained raindrop sizes satisfied the 
range of the natural rainfall drops sizes (1.0 mm to 6.0 
mm), as reported in previous studies [15] [19-27]. In this 
study, a pressurized type of rainfall simulator is designed 
and calibrated for effectively conducting laboratory 
erosion tests. According to Horne [3], the calibration 
process consists of the design and assembly of the 

device, design of the rainfall intensity, determination of 
the raindrops’ sizes using the flour method, 
determination of the raindrops’ kinetic energy and 
performance evaluation for the rainfall simulator.  

 
2.1. Design and assembly of the rainfall simulator  

The first step towards proper design of the rainfall 
simulator was the selection of the rainfall nozzles and the 
pipes that would continuously feed water to the nozzles. 
The rainfall simulator was made of pipes horizontally 
laid over the width of the tested soil. The pipes were 
perforated to make 6 mm diameter holes and downward 
nozzles were inserted into the pipe holes to help drops 
formation. The nozzles were carefully and manually 
inserted into the holes. Since the nozzles weight would 
increase once filled with water, smaller nozzles were 
preferred to avoid the likelihood of them coming off due 
to increased weight. Thus, 250 ml nozzles and 15 mm x 
1.5 mm BARRIER PE-X pipes [28] were chosen for the 
construction of the rainfall simulator. The use of small 
pipes and small nozzles also minimized the amount of 
water converted into rainfall, leading to an economical 
system. The study was conducted into the Civil 
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Engineering laboratory, University of Birmingham, and 
water to be converted into rainfall was supplied from the 
water tap to the rainfall simulator. However, the bottoms 
of nozzles were not in a shape that would allow to insert 
them into the pipe holes securely. Thus, the original 
bottoms were cut off and the rest of the nozzles were 
inserted into the new bottoms made from a nylon 6 x 4 
pipe, as shown in Figure 1. To maximize the number of 
raindrops falling on the tested surface, the spacing 
between nozzles on the same pipe was made 2.3 cm 
centre to centre, while the spacing between any two 

successive pipes was made 5 cm. Also, the T-joints 
between horizontal pipes allowed 10 cm spacing, which 
was double of the designed spacing between horizontal 
pipes. Thus, it was necessary to superimpose two layers 
of pipes and connect these using a crossing hose pipe at 
one end to ensure an even supply of water in both layers. 
Details of the steps discussed above are shown in Figure 
2. Finally, throughfall height of the raindrops of 2 m 
above the soil samples was deemed enough to help 
produce sufficient drop sizes and kinetic energy [2], [29].  

 

 
Figure 1. Supplied nozzle (A) with a bottom to be cut off (B) and replaced by nylon pipe (C). 

 
Figure 2. A top view of the overturned rainfall simulator (left) and an illustration of the raindrops falling on the tested soil 

surface during an erosion test (right). 

 
 

A 

B 

C 
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2.2. Design of the simulated rainfall intensity 
The rainfall simulator designed in this study is 

primarily to help study erodibility of soils at the surface 
of unpaved roads. For this reason, rainfall intensities 
more representative of the regions with high 
percentages of those roads are reasonably used for 
calibration and testing purposes. Ultimately, rainfall 
intensities from Rwanda and Democratic Republic of 

Congo in the Sub-Saharan Africa were preferred. These 
could also be applicable in most of tropical countries. 
According to [4-6], the rainfall intensities of 30 mm/hr, 
51 mm/hr and 68 mm/hr can occur for about 60 min, 35 
min and 21 min respectively every 2 years in the selected 
region. This could also be read on the IDF curves from 
KARAMA hydrological station in Rwanda, as shown in 
Figure 3.  

 
 

Figure 3. IDF curves from KARAMA, Rwanda ([5]). 

