
 
Abstract—Inter-rill erosion is the detachment and transfer of soil 

particles between the rills which occurs due to the impact of 
raindrops and the shear stress of shallow surface runoff. This erosion 
can be affected by some soil properties such as texture, amount of 
organic matter and stability of soil aggregates. Information on the 
temporal variation of inter-rill erosion during a rainfall event and the 
effect of soil properties on it can help develop better methods to soil 
conservation in the hillslopes. The importance of this study is 
especially grate in semi-arid regions, where the soil is weakly 
aggregated and vegetation cover is mostly poor. Therefore, this 
research was conducted to investigate the temporal variation of 
surface flow and inter-rill erosion and the effect of soil properties on 
it in some semi-arid soils.  A field experiment was done in eight 
different soil textures under simulated rainfalls with uniform 
intensity. A total of twenty four plots were installed for eight study 
soils with three replicates in the form of a random complete block 
design along the land. The plots were 1.2 m (length) × 1 m (width) in 
dimensions which designed with a distance of 3 m from each other 
across the slope. Then, soil samples were purred into the plots. 
Rainfall simulation experiments were done using a designed portable 
simulator with an intensity of 60 mm per hour for 60 minutes. Runoff 
production and soil loss were measured during 1 hour time with 5-
min intervals. Soil properties including particle size distribution, 
aggregate stability, bulk density, exchangeable sodium percentages 
(ESP) and hydraulic conductivity (Ks) were determined in the soil 
samples. Correlation and regression analysis was done to determine 
the effect of soil properties on runoff and inter-rill erosion. Results 
indicated that the study soils have lower both organic matter content 
and aggregate stability. The soils, except for coarse textured textures, 
are calcareous and with relatively higher ESP. Runoff production and 
soil loss did not occur in sand texture, which was associated with 
higher infiltration and drainage rates. A strong relationship was found 
between inter-rill erosion and surface runoff (R2 = 0.75, p < 0.01). 
The correlation analysis showed that surface runoff was significantly 
affected by some soil properties consisting of sand, silt, clay, bulk 
density, gravel, Ks, lime (calcium carbonate), and ESP. The soils with 
lower Ks such as fine-textured soils, produced higher surface runoff 
and more inter-rill erosion. In the soils, surface runoff production 
temporally increased during rainfall and finally reached a peak after 
about 25-35 min. Time to peak was very short (30 min) in fine-
textured soils, especially clay, which was related to their lower 
infiltration rate.  
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I. INTRODUCTION 

OIL erosion by water is a serious environmental problem 
worldwide. This erosion leads to the degradation and 

pollution of the inside and outside the land. Outcomes of this 
erosion attract the attention of many soil and environmental 
scientists [1]. Inter-rill erosion is one of the types of surface 
erosion in hillside and consists of the detachment of soil 
particles by the kinetic energy of raindrops and the transfer of 
soil particles by surface flow and its delivery to the rills [2]. 
Due to the large contribution of inter-rill erosion in the 
transfer of fine particles, this process is mainly the cause of 
reduction in soil productivity and pollution of surface water 
[3]. In addition, inter-rill erosion increases sediment load by 
increasing the shear stress of the flow and induces the 
condition of rill formation in the soil [4]. This erosion is 
affected by some factors such as rainfall and runoff 
characteristics, soil properties, soil shear strength and soil 
antecedent moisture content [2], [5]. 

The conditions of the soil vary continuously during the 
rainfall event, and therefore, even in a rainfall under uniform 
intensity, the production of surface flow is not constant. Thus, 
runoff and soil loss can vary temporally during rainfall event. 
Soil texture plays an essential role in this field [6], [7]. The 
reviews of [8] showed that soil loss increased gradually in 
fifth consecutive event but there was no significant difference 
among last events. The soil erosion rate under the influence of 
the erosive factor differs over time. Inter-rill erosion, which is 
the amount of soil lost per unit of surface and unit of time, 
also varies during the rainfall falling. Surface runoff is the 
main factor influencing particle transportation in inter-rill 
erosion and consequently temporal variation of inter-rill 
erosion can depend on the variation of runoff production 
during rainfall.  

