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Abstract - Erosion of soils seriously challenges the
sustainability and safety in unpaved roads. It leads
to faster deterioration of these roads by formation of
rills and gullies in the running surface. Many factors
related to the soil properties, rainfall parameters,
and road geometry affect erodibility of soils at the
surface of unpaved roads. However, little is known
about the relationships between those factors of
erodibility for a single rainfall event. This paper
models the contributions of soil properties, intensity
and duration of the rainfall, and road’s length and
gradient to the quantity of eroded soils from
unpaved roads. For a 30-minute duration and two
consecutive days; rainfall intensities of 30 mm/hr,
51 mm/hr and 68 mm/hr were used to test the
erodibility of soils. The tested bed surfaces were set
at slopes of 0% and 6%, in a small (large)-scale
testing box of 0.6 m (1.2 m) x 0.3 m x 0.17 m (length
x width x height). RapidMiner Studio software was
used to predict quantities of eroded soils based on
the measured eroded soils under the same
influencing factors of erodibility. Six predictive
models were developed based on the first- and
second-day rainfall events. The predictive models
can perform well with the Nash and Sutcliffe’s
coefficients of efficiency (ME) ranging from 0.62 to
0.74. Also, clay content and mean particle size of the
surface soils, rainfall intensity and slope gradient
were the most contributing factors to the quantity of
eroded soils from unpaved roads.

Keywords: Erosion, unpaved roads, eroded
soils, predictive models, testing scales.

1. Introduction

Rainwater erosion is by far the main
challenge to the sustainability and safety of
unpaved roads. Soil erosion can lead to the
road’s running way deterioration by
formation of erosion features such as rills,
gullies, and overall loss of soils. This depletes
the condition at the surface of the road and
affects its serviceability. Mostly, unpaved

roads are fully exploited in dry season and
their practicability in terms of the quality of
ride and road safety becomes questionable
during rainy seasons. The socio-economic
drawbacks associated with underperforming
unpaved roads due to poor surface condition
are huge in the rural areas of developing
countries where these roads might be the only
available transport routes. In unpaved roads,
more erosion is mainly the detachment of
surface soils by raindrops and the transport of
detached soils by subsequent runoff. However,
mechanical erosion can also be noticed in dry
seasons when surface soil particles are
disturbed by traffic wheels and blown into the
air by wind generated by traffic speeds.
Unpaved roads accelerate delivery of
sediment, and at only 0.5% land use of the
catchment; these roads outperform all the
other sources of sediment [1]. When about 5%
of the catchment’'s land use is occupied by
unpaved roads, they can contribute up to
about 90% of the total sediment delivery from
that catchment and potentially generating
about 24 times more sediment than
agriculture land [2]-[8].

Generally, the failure of unpaved roads
by erosion is a result of the soil detachment
due to raindrops (splash erosion), detachment
due to surface flow shear stresses (sheet or
interrill erosion) and detachment due to
concentrated shear stresses (rill erosion)
which once prolonged can lead to gully
erosion [9]-[13]. Erosion threats go beyond
unpaved roads, causing annual soil loss of
about 24 Dbillion tons globally [14].
Consequences are huge, and the annual cost of
soil loss could reach $30 billion in the US and
£90 million in the UK [11]. This cost of erosion
seems to be an unbearable burden to the
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developing countries, leading to accumulated
damages caused by excessive erosion. For
example, it is about $400 million in Java
(Indonesia) and more than $1500 million in
Zimbabwe, which certainly is beyond the
affordability of these countries. Also, it is
worth noting that unpaved roads are about
80% of the road network in the developing
world [12]-[13], [15]-[16]. Therefore, they
cannot be fully paved with asphalt or concrete
any time soon, and their importance to the
development will remain vital by providing
access to education, health, market, and job
services to mention a few. Ultimately,
combatting erosion in unpaved roads is
necessary and should start by using the least
erodible soils for construction and completed
by appropriate routine maintenance activities.
This will reduce enormous maintenance costs
[17]-[18] and help to avoid traffic
interruptions that might lead to isolation of
rural areas [19].

