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Abstract. Earth roads in rural areas of the developing world are key engines to the development of countries.
They give access to education and health services, sustain agriculture and businesses, and promote social
interactions between communities. However, earth roads suffer substantially from poor engineering and
funding for construction and maintenance. Rainfall is probably their most dangerous enemy resulting in soil
particle detachment leading to the loss of surface material. A laboratory rainfall simulator was used to identify
the performance of an earth road surface compacted at the maximum dry density against rainfall energy and
surface flow. Under the rain intensity of 30mm/hr, erosion increased with rain duration from 0 to 30 minutes.
Fine sand (0.06 – 0.02mm) and medium sand (0.02 – 0.6mm) particles eroded faster than coarse sand (0.6 –
2mm) and gravel (> 2mm) particles of the sediments collected at 5 minutes intervals of time. Additionally, a
20cm x 20cm photograph at the same place was analysed using ImageJ software and showed reduction in
number of particles from 18554 at 10 min to 5803 at 25 min as smaller particles had eroded in the meantime.

1. Background
About 80% of the world road networks are made of earth
materials. It is estimated that in some developing
countries the figure is greater than 90%. For example in
South Sudan more than 98% of the road network is
unpaved [1]. Natural earth roads are constructed using
compacted soils that make up the surface layer. Gravel
roads require additional granular material that forms the
uppermost layer of the road. In the developing world,
earth roads may be the only method of communication.
However, the importance of their role is not fully valued
as they do not attract the required level of funding in terms
of engineering and maintenance. As result, earth roads are
very prone to the effect of adverse climate (rainfall,
drought), which means that they can only be usable in the
dry season. During the rainy season, earth roads can
deteriorate, becoming muddy, slippery, with rills, gullies
and potholes on the surface to a point where they are
unusable.
Inadequate earth roads are the main contributor to
poor transport statistics. For instance, only 37% of people
in rural areas of developing countries have access to an
all-weather road within 2 km compared to 94% in
developed countries [2, 3, 4]. Sub-Saharan Africa is the
most vulnerable region with a heavier burden of poor road
network on women and children in countrysides [2]. One
of the major problems that earth roads face is their
erodibility due to rain and surface flow shear stresses.
This has been confirmed by a systematic investigation of
the erodibility of soils in rural roads undertaken at the
University of Birmingham. According to the study, 78%
of rural roads failures are caused by rain erosion, the rest

is mostly due to combined effects of traffic and human
activities [5, 6].
The study also revealed that erosion in earth roads can
be understood and mitigated to a certain extent. A
laboratory-based study was undertaken to study
movement of soil particles due to the impact of raindrops
and water flows. This study can help to better understand
the behaviour of materials that leads to improved designs
of earth roads. Better understanding of erosion processes
in earth roads can help the choice of good material for
construction. The new surface soils must clearly provide
good resistance to erosion stresses and adverse climate
effects. Further best practices such as good construction,
provision of efficient and effective drainage, and periodic
maintenance can be an addition to the good material used
for construction if all-season earth roads are to be
achieved.

2. Rainfall simulators for erosion tests
Rainfall simulators were used for erosion testing of
different purposes with the agricultural land management
at the forefront [7, 8]. Some of these have been effective
for field and/ or laboratory tests. Field rainfall simulators
are somewhat robust and difficult to be used in academic
areas. However, small to medium sized rainfall simulators
have been used successfully for laboratory erosion testing
and produced results that compare favourably with field
tests. Two types of rainfall simulators currently are in use,
namely drop-forming simulators and pressurised
simulators. These are briefly compared in Table 1.
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Table 1. Drop-forming and pressurised simulators [7, 8].

Advantages

Disadvantages

Drop-forming
simulator

Pressurised
simulator

Operational on
small plots and
hence suitable to
the laboratory
works.
High intensities
rarely found in
natural rain.
Drops form from
lower heights
with difficulty to
achieve terminal
velocities.

Table 3. Properties of the synthesised soil.

Soil property and unit

Value

d15 (mm)

0.26

Suitable for both
laboratory / field
tests. Intensity/
random raindrop
size as in natural
rainfall.

d50 (mm)

0.45

d85 (mm)

2.1

d100 (mm)

10.3

Plasticity index (%)

5.2

Fines (%)

5

In addition to
complex designs
related to the rain,
the portability of
the simulator
offers challenge.

