
 
Abstract— Rills on roads are active features which gully up bigger 

parts of the roads causing road-size reduction, flooding among others. 
Such roads are top-listed for accumulation of wealth for most 
developing countries. A model is constructed to determine the 
formation and effects of gravel road rills using various sediment 
modeling facts like shear stress, discharge rates, and other road-design 
related facts. It was also comparable to those of Exner and Nearing 
with regard to erosion and deposition characteristics.  

Various experiments like sieve-analysis, measurement of 
drainage-rill sizes, hydrometer analysis, were considered for model 
formulation and evaluation. A numerical example using 
cross-sectional field and laboratory data was finally used to test it. Key 
findings of this paper included a rill model that estimates the specific 
area affected by rilling, the high flow velocities and discharge on road 
drainage surfaces. The information extracted from this paper shall help 
road construction and maintenance designs. 
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I. INTRODUCTION 
IKE in agricultural plots, erosion on roads is based on the 
concept of transport capacity of running water, and the   
deposition that occurs when the transport capacity is 

exceeded. Several approaches to erosion and deposition 
modeling have been developed since 1950’s [1]. Although 
environmental issues have been considered as one of the stages 
in road constructions no attention has been put on the rates of 
formation of rills on roads.  These affect road safety 
significantly leading to road reduction and flooding. 
Construction of the rill model was the aim of the paper to help 
in managing such disasters. 
    Soil erosion prediction models play an important role both in 
meeting practical needs of soil conservation and in advancing 
the scientific understanding of soil erosion processes. Several 
approaches to water erosion and deposition modeling have 
been developed in the recent decades to predict the rates of soil 
erosion and sediment deposition over the landscape [2]. The 
models are basically material and mathematical. The material 
models represent the physics of the system being modeled. 
Mathematical models on the other hand, are normally empirical 
or process-based [3].  
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The mode developed for this paper is both material, 
mathematical and basically follows the unsteady states. 

A road is a route, or way on land between two places, which 
typically has been paved or otherwise improved to allow travel 
by some conveyance, including a horse, cart motorcycles, 
bicycles and motor vehicle [4].Most rural roads in developing 
countries are gravel. These are mostly built from 
locally-available natural materials. Over 60% of Uganda’s 
roads are non-paved and are basically classified as rural at a 
world scale [5]. 

Roads also collect and channelize large volumes of water 
which eventually cause severe gulling [6]. Current road designs 
in most developing countries are standard and to some extent 
realistic. They are however not implemented when it comes to 
construction and maintenance of such rods. This tends to give 
erosion practices along roads a gap to create such serious 
impacts which are dangerous to road users. Poorly constructed 
roads may lose as much as 100mg/ha of soil by erosion of the 
road surface [6].     

II.  MATERIALS AND METHODS 

A.  Introduction 
In this section, various parameters regarding erosion on roads 

are listed. They are then modeled using various erosion and 
deposition facts. The mathematical model is constructed and 
briefly compared to some renowned sediment models [7]. 
Finally, a numerical example is done using the field data 
regarding the rill on the gravel road. The parameters used in the 
construction of the conceptual model that mainly focuses on the 
features formed by erosion on gravel roads.  

The model is expected to take into account the rate of 
development of simple rills on the road to big rills or even 
gorges [8]. It should also take into account the rate of 
deterioration of constructed drainage channels. The model 
developed has mathematics, physics, hydrology, and 
geo-engineering as the main subjects. Its main applications are 
expected to be decision making in road construction and 
maintenance, and further research.  

B. Model parameters 
The following parameters were used in the construction of 

the model: 
a) Nature or make of the structure(𝑘𝑒 ,𝐶𝑖, 𝑆𝑐)   
b) Sediment water discharge in rills (𝑞) 
c) Time and stress factors (t, 𝜏)  

 The study used the quantitative methods, which mainly 
involved experimental and observational designs. Some of 
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these experiments were carried out in the field and others in the 
research laboratories. The field experiments were carried out in 
four different regions of Uganda: Northern, Western, Eastern 
and Central.  

The experiments involved: Extracting road soil samples from 
both borrow pits and along the road as silt or sediment by 
strictly following the sampling procedure, identification and 
measuring erosion rills/gorges sizes, gradation tests, runoff 
speed, and road size versus rill sizes. The runoff speed was 
done with respect to the rainfall intensity and road slope for the 
given regions. In this case, the effects were the experimental 
factor, and the rills were the experimental units.  
Cross-sectional measurements of the drainage channels already 
affected by the ‘first’ erosion and deposition were taken on the 
blocks. Five measurements were taken for each 100m block 
(20m apart). The time interval was taken per rain day. Rain day 
experiments were taken in the respective regions for a total of 
sixty times. An average time was taken for this study. In fact 
0.003m of the rill is developed per rain day according to one 
experiment spot taken in previous studies (Semwogerere et al., 
2013). The slopes measured for all experiment spots ranged 
between 20 and 420 or 3.5% and 90%. These were notably steep 
gradients for some of these roads which are already exposed to 
erosion.  