 
However, since the water tap was the only possible 

source of water to feed the rainfall simulator, ways of 
increasing the flow rate that reached the rainfall 
simulator and converted into the raindrops were 
necessary. As shown on Figure 4, a flow control zone was 
designed by provision of two flowmeters which are the 
GARDENA® flowmeter (1) to indicate the flowrate 
directly from the water tap and the COLE-PALMER® 
flowmeter (4) with its valve (5). The open-close 
movements of the valve could help to introduce air into 
the flow and therefore to increase flowrates that 
satisfied the size of the rain simulator for all the target 
rainfall intensities. As it was expected, the introduction 
of air caused lots of oscillations of the flow meter’s bob 
to the point that it was a bit difficult to record precise 
reading of the flow rate for a given rainfall intensity. For 

this reason, a pressure gauge (3) was added between the 
two flow meters and rainfall intensities were accurately 
calibrated based on the three devices. The main valve (2) 
served to close the flow temporarily between the supply 
water tap and the rainfall simulator whenever needed 
while the pipe (6) conveyed water to the rainfall 
simulator. Using the tap flow rate from GARDENA® 
flowmeter, aired flow rate from COLE-PALMER® 
flowmeter and tap water pressure from the pressure 
gauge, the calibration for target rainfall intensities was 
achieved as shown in Figure 5. Readings of flow rates 
from the two flow meters and the water pressure should 
be checked at the same time and help to get the 
corresponding rainfall intensity before starting each 
erodibility test. 
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Figure 4. Flow calibration of the rainfall simulator. 

 

 
 

Figure 5. Calibration curves of the rainfall simulator. 

 
2.3. Determination of the raindrops’ size  

The size of the raindrops can be determined using 
various methods such as the stain method, the 
momentum method, the immersion method, the oil 
method, the photographic method, and the flour method 
[16]. According to Horne [3] and Ricks et al. [17], the 
stain method relates the stain on absorbent surfaces 
such as filter and blueprint papers to the diameter of the 
raindrops. Contrary, the momentum method uses both 
pressure transducers and piezoelectric sensors to 
determine the raindrops’ sizes while immersion method 
uses collection of raindrops into an oil where they are 
surrounded by oil due to its low density their diameters 
determined using a microscope [3], [16]. The oil method 
uses a specific type of oil with low density and a high 
viscosity, which helps to take photographs of the 

raindrops enveloped by the oil. Raindrop’s diameters are 
determined from these photographs [3]. Although the 
photographic method can accurately give a quick 
measurement of the size and shape of the raindrops, the 
method not only requires expensive equipment but also 
fails to produce a good raindrop distribution [17]. 
Finally, the flour method consists of collecting raindrops 
in pans that contain plain flour and the drops’ diameters 
are determined from the pellets formed by water and 
flour reaction [3], [17]. 

 
2.4. Flour Method for determination of the 
raindrops’ sizes 

This method for raindrops’ sizes determination 
was developed by Bentley in 1904 [15-16]. Apart from 
being simple and cost effective, the method is preferred 
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for its ability to reproduce the spherical shape and sizes 
of natural raindrops [3], [17]. Raindrops were collected 
in pans of about 21 cm diameter which were filled a 2.5 
cm thick layer of plain flour from Tesco’ supermarket. 
Three evenly spaced pans were placed at 30 cm above 
the ground and below the rainfall simulator for each of 
the three target rainfall intensities (30, 51, and 68 
mm/hr) for 3 seconds. The position of the pans referred 
to the targeted position of the surface soil to be tested. As 
the rainfall hit the flour in the pans, wet pellets were 
formed. The pans were placed in the open air for 12 
hours for the pellets to dry out. Using a small spoon, air-
dried pellets were carefully separated from the rest of 
the flour before being manually sieved on the 0.213 mm 
sieve to remove the excess flour. Double pellets formed 
due to close falling raindrops were removed and 
disregarded. The remainder of pellets were then placed 
in an oven set at 43 oC for 6 hours, then sieved for 2 
minutes, on a sieve analysis test set of 4.75 mm, 2.36 mm, 
2.00 mm, 1.18 mm, 0.85 mm, 0.60 mm, and the pan. After 

sieving, the pellets retained on each sieve were weighed 
and counted, and the mean diameter of the raindrops 
was calculated using Equation 1. 

𝐷𝑟 = √(
6

𝜋
) 𝑊𝑚𝑅

3

                                       (𝐸𝑞. 1) 

where Dr is the mean raindrops’ diameter (mm) 
and W is the mean weight of the raindrops (mg) and 𝑚𝑅 
is the ratio of the mass of the raindrop to the mass of the 
pellet which is obtained using the flour-calibration line 
suggested by Laws and Parsons [15]. Figure 6 shows the 
raindrops collection into the flour and the dried pellets 
after sieving. The average numbers of the raindrops from 
two tests for each of three rainfall intensities of 30, 51, 
and 68 mm/hr were respectively 113, 163 and 187 
raindrops. An obvious linear relation between rainfall 
intensity and number of drops was noted, as shown in 
Figure 7. 