Sand (%)

81

Gravel (%)

14

Bulk density (Mg/m3)
Maximum dry density (Mg/m )

2.06

Optimum moisture content (%)

9.3

3.2 Rain simulator design

3. Methodology

The pressurised rain simulator suitable for laboratory
works was developed to give rainfall intensities ranging
from 20 mm/hr to 151 mm/hr. A rain intensity of 30
mm/hr recurrent for more than 50 min every two years in
tropical countries was taken as the worst-case scenario
[12, 13]. The rain simulator was constructed using 15mm
x 1.5mm BARRIER PE-X pipes according to [14]. The
pipes were spaced at 5cm over the length of 60cm and
width of 30cm of the soil to be tested. To achieve this
small spacing between pipes, two sets of pipes were
superimposed since the connectors usually allowed 10cm
spacing, and connected by crossing – horse pipes at one
end to ensure that both sets of pipes are supplied with
water evenly and at the same time. Moreover, each pipe
was perforated, and 15 nozzles spaced by 1.5cm were
fixed in the holes to allow drops to form over the soil
testing box. The height of the falling raindrop was 2m
above the surface of the soil in the test box as in the Fig.1.
Water was supplied from the water tab through the horse
pipe and the flow meter that allows to calibrate the desired
rain intensity. The design rain intensity was with the
following properties:

3.1 Soil material selection
The choice of the soil was based on its properties
recommended for the construction of earth roads [9] and
the criteria for soil erosion testing [10]. Accordingly, a
well-graded soil material with good particle packing that
leads to higher density and thus high bearing capacity for
the earth road to withstand traffic loadings is desirable.
This will provide better support to traffic and reduce the
amount of earth road deformations that would result from
vertical loadings. In addition, recommended plasticity
index (PI) for earth road material ranging from 2% to 10%
[9] must be ensured to increase cohesion between
particles. [11] say that in practice, it is possible to have
plasticity indices greater than 10%, but those will cause
the road to be more slippery in the rainy seasons and
dustier in the dry seasons. Such a soil was prepared by
mixing building sand and china clay and satisfied the
recommendations from [10] for erosion testing as in the
Table 2 below.
Table 2. Criteria for soils to use in erosion tests [10].

Particle (mm)

2.25
3

Clay

Loam

Sand

d15

> 0.0015

> 0.05

> 0.001

d50

0.001 - 0.1

0.01 - 1.0

0.8 - 2.0

d85

0.01 - 1.0

0.5 - 5.0

1.0 - 10

d100

< 10

< 25

< 40

PI (%)

> 14

1.0 - 8.0

-

The Coefficient of uniformity (Cu) of the rainfall:
before testing soil erosion using a rainfall simulator, there
must be assurance that the raindrops fall uniformly over
the tested surface. Uniformity of the rainfall over the
tested soil was checked by placing eight 250 ml graduated
measuring cylinders across the surface of the tested soil
that was covered by a transparent plastic sheet. The
rainwater for various flowrates was collected over a
period of 5 min and then Cu calculated using the
Christiansen formula [15]. Usually, Cu must be greater
than 80% and, in this case it was found to be 100%. The
Christiansen formula is:

The mixing of the poorly graded building sand (maximum
dry density, 1.84 Mg/m3 and optimum moisture content,
13%) and its 5% china clay resulted in a sandy soil of
properties indicated in the Table 3. This soil matches the
criteria for erosion testing for a loam soil class according
to [10].

Cu = 100[1 – (⅀∣Di - Dav∣: (n – Dav))]

Cu: uniformity of rainfall over the area (%)

2

(1)
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Di: depth of water in the cylinder (cm)
Dav: average rain depth in cylinders, (cm)
n: number of cylinders.
The size of rain drops (d) was checked using the flour
method as suggested by [16]. Average rain drop size was
found to be 4.6mm (diameter). Raindrop’s terminal
velocity (V), determined according to [10], of a 4.6mm
raindrop falling from 2m was approximately 5.55m/s.
Kinetic energy (KE); considering raindrops as spheres,
was calculated based on equation (2) [17], where m =
mass of the raindrop. Based on mass of raindrop of 51
milligrams (assumes sphere of 4.6 mm diameter), KE was
estimated to be 771 micro-joules:
KE = 0.5mV2

3.3 Soil testing box design
Erosion tests were conducted on a range of testing boxes
and flumes of different sizes from 0.5m x 0.05m x 0.12m
to 22m x 0.4m x 0.76m length, width and height
respectively [19]. Accordingly, the soil was compacted at
the dry density of 2.06 Mg/m3 into the test box measuring
0.6m x 0.3m to a height of 0.16m. The test box was 0.3m
high to allow water to flow without spillage. This was
only an exception at the exit where the box wall must be
equal to the soil height for a free motion of both the flow
and the sediment to the gutter.

4. Results

(2)

Five erosion tests were performed under same rain
intensity, slope (0%), compaction levels and duration.
Results agreed on the amount of both runoff and sediment
content, but their averages were presented to count for
observed small differences. Repeatability was very good
with a variation in quantity of sediment of less than 2%
amongst all the results. As the focus was only on
sediment, two types of results were analysed. Firstly,
sediment collected at 5-minutes intervals was oven-dried
for 24hrs before dry sieving. This showed differences in
particle size distributions for different sediments as shown
in Fig.2. Additionally, the analysis of fractions of
sediments was done to track the behaviour of those
fractions as erosion test goes on. This is shown in Fig. 3.
Secondly, a 20cm x 20cm portion of the surface of the
test soil was photographed at 10 and 25 min from the start
of the test. The images were then analysed for particles
number and size using ImageJ Software [21]. Since the
area for analysis remained the same, 3 scenarios were
possible:
(a) the number of particles reduces with time and there is
increase in overall diameter of particles appearing on the
surface, which means that smaller particles erode faster
than bigger sized ones,
(b) the number of particles appearing on the surface
increases and their overall diameter decreases to mean
that bigger sized particles erode faster than smaller ones,
(c) both the number and size of particles on the surface
remain unchanged with time, therefore there is equal rate
of erosion for all particle sizes.
The Fig.4 and Fig.5 show that scenario (a) was observed
between 10min and 25min of erosion test. Event hough
the low resolution camera (PANASONIC, DMC-TZ60,
LUMIX) used during the study did not allow the capture
of particles smaller than 0.2mm diameter, and hence all
smaller particles considered as equal to this size by the
software, results should not be compromised as not only
these particles were only about 6% in the tested soil, but
also mostly eroded before 10 min, time at which
photographs were taken.