Also, appropriate soils for unpaved road
construction must achieve higher compaction
levels, and thus greater bearing capacity to
withstand traffic loads. Practically, road
engineers seem to be unconcerned and rarely
erodibility is detailed for the soils used for the
construction of unpaved roads. This paper
gives equations to predict the extent of
erodibility of soils for use in unpaved road
based on the soil geotechnical properties,
rainfall intensity and duration, and slope
length and gradient. The equations were
developed using 1552 data from 192
laboratory erosion tests under simulated
rainfall. These predictive equations can help to
compare erodibility of available soils for earth
road construction and maintenance. The least
erodible soil should be selected if it meets
other requirements of soil strength necessary
for road construction.

2. Methods and Materials

Appropriate soils for the construction of
unpaved road were used. These were
synthesized in the Civil Engineering
Laboratory at the University of Birmingham,
by adding percentages of the English China
Clay (ECC) ranging from 0% to 20% to the
gravelly SAND (GS) and to the very gravelly
SAND (VGS) soils. The engineering properties
of the obtained soil mixes are shown in Table
1. Samples were compacted to their maximum
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dry densitiesintoa (0.6 m) 1.2mx0.3mx0.17
m (length x width x height) soil testing box for
(small-) large-scale to simulate the required
strength of unpaved roads before being tested
for erodibility by rainfall and subsequent flow.
Moreover, adding English china clay to
gravelly SAND and very gravelly SAND soils
improved both cohesion and plasticity indexes
(Ip) which then ranged from 0% to 12%, as
required for the surface soils of earth and
gravel roads [20]-[22]. The raindrops fell
through 2 meters above the surface of the
sample and the flour method was used to
determine the size of the raindrops [23]-[27].
It was found that the mean drop sizes were 3,
3.2, and 3.5 mm respectively for the 30, 51,
and 68 mm/hr rainfall intensities. Considering
the raindrops as small spheres, the volume of
the raindrops was calculated:

Z)
2

Where V (mm3) is the volume of the raindrop
and Dr (mm) is the mean drop size. The mass

of the raindrops was calculated using the
density relationship as follows:

4 3

V=cm

3 (Eq.1)

(Eq.2)

Where m (mg) is the mass of the raindrop and
p (mg/mms3) is the density of water. Using the
relationship between the raindrop’s size,
falling height, and falling velocity [28],
terminal velocity of drops was estimated to be
5.20, 5.21, and 5.22 m/s respectively for 30,
51, and 68 mm/hr rainfall intensities.
Applying the kinetic energy equation:

1
KE = —mv?

> (Eq.3)

Where KE (]) is the kinetic energy of the
raindrops, m is the mass of the raindrops and
v (m/s) is the falling velocity of the raindrop.
Then the KE of the raindrops was about 193.5
u), 244 pJ, and 301.1 yJ respectively for the 30,
51, and 68 mm/hr rainfall intensities. The
sizes of the raindrops were in the range of the
natural raindrops (1 mm to 6 mm) [23], [29]-
[37], and the KE for different rainfall
intensities were also satisfactory to initiate
rainfall erosion of the tested soils [10]. Figure
1 illustrates the testing set up.

m = pV



Rain simulator pipes and nozzles

|

i

Falling raindrops

e e E

g
- E S S - ——————— = — — — —

2m
IR
Y YYYVYVYYV Y VY ¥
B Soil thickness =0.17 m 04m
¥

H Ground level

5
Moy

Figure 1. Illustration of the surface exposed to
the rainfall erosion.