 
 

Figure 6. Collection of raindrops into the flour (A) and sieved oven-dried pellets (B). 
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Figure 7. Number of drops falling on 21 cm diameter pan in 3 seconds from rainfall intensities. 

 
The weights of dry pellets obtained during the 

sieve analysis test were 1.72, 2.87, and 3.66 grams 
respectively for rainfall intensities of 30, 51, and 68 
mm/hr. By dividing the weights by the number of pellets, 
the average weights of the pellets were 15.2, 17.6, and 
19.6 milligrams, respectively. According to Laws and 
Parsons [15], the ration of the mass of the raindrop to the 
mass of the pellets (𝑚𝑅) are approximately 1.1, 1.11 and 

1.12. Equation 1 was then applied, leading to the mean 
raindrop size (Dr) of 3.0, 3.2, and 3.5 mm of diameter, 
respectively for the 30, 51 and 68 mm/hr rainfall 
intensities. The number of raindrops and the mean 
raindrop size increased with the increasing rainfall 
intensity, which agrees with previous studies, as shown 
in Figure 8. 

 
Figure 8. Simulated raindrops’ sizes in this study versus those reported in previous studies.
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2.5. Determination of kinetic energy from simulated 
rainfall 

The purpose of determining the raindrops’ sizes 
was to determine the kinetic energy embodied in the 
raindrops, which is responsible for soil detachment and 
erosion. The relation used to obtain the rainfall’s kinetic 
energy is given in Equation 2. 

𝐾𝐸 =
1

2
𝑚𝑣2                                          (𝐸𝑞. 2) 

where KE is the kinetic energy (J); m is the mass of 
the raindrop (kg); and v is the terminal velocity (m/s) at 
which the drop hits the soil surface. 

The mass of the raindrops was calculated from the 
bulk density relationship which is given by the ratio of 
mass to the volume. Thus, the mass of the raindrop was 
calculated as follows: 

𝑚 = 𝜌𝑉                                                  (𝐸𝑞. 3) 
where 𝜌 is the density of water (mg/mm3); and V 

the volume of the raindrop (mg/mm3). 
Assuming the spherical shape of the raindrops, the 

volume of individual raindrops was calculated as the 
volume of the sphere with the same diameter as in the 
next relation: 

𝑉 =
4

3
𝜋 (

𝐷𝑟

2
)

3

                                (𝐸𝑞. 4) 

where V is the volume of the raindrop (mm3); and 
Dr the raindrop diameter (mm).  

Using Equations 3 and 4 and keeping in mind that 
the density of water is equal to 1mg/mm3, the mass of an 
individual raindrop was found to be 14.13 mg, 17.15 mg, 
and 22.1 mg respectively for the 30 mm/hr, 51 mm/hr 
and 68 mm/hr simulated rainfall intensities. After 
determining the mass for individual raindrops, the next 
step was to obtain the terminal velocity to be able to 
apply Equation 2. This was achieved by using ASTM’s 
chart [29] that correlates the fall velocity, fall height and 
raindrop diameter as shown in Figure 9. In this study, a 
fall height of 2 m was used in the experimental set up. At 
this height, the fall velocities were estimated 5.2 m/s, 
5.21 m/s and 5.22 m/s respectively for the raindrops of 
the 30 mm/hr, 51 mm/hr and 68 mm/hr simulated 
rainfall intensities. Consequently, and by application of 
Equation 2, the kinetic energy from individual raindrops 
was calculated as 193.5 µJ, 244 µJ and 301.1 µJ 
respectively for the 30 mm/hr, 51 mm/hr and 68 mm/hr 
simulated rainfall intensities as shown in Table 2. 