Water erosion is the main factor of land degradation, 
especially in semi-arid agricultural regions where soil 
productivity is usually low and lower soil quality can severely 
reduce crop yield [9]. Most soils in these regions are 
calcareous with lower amount of organic matter. They are 
weakly aggregated and vegetation cover is poor during season 
especially in dry years [10]. In these areas, agricultural soils 
are more susceptible to water erosion processes. Information 
on the effects of soil properties on surface runoff and inter-rill 
erosion and temporal variation of surface runoff during a 
rainfall event is important in understanding the process of soil 
loss in hillslopes. Therefore, this research was carried out to 
investigate the dependency of surface runoff on soil properties 
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and find the temporal variations of surface flow and inter-rill 
erosion in some semi-arid soils. 

II. MATERIALS AND METHODS  

This study was conducted in a slope (about 10%) in the area 
of Zanjan University, located between 3525 to 3715 N and 
4952 to 471 E in north west of Iran. The area has semi-arid 
climate with a mean annual precipitation (for a statistical 
period of 33 years from 1984 to 2016) of 309 mm and average 
annual temperature of 10.3 C [10]. The average rainfall in the 
statistical period of 33 years is about 309 mm and the average 
annual temperature is 23.3 C. The average height of the area 
is about 1500 meters above sea level. Different soil textures 
were studied in a semi-arid region in Zanjan province. 
Geographical coordination of the study soils was determined 
using a Global Positing System (GPS). The studied soil 
samples were: sand (483357 E, 364657N), loam sand 
(482351E, 364122N), sandy loam (482418E, 
36412N), loam (483236E, 364742N), silt loam 
(483322E, 36478N), sandy clay loam (483153E, 
364717N), clay loam (482416E, 364041N) and clay 
(48343E, 365911N). About 300 kg of each soil from 0-
30 cm depth was collected and transferred to a slope land in 
the University of Zanjan. 

In order to prepare a uniform surface in the study land, 
firstly the soil surface of the study land was smoothed using a 
leveling machine and accordingly crop residues were removed 
from the land. Then, 24 plots with dimensions of 1.2 × 1 m 
were installed with a distance of 3 m from each other across 
the land (Fig. 1). The plots were surrounded with a galvanized 
sheet with a height of 30 cm and a length of 4.4 meters. Two 
holes with a diameter of 5 cm and 30 cm depth were created at 
the end of each blocked plot, to place the runoff and sediment 
transfer pipe and collector. Then, each soil sample (300 kg) 
was poured into the plots. Two rills with 5 cm width and 1 m 
length and 60 cm interval each other were created in each plot. 
In order to delete the impact of shear stress on soil loss from 
the rills (rill erosion), soil surface of the rills were sealed using 
cement (Fig. 2). The soils from the plots were wetted in 
several stages, so that a natural compaction of the soils 
occurred to make soil bulk density similar to their natural bulk 
density in the area. 

In order to set up of rainfalls, a rain simulator was designed 
in according to the rainfall properties in the study area. The 
characteristics of rain were extracted from the analysis of data 
on the intensity and duration of rain in the region during a 
period of 20 years. The rain simulator height was 2.25 m., the 
water falling plate was 1.4 m × 1.4 m which contained three 
nozzles and could produce water drops with an average 
diameter of 2.56 mm. Simulated rainfall with intensity of 60 
mm per hour for 60 minutes was used to investigate runoff 
production and inter-rill erosion. A plastic cover was used 
around the simulated frame to prevent the impact of the wind 
on falling water drops. Five simulated rainfalls with a constant 
intensity of 60 mm h-1 for 60 minutes with a time interval of 
five days were set up at 24 plots. Runoff was measured at the 

outlet of the plots for 5 min. intervals from the beginning of 
the rainfall event. Inter-rill erosion was determined based on 
the soil loss per area unit and per rainfall duration unit.  