After calibrating the rainfall, the data of
eroded soils was collected every five-minute
intervals of time for a thirty-minute rainfall.
After the first-day rainfall event, the tested
sample was left uncovered for twenty-four
hours before a second-day rainfall event of the
same intensity was applied. This was done to

obtain the effect of successive rainfall events
on erosion of in earth roads. The collected
runoff with its sediment content was weighed
and oven-dried at 104.5 ¢ to retain the dry
eroded soil particles. These were also weighed
and sieved for later particle size distribution
analysis. The cumulative weighed dry
sediment was related to both the tested soil
properties shown in Table 1, the slope length
and gradient of the sample’s surface during
erosion test, and the rainfall duration at which
the sediment was collected (i.e. at 5 min, 10
min, 15 min, 20 min, 25 min or 30 min). It is
this data of the weight of the eroded soils, the
soil properties, the rainfall intensity, and
duration as well as the slope length and
gradient that was treated using the
RapidMiner studio software to generate
predictive equation to estimate the mass
eroded soil mass during a given rainfall event.
The correlation between measured eroded
mass from the laboratory experiments and the
predicted eroded sediment were shown. A
typical data preparation sheet is also shown in
Table 2, with the distinction between the data
to be considered as “regular” on which the
prediction of the “target or label” should be
based. The data sheet was fed into the
RapidMiner studio designed process of seven
operators, as shown in Figure 2.
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Figure 2. RapidMiner studio process for predicting the mass of eroded soil.
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Table 1. Classification and engineering properties of the soils used in this study

Property Soil type (GS: Gravel sand; VGS: Very gravel sand; and their Standard used for
mixes with percentages of ECC: English China Clay) testing
GS |GS+[GS+][GS+|GS+|VGS [VGS | VGS + | VGS + | VGS +
5% | 10% | 15% | 20% +5% | 10% | 15% 20%
ECC | ECC | ECC | ECC ECC | ECC ECC ECC
Percentage of clay (C %) 0 35 |6 10 13 0 4 7 8 11
Percentage of silt (M %) 0 15 | 4 6 7 0 2 4 5 6
Percentage of sand (S %) 90 81 72 70 70 58 54 48 53 49
Percentage of gravel (G %) 10 14 18 14 10 42 40 41 34 34
Mean grain size (Dso, mm) 0.52 | 0.50 | 046 | 0.44 | 040 | 1.2 |16 | 11 0.9 0.8 BS 1377-2:1990
Plastic limit (Wr, %) 13.8 | 20.1 | 21.8 | 22.8 12.7 | 153 | 184 |219 | [38]
Plasticity index (Ip, %) 52 |79 |98 |122 43 |57 7.6 9.1
Linear shrinkage (Ls, %) - 24 |37 |46 |57 |- 2 2.7 3.6 4.3
Particle density (Gs, Mg/m3) 2.53 | 255 | 2.56 | 257 | 259 | 2.58 | 2.61 | 2.6 2.62 2.62
Maximum dry density (MDD, Mg/m?3) 1.82 | 194 | 1.96 | 2.04 | 210 | 1.89 | 2.05 | 2.21 | 224 [225 |BS 1377-4:1990
Optimum moisture content (OMC, %) 9 103 |91 |85 |95 |92 |86 |84 8.5 8.6 [39]

Table 2. Data preparation for RapidMiner data processing

Regular attributes Label

S/N C (%) Ip (%) Dso (mm) MDD (Mg/m3) OMC (%) Slope (m) Gradient (%) Rain intensity (mm/hr) Rain duration (min) Eroded mass (g)

1 0 0 0.41 1.82 9 6.0 0.00 30 5 51.94
12 0 0 0.41 1.82 9 6.0 0.00 51 30 154
46 5 0 1.2 1.89 9.2 6.0 6.00 68 20 120.96
98 10 7.9 0.46 1.96 9.1 1.2 0.00 30 5 37.94
134 10 5.7 1.1 2.21 8.4 1.2 0.00 68 5 77
145 10 5.7 1.1 2.21 8.4 1.2 6.00 68 30 128
146 15 9.8 0.48 2.04 8.5 1.2 0.00 30 5 24.5
147 15 9.8 0.48 2.04 8.5 1.2 0.00 30 10 43.76
194 20 12.2 0.5 2.1 9.5 1.2 0.00 30 5 30.8
222 20 12.2 0.5 2.1 9.5 1.2 6.00 51 25 80.92
223 20 12.2 0.5 2.1 9.5 1.2 6.00 51 30 82.46
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Figure 2 shows seven operators of the
modelling process: (1) the “data input”
operator to read the excel spreadsheet, (2) the
“select attributes” operator to confirm the
attribute types to the software, (3) the “set
role” operator to distinguish attributes
between regular and label, (4) the “split data”
operator, which splits data into the model’s
training and testing data, where usually 70%
are training data to improve the model quality
while 30% are testing data to check the
correctness of the model. The other operators
were (5) the “linear regression” operator to
inform the software the type of desirable
regression, (6) the “apply model” operator
which executes the information, and (7) the
“performance” operator which connects to the
results’ pot and gives the model’s performance
in terms of parameters such as squared
correlation (R2) and root mean square (RMS).