 

 
Figure 9. Fall velocity due to the size and fall height of the raindrops ([29]). 
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Table 2. Kinetic Energy (KE) embedded in raindrops. 
Rainfall 
intensity, I 
(mm/hr) 

Mean size 
(diameter), Dr 

(mm) 

Volume of 
raindrop, V 

(mm3) 

Mass of 
raindrop, m 

(mg) 

Fall velocity, 
v (m/s) 

Kinetic 
Energy, KE 

(µJ) 
30 3 14.13 14.13 5.2 193.5 

51 3.2 17.15 17.15 5.21 244 

68 3.5 22.1 22.1 5.22 301.1 

2.6. Performance of the Rainfall Simulator 
According to [1], [3], [7], [17], [30], the useful 

coefficient of uniformity (CU) - measure of consistency of 
raindrops spatial distribution must be in the range of 
80% to 100% for acceptable performance of a rainfall 
simulator. This coefficient is known as the Christiansen 
coefficient as the researcher introduced it first in 1942 
[3]. The coefficient of uniformity was calculated by 
collecting simulated rainwater in 6 same-size graduated 
cylinders for 10 minutes and using Equation 5.  

𝐶𝑈 = 100 [1 − (
∑ (⃒𝐷𝑖 − 𝐷𝑚⃒)

𝑛 ∗ 𝐷𝑚
)]             (𝐸𝑞. 5) 

where 𝐶𝑈 is the coefficient of uniformity (%); 𝐷𝑖 is the 
depth of water in the graduated cylinder (cm); 𝐷𝑚 is the 
mean depth of water in graduated cylinders (cm); and n 
is the number of graduated cylinders. Applying Equation 
5, the designed rainfall simulator was performing evenly 
over the tested area with a coefficient of uniformity of 
100%. 
 
 
 

3. Validating the rainfall simulator for erosion 

testing 
Since the main objective to design the rainfall 

simulator was to carry out a robust investigation of the 
erodibility of soils in rural unpaved roads, the efficiency 
of the device was checked by its ability to detach 
compacted soils appropriate for the construction of 
these roads. Based on the kinetic energy of the rainfalls 
and the mean grain size of the tested soils, it was found 
that the three rainfall intensities could detach these soils. 
Furthermore, the results from the rainfall simulator’s 
calibration fitted in the envelope by Salles et al. [18] 
relating rainfall’s kinetic energy and mean grain size of 
detachable soils. An additional diagram for the 
detachment of the soils by surface flow velocity with 
respect to the particle size distribution of the soils was 
given according to Carey and Simon [31], as shown in 
Figure 10. The tested soils were synthesized by mixing 
gravelly sandy (GS) and very gravely sandy (VGS) soils 
with percentages of English china clay (ECC) to simulate 
the variability of soils at the surface of unpaved roads in 
terms of particle size distribution as well as the required 
plasticity index at the surface of unpaved roads of about 
2% to 12% [7, 9, 32], as shown in Table 3. 

Table 3. Properties of the tested soils. 
Soil type / Properties GS GS+

5% 
ECC 

GS+
10% 
ECC 

GS+
15% 
ECC 

GS+
20% 
ECC 

VGS VGS+ 
5% 
ECC 

VGS+ 
10% 
ECC 

VGS 
+15% 
ECC 

VGS 
+20% 
ECC 

Mean grain size, D50 (mm) 0.52 0.50 0.46 0.44 0.40 1.2 1.6 1.1 0.9 0.8 

Plasticity index, Ip (%) - 5.2 7.9 9.8 12.2 - 4.3 5.7 7.6 9.1 

Maximum dry density, ϕ (Mg/m3)  1.82 1.94 1.96 2.04 2.10 1.89 2.05 2.21 2.24 2.25 
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Figure 10. Soil detachment thresholds by raindrops kinetic energy and surface flow velocity. 

 

4. Typical results from erosion tests 
Using the calibrated rainfall simulator, over 200 

erosion tests were undertaken during a thorough study 
on erodibility of geomaterials in unsealed roads. Tables 
4 and 5 provide results for eroded sediment and erosion 
rate respectively at 5-minute time intervals for the 30-
minute rainfall. Deliberately, results for three soils (GS + 
5%, GS + 10% and GS + 20%) tested using simulated 
rainfall intensities of 30 mm/hr, 51 mm/hr, and 68 
mm/hr and two bed-slopes of 0% and 6% are presented. 
Soil samples were compacted in two testing boxes of 
0.6m x 0.3m x 0.17 m and 1.2 m x 0.3m x 0.17 m (length 
x width x thickness) for small-scale (Ss) and large-scale 
(Ls) respectively. Runoff containing eroded sediment 
was collected and weighed at 5-minute time intervals for 
30-minute. Amongst several types of analysis, runoff was 
oven-dried to retain dry sediment which was weighed 
and used to calculate erosion rate with respect to testing 
conditions. Erosion rate is the measure of erodibility 

given by the ratio of dry sediment over eroded area per 
unit time. Generally, the results agreed with previous 
studies [7-9], [19] and highlighted the key elements 
governing understanding of erodibility of soils in 
unpaved roads, as can be observed in Tables 4 and 5. 
These elements are:  

 Higher rainfall intensity (or greater kinetic 
energy) leads to more erosion. 