Based on work done by [18], it was estimated that the
kinetic energy of 4.6 mm droplet falling through 2m is
enough to initiate detachment in soils with d50 ≤ 1.0 mm.
Those detached particles can then be transported by
surface water. The rain energy usually dominates the
detachment until when the surface flow thickness
becomes significant for the detachment to depend only on
the flow shear stresses. Usually, the amount of shear
stresses developed depends on both the amount of rain
and the road geometry [19]. Normally, shear stresses and
soil properties such as plasticity, roughness, compaction
levels as well as effects of traffic and climate cycles of
wetting and drying determine the magnitude of erosion
rates in earth roads [20].

Fig. 1. Side view of the rain simulator and the soil box (S:
supports of the box; T: tray for sediment collection and B:
barrier to prevent outsiders drops to fall into the tray and C:
gutter that conveys sediment into T).
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Fig.2. PSD of investigated soil and sediments collected at 5 min interval periods during erosion test.
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Fig.3. Changes in main fractions of sediments with time during erosion test.
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Fig. 4. Number and size of particles for a photograph taken at 10 min of erosion test.
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Fig.5. Number and size of particles for a photograph taken at 25 min of erosion test.

5.2 Photographs

5. Discussions of results

Two photographs were taken at 10 min and 25 min of the
erosion testing and a 20 cm x 20 cm square from the same
place of those photographs were analysed using ImageJ
software. The later helped to visualise soil particles in a
2-dimentional view for their size fraction analysis. Results
showed that the number of soil particles in the square
reduced from 18554 to 5803 between the 10th and the 25th
min. If the particles top views are circles, calculations
showed that their mean diameter increased from 1.6 mm
to about 2.9 mm during the same period as in the Fig.6.

5.1 Collected sediment
The analysis of particle size distribution of sediments
showed similar results to all the five samples. Finer
particles such as clay and silt eroded in the first 5 min as
evidenced by cloudiness of water. This was obvious in the
sediment flow at 5 min that was dirtier than the one at 10
min despite it being collected in 3 min only since the first
2 min were for samples saturation after which the flow
started. Small granular particles were detached by falling
rain; either removed on the surface or splashed to the
walls of the testing box, which, except at the exit,
extended 14cm above the soil surface to ensure that no
splashed particles could escape from it. Those on the box
walls would later join the flow, pushed by the raindrops
when the increased flow thickness reduced the effect of
the rain energy to the soil surface.
Only the sediment collected at 5 min fully plotted to
the left side of the tested soil curve while other sediments
collected at different times partly plotted to its right and
partly to its left. This shows that fine particles reduced
gradually in the sediment as erosion testing period
increases while bigger particles increased. Fine particles
eroded from the tested soil, leaving sand and gravel
particles with more degree of freedom and mobility under
the effect of water flows. The fact that early collected
sediment generally plots to the left side of the next
collected sediment means that the smaller the particle, the
easier and faster it will be eroded. From Fig.3, clay and
silt fraction eroded completely in the first 10 min. The fine
sand fraction in sediments reduced from 17% at 5 min to
0.5% at 30 min. In the same time, medium sand fraction
reduced from 65% to 26.5%. On the other hand, coarse
sand fraction increased gradually from 14.5% to about
63% and the gravel fraction that was predominantly fine
gravel (2 – 6mm) increased from 0.5% to about 11%.

Fig.6. Surface soil particles behaviour during erosion test

6. Conclusions
A rainfall simulator was used for erodibility tests on the
compacted granular soil. The results from particle size
analysis of the sediment collected at 5min time intervals
up to 30 min and the analysis of particle behaviour within
a 20cm x 20cm square portion of the photographs taken at
10min and 25min of rainwater erosion test advanced the
understanding of erosion mechanisms in earth roads.
Erodibility of soils depends on various soil properties, but
particle size may be the most important. This study
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showed that in a compacted granular soil; fine-grained
particles of clay, silt and sand eroded faster than bigger
soil particles of sand and gravel. Majority of the clay and
silt size particles eroded from the surface in about the first
10 minutes of rainfall. Fine sand also eroded in about the
first 10 minutes. With the loss of fines, surface gradually
became occupied by coarser particles. The loss of surface
material due to rainfall erosion may cause other road
surface defects such as deformations, potholes, rills and
gullies that, if not addressed in due time may permanently
destroy the road.
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