3. Results
The results from data processing by the
software were the predictive equations and

the predicted eroded soil mass. Figure 3 shows
an extract of results of the measured and
predicted soil loss. Also, Table 3 shows the
rating of the contribution by factors to the
amount of eroded soil, with the highest
contribution shown by four stars whilst the
least contribution was shown by one star. The
(-) indicates very insignificant contribution to
the erosion. The six predictive equations can
be seen in Equations 4 to 9, whilst the
correlation between measured and predicted
eroded soil mass are given in Figures 4, 5 and
6. These equations correlated contributions of
different factors controlled during erosion
tests to the quantity of predicted eroded soil
mass (EMP, g). The factors include clay
content (C, %), plasticity index (Ip, %), mean
particle size (D50, mm), maximum dry density
(MDD, Mg/m3), optimum moisture content
(OMC, %), slope length (SL, m), slope gradient
(SG, %), rainfall intensity (RI, mm/hr) and
rainfall duration (RD, min).
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Figure 3. Extract of the model results. Measured and predicted eroded mass are shown in green

Table 3. Rating of the factor’s contribution to the erosion

Contributing factors

Small-scale tests

Large-scale tests

Combined small- and
large-scale tests

1stday

2nd day

1stday

2nd day

1stday

2nd day

Clay content (%)

kksksk

ksksksk

*%

Kk ksk

kk

Plasticity index (%)

kksksk

*

Dso (mm)

ksksksk

ksksksk

OMC (%)

k%
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MDD (Mg/m3)
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k%
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Slope length (m)
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Slope gradient (%)

kekkk

kekkk

kskkk

kekkk

Rainfall intensity (mm/hr)
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kekkk

kekkk

Rainfall duration (min)
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kekkk
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3.1. Small-scale, first-day tests
Eyp = 29431.3 + 260.9(C) — 45.5(Ip) — 14334.3(Ds5y) — 13086.6(MDD) + 20.9(S;) + 6.03(R;)
+ 16.9(Rp); RMS = 98.75; R? = 0.837 (Eq.4)
3.2. Small-scale, second-day tests
Eyp = 6844.5 + 31.1(C) — 21.9(Ip) — 1975.8(D5y) — 4784.1(MDD) + 87.8(OMC) + 17.8(S;) + 5.9(R;)
+16.2(Rp); RMS = 117.62; R? = 0.79 (Eq.5)
3.3. Large-scale, first-day tests
Eyp = 122.7 —8.97(C) + 6.4(Ip) — 30.1(Dgy) + 19.9(MDD) — 10.9(OMC) + 10.1(S;) + 2.65(R;)
—1.27(Rp); RMS = 50.678; R? = 0.66 (Eq.6)
3.4. Large-scale, second-day tests
Eyp = 166.4 — 4.94(C) + 4.5(Ip) — 5.2(Dsy) — 84.5(MDD) + 8.7(S;) + 1.8(R;) + 0.8(Rp); RMS = 34.26; R?
= 0.681 (Eq.7)
3.5. Combined small- and large-scale, first-day tests
Eyp = 243.98 — 4.5(C) — 164.93(Ip) — 23.32(0OMC) — 265.7(S;) + 13.5(S;) + 3.64(R;) + 6.2(Rp); RMS
= 91.55; R? = 0.623 (Eq.8)
3.6. Combined small- and large-scale, second-day tests
Eyp = 437.34 — 6.1(C) + 0.68(Ip) — 206.5(MDD) + 10.6(OMC) — 275.6(S;) + 11(S;) + 4.3(R;)
+ 7.1(Rp); RMS = 114.63; R? = 0.558 (Eq.9)
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Figure 7. Comparison of the study findings with other studies