 

 

Fig. 1 A view of the plots created on the examined land 
 

Some soil properties were determined in eight study soils in 
the laboratory [11]. The particle size distribution was 
determined using the Bouyoucos hydrometer method [12]. To 
determine the percentage of gravel, the soil samples were 
weighed and then sieved using 2and 8 mm sieves. The amount 
of gravel that remained between the two sieves was weighed 
and accordingly gravel weight percentage in the soil was 
computed. To determine bulk density (BD), soil samples were 
taken from by a cylinder of 200 cm3 volume with 6 cm 
diameter and 7.1 cm height. The stability of aggregates into 
water was determined based on the weight percentage of 
water-stable aggregates using wet-sieving method in the 
aggregate samples with 4-6 mm in diameter. A set of sieves 
(4.75, 2, 1, 0.5, 0.25, 15. 0 and 0.05 mm) was used for one 
minute time and the weight average diameter of water-stable 
aggregates (mm) was determined [13]. Saturated hydraulic 
conductivity (Ks) was determined in the soil samples by a style 
core with 12 cm. A constant head method was used to 
determine water drainage rate from the soil column and Ks 
was computed using volume of drained soil per unit of column 
cross section and time [14]. A pH meter was used to measure 
the reaction of the soils [15]. ESP was calculated using the 
proportion of exchangeable sodium to the CEC multiplied by 
100 [16]. Total organic carbon amount was determined using 
the Walkley–Black wet dichromate oxidation method [17] and 
converted to organic matter through multiplying it by 1.72. In 
order to determine lime, the equivalent calcium carbonate was 
measured using acid acetic volume consumed to neutralize 
carbonate [18]. 
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Fig. 2 Runoff and sediment collecting equipment at the out let of the 
plot 

III. RESULTS AND DISCUSSIONS 

The results  showed that the soils have lower organic matter 
(between 0.22 and 1.24%) and aggregate stability (0.69 mm). 
The highest amount of organic matter (1.24%) and aggregate 
stability (1.86 mm) was in loam. The amount of saturated 
hydraulic conductivity in the soils varied from 0.21 cm/h (in 
clay) to 8.1 cm/h (in sand). Amount of lime (calcium 
carbonate equivalent) in the soils varied from 0.5% in sand to 
15.2% in clay. The electrical conductivity of soil varied from 
12.6 dS/m in clay to 1.24 dS/m in sand. Clay and loam have 
higher electrical conductivity (EC > 4 dS/m) and so were 
classified as saline soils. The highest amount of ESP (11.6) 
was in clay and the lowest value (5.6) was in sand (Table I). 

Runoff production was significantly differed among the soil 
textures. Sand did not produce runoff and clay produced the 
highest surface runoff (Fig. 3). The correlation analysis 
showed that surface runoff is significantly affected by some 
soil properties, particularly sand, silt, clay, bulk density, 
gravel, hydraulic conductivity, calcium carbonate, and ESP. 
The soils with lower hydraulic conductivity (Ks) such as fine-
textured soils produced higher surface runoff and inter-rill 
erosion (Table II). A strong relationship was found between 
inter-rill erosion and surface runoff (R2 = 0.75, p < 0.01). This 
result confirmed that runoff is an important factor causing 
inter-rill erosion in the soils (Fig. 4).  

Fig. 5 shows the temporal variation of surface flow during 
rainfall in the study soils (clay, clay loam, sandy clay loam, 
sandy loam, sandy loam, silt loam, loam and sand). Surface 
runoff at the first time after rainfall simulation sharply 
increased in all soils and reached to a pick after 25-35 min. 
This status for runoff production showed at the pick time, the 
soil condition for rain water infiltration rate is relatively 
constant. This soil condition is related to decreases in soil 
tension and aggregate breakdown. Surface runoff rate and time 
to pick were very short (30 min) in fine textured soils 
especially in clay.  

 

 

Fig. 3 Average of surface flow in soil textures 
 

Increasing runoff in the first time after runoff generation 
was associated with the change of soil condition by the 
raindrop impact [21]. Raindrops disrupt soil surface and cause 
sealing on the soil which induced runoff generation in the 
soils. The loss of soil infiltration rate during runoff was the 
main factor influencing surface runoff flow at the plots. Effect 
of raindrop impact on the loss of infiltration rate is dependent 
on soil properties and rainfall intensity [5]. 

 

 

Fig. 4 Inter-rill erosion versus surface runoff 
 

The study of temporal variation of surface flow and inter-
rill erosion in the soils showed that amount of surface runoff 
and inter-rill erosion reached to a constant level after a pick 
level. This result indicates that steady state flow and soil 
erosion occurred at the plots during this time [19]. The process 
of surface flow variation during rainfall in clay was more 
severe than other soils. This was due to its lower aggregate 
stability and higher detachability, so that the soil structure was 
steadily destroyed in the early of rainfall [20]. 
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TABLE I 
THE PHYSICOCHEMICAL PROPERTIES OF THE SOILS. 