 Peak soil detachment is achieved in about 10 to 
15 minutes from start of the rainfall. 

 Increases in plasticity index and clay content 
reduce erosion. 

 Increases in slope length and slope gradient 
increase erosion. 

 Erosion rate is more dependent on the rainfall 
intensity and the area of the tested surface rather 
than the slope length. Thus, it is possible to have 
higher erosion rate values for shorter slopes than 
for longer slopes. 
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Table 4. Collected sediment from erosion tests at 5-minute time intervals for a 30-minute rainfall. 

Time 
intervals 
(min) 

Large Scale (Ls): GS + 20% ECC Small Scale (Ss): GS + 20% ECC 

30 mm/hr 51 mm/hr 68 mm/hr 30 mm/hr 51 mm/hr 68 mm/hr 

Slope Slope Slope Slope Slope Slope 

0% 6% 0% 6% 0% 6% 0% 6% 0% 6% 0% 6% 

 Weight of collected sediment (g)  

5 27.8 70.4 54.9 146.3 40.8 221.1 10.3 13.1 20.3 39.0 19.0 29.0 

10 44.7 88.0 57.2 159.2 45.0 231.2 16.1 20.3 26.1 51.3 52.9 57.8 

15 32.9 77.0 43.7 125.0 58.6 206.9 16.7 21.0 39.7 68.8 48.6 64.4 

20 32.4 72.4 37.1 123.9 54.4 199.6 14.8 18.0 37.8 60.0 43.1 53.4 

25 30.4 65.7 32.2 116.9 52.3 196.8 14.5 14.0 34.5 57.3 41.4 44.7 

30 29.0 62.0 30.9 111.7 48.7 192.5 12.2 13.0 32.2 54.6 40.0 43.8 

 Large Scale (Ls): GS + 10% ECC Small Scale (Ss): GS + 10% ECC 

5 54.6 96.6 97.7 171.5 163.2 287.8 33.5 69.5 53.5 91.0 101.2 212.4 

10 121.6 142.0 142.7 147.8 199.7 300.1 49.9 93.0 69.9 137.1 146.3 254.8 

15 90.5 113.1 90.1 133.4 158.1 278.2 45.3 88.0 65.3 130.2 117.0 149.1 

20 82.3 105.1 76.7 113.7 135.5 224.3 42.3 76.0 62.3 128.9 106.8 138.8 

25 78.1 97.7 71.7 109.8 109.3 214.1 40.6 61.0 60.6 109.4 93.8 124.4 

30 72.7 92.4 66.4 107.2 103.0 208.3 47.3 46.0 57.3 102.8 83.3 113.4 

 Large Scale (Ls): GS + 5% ECC Small Scale (Ss): GS + 5% ECC 

5 22.2 116.2 124.6 87.5 195.2 255.8 17.0 85.0 57.2 58.7 79.1 186.9 

10 88.9 160.2 260.4 231.7 231.7 360.1 65.3 106.1 85.4 159.2 176.3 267.1 

15 72.2 134.1 191.8 217.4 201.3 348.5 61.2 98.0 71.0 136.2 137.5 165.2 

20 62.5 127.5 172.2 197.7 170.9 302.3 58.0 84.3 70.1 128.4 120.1 150.3 

25 61.8 125.7 161.0 177.8 157.3 280.1 57.1 76.0 67.0 119.5 108.3 141.2 

30 61.0 106.4 151.2 151.2 130.2 270.3 59.0 72.3 59.2 101.1 97.9 134.4 

 
Table 5. Erosion rate from tested soils at 5-minute time intervals for a 30-minute rainfall. 