4.  Efficiency of the predictive models

The efficiency of the erosion predictive
equations (models) was checked using the
Nash and Sutcliffe (1970)" s method [7], [40].
This method described in Eq. 10 showed that
the predictive models obtained in this study

have a coefficient of efficiency (ME) ranging
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from 0.62 to 0.74. Although these coefficients
were obtained using data from laboratory
experiments, their comparison to those
reported for Universal Soil Loss Equation -
USLE (ME = 0.80), Revised Universal Soil Loss
Equation - RUSLE (ME = 0.72) and Water
Erosion Prediction Project - WEPP (ME = 0.71)



[40] show that developed predictive equations
can be as effective as (R)USLE and WEPP
models when estimating the amount of
sediment from unpaved roads due to a rainfall
event.

.0 .:)2
ME — 1 _ Z(le QCI.)

Z(Qci_Qm)z (Eq.lo)

where ME is the efficiency of the model, Qmi is
the measured value of event “i”, Qci is the
predicted value of event “i”, and Qm is the
mean of the measured values. ME ranges from
0 to 1; the greater the value, the better the
model. The details for ME values for generated
predictive models, (R)USLE and WEPP can be
seen in Table 4.

Table 4. Comparison of ME for the predictive equations with USLE, RUSLE and WEPP models

USLE | RUSLE | WEPP | Small-scale test Large-scale test | Combined small-
& large-scale test
Tawari et al. (2000) Istday | 2ndday | 1stday | 2ndday | 1stday | 2nd day
(Eq.4) (Eq.5) (Eq.6) (Eq.7) (Eq.8) (Eq.9)
ME | 0.80 0.72 0.71 0.74 0.62 0.69 0.67 0.72 0.73

5. Discussions

Equations 4 and 5, and the resulting correlation
between measured and predicted soil losses as shown
in Figure 4, show that there may be an over-prediction
for the soil losses up to 3000 g/m?2, followed by an
under-prediction, for both the first- and second-day
rainfall events on the small-scale erosion tests. This
was because the cumulative eroded soil was used for
modelling whilst the measured erosion was higher in
the first 15 minutes and reduced considerably during
the last 10 minutes of the 30 minutes duration of the
rainfall. However, the meaningful correlation between
measured and predicted erosion sediment for both the
first- and second-day tests (R2z = 0.795 and 0.757
respectively), and the performance of the model as
shown by the coefficient of efficiency (ME = 0.74 and
0.62 respectively) prove that the models can be good
tools to predict erosion in unpaved roads. Correlations
are shown in Figure 4.

Similarly, for the large-scale erosion tests, a
generalised over-prediction of the data up to about
500 g/m? was noted, as shown in Figure 5. However,
the correlation indicators between the factors of
erodibility were better than for the small-scale tests,
with R2 = 0.832 and 0.878 respectively, as shown in
equations 6 and 7 for the first- and second-day tests,
which was due to the increased scale of the bed slope
leading to more consistency in the collection of the
sediment detached by raindrops and carried out by
runoff. This suggests that while modelling sediment
delivery in unpaved roads, the design of the testing
boxes must ensure possibility for maximum
dislodgement of particles by both raindrops’ energy
and flow stresses, as well as sufficient flow velocities
to carry out the detached particles. Moreover, the
coefficients of efficiency (ME = 0.69 and 0.67
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respectively) were satisfactory to guarantee good
performance of the predictive equations.