The rills considered in this paper are those that develop in 
two main ways: Those that develop along drainage channels 
constructed on the sides of the road and those that develop 
when the runoff chooses a different path on the road after 
landslides block road side drainage channels [5]. 

III. FINDINGS 

C. The Model Formulation 
The model constructed is comparable to those of Maria Exner 

[9], those erosion /deposition equations unified by Yu [2] and 
other erosion models [10] and [11]. The most comparable 
parameters are the erodibility (𝑘𝑒), discharge ( 𝑞) parameters, 
and shear stress ( 𝜏 ) dynamics. The parameters were 
constructed using the following rill model: 

𝜕𝑆𝑐
𝜕𝑡

=  𝑞
𝜏𝑐
−  𝑘𝑒𝐶𝑖𝜏𝑆𝑐                                                 (1) 

𝜏 = 𝜏𝑜 − 𝜏𝑐 ,                     𝜏𝑐  ≥ 𝜌𝑖. 
 

Where 𝐶𝑖= Compaction index, 𝑆𝑐 = Specific rill area affected 
by erosion (𝑚2/𝑘𝑔), gorge, dune, 𝑡  = time effect, 𝑞= flow 
rate/discharge rate, 𝑘𝑒 = erodibility parameter, 𝜏𝑐  = critical 
shear stress,  𝜌𝑖 is some value depending on the size class 𝑖 of 
the sediment particles.   Looking at the critical shear stress, 
there is a particular size class 𝑖 of sediment /borrow pit particles 
which are moved at some instances causing riling.  
𝑆𝑐 depends on various factors like volume of water, frequency 
of runoff, erodibility factor, runoff speed, and shear strength. 
The assumption here is that the rill is already an initiated feature 
by road constructors, and some erosion (‘first’ erosion). The 
flow rate or discharge rate was modeled as Manning’s equation 
[5]. It relies solely on channel characteristics of which a road rill 
is evident and they are easily measured. It is given by the 
formula: 

𝑞 = 𝐴𝑅
2
3𝑆

1
2

𝑛
                                (2) 

𝑞 is the discharge (𝑚3/𝑠), 𝐴 is cross sectional area of the rill 
(𝑚2), 𝑅 is the hydraulic radius (𝑚), 𝑆 is the slope of the water 
surface., and 𝑛 is the roughness coefficient. This coefficient 
depicts values between 0.01 to 0.1.  See table I for n values that 
were used: 

 

TABLE I 
MANNING'S n FOR NATURAL STREAM CHANNELS (SURFACE 
WIDTH AT FLOOD STAGE LESS THAN 30 M) (HIGHWAY TASK 

FORCE, 1971) [12]. 
NATURAL STREAM CHANNELS n 

1. Fairly regular section:    
Some grass and weeds, little or no brush  0.030 - 

0.035 
Dense growth of weeds, depth of flow materially 
greater than weed height  

0.035 - 
0.050 

Some weeds, light brush on banks  0.050 - 
0.070 

Some weeds, heavy brush on banks  0.060 - 
0.080 

2. Irregular sections, with pools, slight channel 
meander; increase values given above by  

0.010 - 
0.020 

3. Mountain streams, no vegetation in channel, banks 
usually steep, trees and brush along banks submerged 
at high stage: 

  

Bottom of gravel, cobbles, and few boulders    0.040 - 
0.050 

 
The area, 𝐴  was taken for the trapezoidal cross-sectional 

shape as seen below: 
 
 
   
 
 
 

Fig. 1 Trapezoidal Cross-Sectional Shape 
 

The wetted perimeter of the water flowing in the rill was that 
part of the rill that touches the water. 
The hydraulic radius is given by   
                                  𝑅 =  𝐴

𝑊𝑝
 ,                                               (3) 

Where 𝑊𝑝 is the wetted perimeter. 
Shear stress is a force applied by flowing liquid to its 

boundary. Channel bed turbulence and rill bed roughness 
complicate the measurement of this force. It is calculated based 
on the conservation of momentum. The critical shear stress 𝜏𝑐 
occurs when the shear force 𝜏𝑜 exceeds the critical limit for soil 
detachment [13].The following formula was used in this study 
with varying flow depth, 𝐷 (m), and flow slope, 𝑆 (%).  The 
hydraulic radius 𝑅 was also used for 𝐷 in the model evaluation. 