Time 
intervals 

(min) 

Large Scale (Ls): GS + 20% ECC Small Scale (Ss): GS + 20% ECC 

30 mm/hr 51 mm/hr 68 mm/hr 30 mm/hr 51 mm/hr 68 mm/hr 

Slope = 0% Slope = 0% Slope = 0% Slope = 0% Slope = 0% Slope = 0% 

0% 6% 0% 6% 0% 6% 0% 6% 0% 6% 0% 6% 

 Erosion rate (kg/m2/s)  

5 0.001 0.003 0.003 0.007 0.002 0.010 0.001 0.001 0.002 0.004 0.002 0.003 

10 0.003 0.007 0.005 0.014 0.004 0.021 0.002 0.003 0.004 0.008 0.007 0.008 

15 0.005 0.011 0.007 0.020 0.007 0.031 0.004 0.005 0.008 0.015 0.011 0.014 

20 0.006 0.014 0.009 0.026 0.009 0.040 0.005 0.007 0.011 0.020 0.015 0.019 

25 0.008 0.017 0.010 0.031 0.012 0.049 0.007 0.008 0.015 0.026 0.019 0.023 

30 0.009 0.020 0.012 0.036 0.014 0.058 0.008 0.009 0.018 0.031 0.023 0.027 

 Large Scale (Ls): GS + 10% ECC Small Scale (Ss): GS + 10% ECC 

5 0.003 0.004 0.005 0.008 0.008 0.013 0.003 0.006 0.005 0.008 0.009 0.020 

10 0.008 0.011 0.011 0.015 0.017 0.027 0.008 0.015 0.011 0.021 0.023 0.043 

15 0.012 0.016 0.015 0.021 0.024 0.040 0.012 0.023 0.017 0.033 0.034 0.057 

20 0.016 0.021 0.019 0.026 0.030 0.050 0.016 0.030 0.023 0.045 0.044 0.070 

25 0.020 0.026 0.022 0.031 0.035 0.060 0.020 0.036 0.029 0.055 0.052 0.081 

30 0.023 0.030 0.025 0.036 0.040 0.070 0.024 0.040 0.034 0.065 0.060 0.092 

 Large Scale (Ls): GS + 5% ECC Small Scale (Ss): GS + 5% ECC 

5 0.001 0.005 0.006 0.004 0.009 0.012 0.002 0.008 0.005 0.005 0.007 0.017 

10 0.005 0.013 0.018 0.015 0.020 0.029 0.008 0.018 0.013 0.020 0.024 0.042 

15 0.008 0.019 0.027 0.025 0.029 0.045 0.013 0.027 0.020 0.033 0.036 0.057 

20 0.011 0.025 0.035 0.034 0.037 0.059 0.019 0.035 0.026 0.045 0.047 0.071 

25 0.014 0.031 0.042 0.042 0.044 0.072 0.024 0.042 0.032 0.056 0.057 0.084 

30 0.017 0.036 0.049 0.049 0.050 0.084 0.029 0.048 0.038 0.065 0.066 0.097 
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4. Conclusion 
A low-cost rainfall simulator was successfully 

designed, constructed, and calibrated to help investigate 
erodibility in unpaved roads. The device can accurately 
produce raindrops in the range of those observed in 
natural rainfalls (1-mm to 6-mm diameter). These 
raindrops sizes were 3.0 mm, 3.2 mm, and 3.5 mm; 
leading to kinetic energies of 193.5 µJ, 244 µJ and 301.1 
µJ respectively for the 30 mm/hr, 51 mm/hr and 68 
mm/hr rainfall intensities. The rainfall energy was 
enough to initiate erosion at the surface of unpaved 
roads, with ability to detach surface soils with up to 
about 4 mm diameter mean grain size. Key elements 
governing erodibility of soils in unpaved roads were 
identified based on erosion testing results. Therefore, it 
is an effective and efficient device to help investigate and 
compare erodibility of different soil materials suitable 
for use in the construction of unpaved roads. This not 
only leads to better decision making in the selection of 
appropriate soils for use in those roads, but also to 
enormous savings from the heavy maintenance burden 
and to the preservation of the already scarce quarries for 
appropriate soils. With water erosion being widely 
regarded as the most detrimental factor of unsealed 
roads, particularly in the rural areas (rural roads) of the 
developing countries, this study could prove to be very 
dependable for road engineers. They ought to detail 
erodibility of selected soils for use in the construction 
and maintenance of these roads in order to ensure that 
the most appropriate or the least erodible soil satisfying 
strength requirements is used for both the surface and 
base layers of the unsealed road. 
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