The combination of the data from both small-
and large-scale experiments showed an over-
prediction up to about 1100 g/m?, as shown in Figure
6. Expectedly, combining the data for the small-scale
tests which mostly depended on the raindrops splash
detachment and the large-scale experiments which
maximized detachment by both raindrops and
subsequent flow would not be without some
discrepancies. However, this level of discrepancy is not
to affect the performance of the predicted equations,
no wonder both small- and large-scale tests showed
the same trend of initial overprediction. However, this
overprediction / overprediction feature seem to be
common for most erosion predictive models and
should not alone impair the quality of the model if the
right data was used [41]-[42]. The meaningfulness of
the correlation indicators between the factors of
erodibility reduced slightly when compared to both
separate small- and large-scale tests, with Rz = 0.586
and 0.549 respectively for the first- and second-day
tests. This is the scale-factor effect on erodibility and
shows that preferably the data obtained from the same
sized testing plots should be used during erodibility
trends modelling. The opposite may lead to false
results, particularly if different materials have been
tested. Nonetheless, the coefficients of efficiency (ME =
0.72 and 0.73) for the combined models also show that
the have good performance as far as the prediction of
soil detachment is concerned, as can be seen in
Equations 8 and 9.

Overall, it was found that erodibility of longer
slopes was hugely affected by runoff and slope
gradient, while that of the shorter slopes was



essentially affected by detachment due to raindrops.
The results from the study (both measured and
predicted) were compared to the findings by Laflen et
al. [41] who used both the (Revised) Universal Soil
Loss Equation and the Water Erosion Prediction
Project models to predict soil loss; and with the
findings by Ramos-Scharron and McDonald’s [42] who
evaluated on field soil loss in both graded and
ungraded roads. It was found that the results from this
study plotted below the results of Laflen et al. [41]. The
reason was that both RUSLE and WEPP models are
suitable for bed slopes longer than 4 m, whilst the data
for this study was collected from shorter slopes: 0.6-m
length (small-scale) and 1.2-m length (large-scale)
slopes. However, the data from this study plotted
above the data obtained by Ramos-Scharron and
McDonald [42], which is because of the greater
resistance to detachment due to both lesser field
moisture and higher densities of existing roads which
were used by Ramos-Scharron and McDonald [42]
compared to the optimum moisture content and
maximum dry density used during this study’s
laboratory experiments. Details are as shown in Figure
7.

6. Conclusion
Six linear regression models detailing the
correlations between nine erodibility factors, namely,
clay content, plasticity index, mean particle size,
maximum dry density, optimum moisture content,
slope length, slope gradient, rainfall intensity and
rainfall duration, were developed. The models are not
only the first attempt to correlate a significant number
of various erodibility factors which greatly affect
erodibility of soils in unpaved roads, but also are
simple and flexible to accommodate more data from
both field and laboratory experiments. Generally, this
study showed that:
= The contribution of individual erodibility factors to
the quantity of eroded soil shows that the first-day
test results are highly affected by the soil’s clay
content, plasticity index, particle size distribution,
maximum dry density, slope gradient, rainfall
intensity, and rainfall duration.
= Contrary, the second-day test results are mainly
affected by the slope gradient, rainfall intensity
and rainfall duration, which can practically be due
to changes imparted on the physically simulated
road surface by the first-day rainfall.
= Modelling erosion factors in the laboratory needs
the use of testing boxes with sufficient length to
ensure enough soil detachment by both splash and
flow, as well as good transport of detached
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particles since shorter testing boxes tend to
discourage detachment by runoff.

= Overall, the six predictive equations show that the
slope length and gradient, rainfall intensity and
rainfall duration are the four factors which highly
affect erosion in unpaved roads, regardless of the
type of the soil and compaction efforts. This may
lead to the conclusion that apart from the selection
of good soils for construction and maintenance,
successful ways to combat erosion in unpaved
roads must include best construction and
management practices. Carefully informed
decisions on the length and gradient of slopes,
adequate drainage systems, as well as proper and
timely maintenance to eliminate erosion features
at the early stages of development must be given

priority.
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