                                 𝜏𝑜 = 𝛾𝐷𝑆                                        (4) 

Where 𝛾 (kN/m3) is the unit weight of water or the specific 
gravity of water, 𝐷(m) is the depth of the flow (sometimes 
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taken as a hydraulic radius), and 𝑆 (m/m) is the energy gradient. 
It should be noted that the maximum depth of the flow shall be 
used for the critical stress. The most rill type considered in this 
paper is straight (Drainage rills) with the same critical shear 
stress throughout the width. The shear stress in rills, is however, 
not uniformly distributed along the wetted perimeter. The 
erosion potential can also be predicted by the shear stress 
because it considers the actual force of the water on the 
boundary of the rill. Rills have temporally flows that normally 
depend on the rainfall period. Increased velocity carries 
sediment when it is raining hence causing rilling. From the 
experiments carried out, most of our sediment soils were found 
to be incoherent (sands or gravels)[5]. 

Sometimes the rill bed acts as a rigid boundary if the velocity 
is still small enough for its movement. When the resistance of a 
particle to movement is less than the shear stress acting on it, 
the particle will move (incipient motion condition, critical 
condition, or threshold condition). For the erosion flow 
channels (rills), the critical condition is at the start because mud 
will appear in the flow right away. This magnitude of the shear 
stress required to move the particle is the critical shear stress. 
This was the main factor in the construction of the rill model. 
This is because the resistance of the particles to movement 
depends on various factors which include among others the size 
(weight) of the particle in relation to the surrounding particles 
[13]. 

Using the sieve analysis, the study analyzed the particle size 
in relation to the minimum/maximum critical shear stress 
required for rilling. Accurate estimations of the critical shear 
stress require accurate characterizations of various parameters 
like turbulence [14] which was considered as well. In this 
paper, the equation developed by Mittal and Swamee [15] was 
used. It gives results within +0.05 of the values given by 
Shield’s curve for all particle diameter, 𝑑𝑝: 
 

        𝜏𝑐(𝑁/𝑚2) =  0.155 +  0.409𝑑𝑝2

√(1+0.177𝑑𝑝2)
                      (5) 

 The following particle diameter classifications by Rijn [16] 
were considered for this study. It is comparable to that of Muni 
[17] that gives another major classification of 𝐴𝑖 , 𝑖 = 1(1)7 
that is used in several engineering projects. 

TABLE II 
CLASSIFICATIONS BY PARTICLE SIZE 

SOIL TYPE PARTICLE DIAMETER(mm) 

Gravel Greater than 2 

Sand 0.063 to 2 

Silt 0.004 to 0.063 

Clay Less than 0.004 

In this study, the evaluation of the model considered the 
average dry density of the samples taken from the research 
regions for the compaction index 𝑐𝑖 

D. The Model Evaluation 
The model partial differential equation was evaluated by 

mathematical methods to the following 𝑆𝑐: 

           𝑆𝑐 =  𝑞𝑡+∝
𝜏𝑐(1+𝑘𝑒𝑐𝑖𝜏𝑡)

                                       (6) 

The erodibility parameter ( 𝑘𝑒 ) was evaluated for the 
maximum value in the interval 0.002 to 0.05  𝑚−1𝑠  for the 
rilling process. Laboratory results showed an average of 
1757.6𝑘𝑔/ 𝑚3 for the dry density. For some part of the given 
rill length, the bed is sandy with 1700𝑘𝑔/ 𝑚3[16].The main 
varying factor for this study is time. This depended on a given 
experiment day or rain day. An average time of 5400s or 1.5 
hours was used in this evaluation. 

The discharge 𝑞  was evaluated with the following values 
from one of the experiment spots in this study: 𝐴 =
0.2859 𝑚2 , 𝑊𝑝 = 1.1785 𝑚 , 𝑅 = 0.2426 𝑚 , 𝑛 = 0.03  for 
the minimum résistance to engage rilling. The highest slope 
index was taken, 𝑆 = 0.9 which eventually supports the high 
flow velocity [18] of 12.3 𝑚/𝑠.  

The standard unit of water was taken as 𝛾𝑤 = 9.806𝑘𝑁/𝑚3 
[19], [15] and [20]. This was used together with the hydraulic 
radius calculated from the cross-sectional drainage channel 
measurements taken, to calculate the shear stress. The particle 
diameter, 𝑑𝑝 = 6.1 𝑚𝑚 was used because it is within the sieve 
analysis laboratory results for the borrow 
pits(𝑖. 𝑒 2𝑚𝑚 𝑡𝑜 14𝑚𝑚).  