Soil properties 
Soil textures 

Sand Loam sand Sandy loam Loam Silt loam Sandy clay loam Clay loam Clay 

Sand (%) 92.1 78.7 69 43.7 23.6 46.5 44.5 4.0 

Silt (%) 5.4 13.2 12.5 32.5 50.6 27.3 22.5 39.2 

Clay (%) 2.6 8.1 18.5 23.8 25.8 26.2 33.0 56.7 

BD (g/cm3) 1.7 1.4 1.4 1.4 1.3 1.5 1.2 1.3 

MWD (mm) 0.0 0.5 0.6 1.9 0.7 0.6 0.7 0.5 

KS (cm/h) 8.1 3.8 0.9 1.7 0.6 0.7 0.3 0.2 

Gravel (%) 24.0 14.3 19. 1 10.4 10.2 16.1 15.2 4.3 

pH 7. 6 7.4 7.4 7.5 7.5 7.5 7.4 7.5 

ESP 5.5 6.3 7.6 7.8 9.7 8.2 10.7 11.6 

OM (%) 0.2 0.7 0.9 1.2 0.7 0.8 0.7 0.5 

CaCO3 (%) 5. 1 9.7 10.5 10.5 11.5 11.4 11.9 15.3 

 
TABLE II 

THE CORRELATION COEFFICIENT BETWEEN SURFACE RUNOFF AND SOIL PROPERTIES 

Runoff  ESP 3CaCO  sK  BD  Gravel  Clay  Silt  Sand    

                1  Sand  

              1  **0.9-  Silt  

            1  **0.6  -0.9**  Clay  

          1  **0. 8-  **0.6-  **0.8  Gravel  

        1  **0.6  *0.5-  *0.5-  **0.5  BD  

        -0.3  **0.6-  0.3  *0.5  0.4  MWD  

      1  **0.6  *0.7  **0.7-  **0.7-  **0.8  
sK  

      -0.3  0.2-  *0.5-  0.2  *0.5  -0.4  OM  

    1  **0.8-  **0.63-  **0.7-  **0.8  **0.6  **0.8-  
3CaCO  

  1  **0.7  -0.7  **0.6-  **0.7-  **0.8  **0.6-  **0.8-  ESP  

1  **0.7  **0.8  **0.7-  **0.6-  **0.8-  **0.7  **0.6  **0.7-  Runoff 

 

 

Fig. 5 Temporal variation of surface flow in the soil textures 
 

The result on the runoff production in clay was in 
agreement to the study of inter-rill erosion in four different 
soil textures in China which showed that the sediment load is 
significantly influenced by soil properties and the erosion rate 
has a direct relationship with clay content and it was the 
highest in clay loam soil texture [21]. In loam, due to 
relatively higher organic matter as well as soil aggregate 

stability, the rate of surface flow gradually varied between the 
rills. In loamy sand lower surface runoff and inter-rill erosion 
occurred which was associated to higher hydraulic 
conductivity (Ks) [19], [22].  

IV. CONCLUSION 

Inter-rill erosion is one of the types of surface erosion in 
hillside which its rate and temporal variation can be affected 
by the soil types. This study was conducted in eight soil 
textures with three replicates in the form of a random 
complete block design. Soil samples taken from 0-30 cm were 
poured into the plots with 1 m width and 1.2 m length in 
dimensions installed in a uniform hillslope with 10% slope 
gradient. Except to sand texture, inter-rill erosion was 
occurred in all study soils. Inter-rill erosion was significantly 
associated with surface runoff. The soils with lower 
permeability, such as fine-textured soils, produced higher 
surface runoff as well as more inter-rill erosion rate. The inter-
rill erosion rate was consistent with the rate of surface runoff 
production. Surface runoff production temporally increased 
during rainfall and finally reached a peak after about 25-35 
min. Time to peak was very short (30 min) in fine-textured 
soils, which was related to their lower infiltration rate. 
Therefore, this study revealed that the fine-textured soils are 
the most susceptible soils to inter-rill erosion processes in the 
semi-arid regions.  
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