The following parameter values were used: 𝑞 =
3.5166 𝑚3/𝑠, 𝑡 = 5400𝑠, 𝜏𝑐 = 5.68𝑁/ 𝑚2, 𝜏𝑜 = 43.8𝑁/ 𝑚2 
𝑐𝑖 = 1757.6𝑘𝑔/ 𝑚3 , 𝑘𝑒 = 0.05 𝑚−1𝑠 , ∝= 0.0762𝑚 , or , 
∝= 0.2794𝑚 (These were taken for the initial rill width and 
height, respectively and were taken from some experiment spot 
on some road). Similarly, a rectangular area was taken for the 
initial value of the rill size and finally gave rise to the 
volumetric effect. For the varying 𝑡 and 𝑐𝑖, see evaluation in the 
table below: 

TABLE III 
 𝑆𝑐  VALUES FOR THE VARIABLES 𝑡 AND 𝑐𝑖 

∝ (m) TIME, 𝑡(s) DRY 
DENSITY, 
𝑐𝑖  (𝑘𝑔/ 𝑚3). 

SPECIFIC AREA FOR 
RILL DEVELOPMENT, 

𝑆𝑐(𝑚2/𝑘𝑔) 
0.0762 0 0 0.01340 

 5400 1757.6 0.00019 
0.2097 0 0 0.04920 

 5400 1757.6 0.00020 
∝ ( 𝒎𝟐) TIME, 𝑡(s) DRY 

DENSITY, 
𝑐𝑖  (𝑘𝑔/ 𝑚3). 

SPECIFIC VOLUME FOR 
RILL DEVELOPMENT, 

𝑆𝑐(𝑚3/𝑘𝑔) 
0.0213 0 0 0.00375 

 5400 1757.6 0.00019 
 

 

 

IV. DISCUSSION AND ANALYSIS 
It should be noted that compaction is a necessary and 

sufficient solution because for an initial rill size in width ∝, and 
a rear case of a zero dry density, 0.0492 m2/kg specific area is 
the existing effect on the feature. For the average dry density of 
1757.6 kg/ m3, a rain day will affect a smaller area compared 
to that of an assumed zero dry density giving a percentage of 
only 1.71 x 10−5. Similarly, for the initial rill depth of 0.2794, 
a percentage of the effect is equivalent to 1.62 x 10−5. For the 
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approximate area of the rill, the dry density from laboratory 
results gave a percentage effect of 1.65 x 10−5. Therefore soils 
with higher dry densities are necessary for road construction 
materials than those with less dry densities.   

The high flow effect could be explained by the high flow and 
discharge velocities as identified in the experiments done [5].  
More issues were considered in this evaluation and they 
included among others: Rilling increases with more discharge 
depending on rill bed formation, and on the increased flow 
velocity. It also happens when the shear stress condition 
τo > τc holds as seen in the evaluation for τc = 5.68N/ m2, 
τo = 43.8N/ m2 . In fact it is a necessary condition for 
non-scouring channels for natural flow sections like rivers [15]. 
Similarly, the discharge or the transport capacity of a grain at a 
particular time interval should be less than the stress necessary 
to move a particular grain i.e. qt <  τc.  

It should be noted that the shear stress factor is a better 
predictor of the erosion potential than velocity. This is because 
it considers the actual force of water on the boundary of the 
channels [13]. Finally, the erodibility condition considered in 
this paper suits that of the highly erodible soils, Ke >
0.01m−1s [2] hence causing rilling.  

The condition τc  ≥ ρi means that a rill is initiated when the 
critical shear stress is greater than or equal to sediment particle 
size class i.  That was the reason for most sediment carried to be 
finer than dp > 2 mm during the rill formation process. 

Various engineering processes like road design pavement 
practices have been typically based on empirical procedures 
like the California Bearing Ratio (CBR). The rill model in this 
study was constructed and tested by using empirical data and 
aimed at checking the development and effects of rills as they 
occur on roads. It should be noted that non-paved roads in most 
developing countries suffer from the effects of rilling even with 
well designed non-concrete drainage. The model suggests 
various methods of controlling such effects. They include 
among others, controlling the discharge factors like stress 
through controlled drainage perennial grassing [6] to increase 
the roughness coefficients. Others are increased and applied 
compaction, or using soils with higher dry density profiles or 
using repeated load CBR [21]. Constructing concrete drainage 
channels even on such roads to avoid culvert silting or duning 
was also suggested. Engineering improvements on the borrow 
pit materials used in road construction was the other necessary 
factor identified by the study.  

The study also suggested further research tips such as 
constructing the dune equation since erosion and deposition 
usually happen together in a given discharge process. More so, 
mean values were used in several evaluations which suggest 
further analysis by values from particular experiment spots.   
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