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Abstract 

The hydraulic response of a tropical loamy sand soil as influenced by land use was studied under laboratory 

simulated rainfall. Runoff and percolation, which are among hydrological properties of soil, were determined on 

crusted and non-crusted soils under fallow and cultivated conditions.  Soil samples used for investigation were 

collected from both fallow and cultivated portions of the irrigation farm of the Department of Agricultural 

Engineering, University of Agriculture, Makurdi, #igeria.  These soil samples were subjected to simulated rainfall 

in the laboratory using ELE H13 Basic hydrology equipment.  (The ELE H313 basic hydrology basin is a micro-

watershed, which can be used to simulate various intensities of rainfall for various hydrological studies in the 

laboratory situation).  Two simulated rainfall events were low intensity (90mm/h) for 60mins and high intensity 

(300mm/h) for 30 mins.  The results showed that the cultivated soil was less stable and more vulnerable to crust 

formation.  It was also discovered from the results that soil surface with crust reduced the rate of water percolation 

into the soil, thereby increasing the runoff.  This showed that land use affects crust formation, which in turn affects 

the hydraulic response.   
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I TRODUCTIO  

Soil crust is a transient soil surface layer (a few 

millimeters to few centimeters thick) which is denser 

structurally different or more cemented than the 

material immediately beneath it (SSSA,1997).  Landon 

(1991) and Brady and Weil (1999) also defined crust 

as a surface layer ranging in thickness from a few 

millimeters to about 2.5cm, that is much more 

compact, hard and brittle when dry, than the material 

immediately beneath it.  Crust results from the drying 

and hardening of the surface seals, which form upon 

physical and chemical disruption and reorientation of 

soil aggregates and primary particles when exposed to 

rain or irrigation water (Bradford and Huang, 1992; 

Shainbag and Levy, 1996). Surface crusting, which is a 

common phenomenon occurring on cultivated soil has 

major implications of the agricultural production.  This 

is because of its effects on crop establishment, erosion 

and hydrological properties.  Formation of crusts are 

generally characterized by increased surface soil 

strength and density with concurrent reduced porosity 

or pore size distribution and infiltration capacity, 

thereby leading to high runoff and erosion rates (West 

et al., 1992; Box and Bruce 1996; Shainberg and Levy, 

1996).  Crop failure can occur as a result of low 

infiltration due to insufficient water available for plant 

and difficulties in crop emergence due to increased soil 

strength. According to Brady, (1990), any action that 

will shift the particles back and forth and force 

contacts between particles will encourage aggregation 

or crusting of the soil. Different mechanisms of crust 

formation include pore filling by wash in of fine 

particles, particle deposition and reorientation, and 

raindrop impact upon subsequent drying (Bajracharya 

and Lal, 1999).  Onyilo (2005) reported that alternate 

wetting and drying, root extension, mixing action of 

soil organisms and tillage implements encourage such 

contacts thereby stimulating crust formation. 

 

The surface soil aggregates are most vulnerable to 

destruction, especially by heavy rains.  The dispersed 

surface tends to seal over the pore spaces and prevent 

water infiltration into the soil.  This condition on 

drying forms hard crust that impedes the emergence of 

seedlings and alters the hydraulic response of the soil.  

Crust categories that have been distinguished to be 

formed by the above mechanisms include: structural or 

disruption crust comprising rain compaction, wash-in 

and wash-out layers (West et al., 1992, Slattery and 

Bryan, 1994); sedimentary or depositional crusts 

which comprise of one or more thin-sorted micro-beds 

(Shainberg and Levy, 1996).  Different soil types and 

surface conditions give rise to different crust 

development processes.  The most important effects of 

crust formation on given soil type are reduction of 

infiltration capacity and thereby promoting greater 
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surface run-off. Vegetation protects the soil against the 

direct action of falling raindrops, increases the degree 

of infiltration of water into the soil, maintains the 

roughness of the soil surface, and reduces the speed of 

surface runoff, and improves the physical, chemical 

and biological properties of the soil (Onyilo, 2005). 

The failure conditions for a soil may be expressed in 

terms of limiting shear stress, called shear strength or 

as a function of the principal stresses (Pumia, 2003). 

According to Bajracharya and Lal (1999) during the 

early stage of rainfall on air-dried aggregates, raindrop 

impact was the primary force leading to aggregate 

disruption with some of the breakdown products 

falling into interaggregates.  The objectives of the 

study were to evaluate the influence of land use on 

crust formation, and to determine the effect of soil 

crust on the hydraulic response of soil. Soil surface 

crusting on cultivated soils has a major implication for 

agriculture and the environment as it inhibits 

infiltration, causes increased surface soil strength. The 

knowledge of the hydraulic response of crust on the 

soil surface, and the influence of land use on it will 

greatly assist  in the planning for optimum crop 

production. This knowledge will also assist in soil and 

water conservation practices to be adopted in a 

particular area.   

 

MATERIALS A D METHODS  

Location and Description of Experimental Site 

Soil samples were obtained from the Department of 

Agricultural Engineering Irrigation farm, University of 

Agriculture, Makurdi, Nigeria.  Makurdi lies between 

7
o
45'-7

o
52'N and 8

o
35'-8

o
41'E. The site is 

characterized by undulating rolling plain with irregular 

river valleys.  It Lies within the humid zone with 

average annual temperature of 31.5
o
C and the 

humidity is relatively 65-69%. The rainfall varies 

between 1000mm to 2500mm.  The soil of the area is 

Makurdi sandstones (Makurdi formation), which is 

part of the sedimentary basin of Nigeria dominated by 

the crystalline and the sedimentary rock in about the 

same proportion.  Sandstone and shale outcrop 

prominently exist within the region and the sandstone 

units range from very fine to medium in gain size.  

They are silty and high in matrix content.  The Benue 

trough in which the site is situated is about 800km in 

length and varies in width from about 100km in the 

south to about 150km in the North. 

Collection of Soil Samples 
Soil samples were collected from the field in three 

replications for determination of soil properties and 

hydraulic response.  Samples A, B and C were taken 

from and fallow (had not been cultivated for over ten 

years) land and samples D, E and F were taken from 

cultivated land.  The soil properties determined were 

moisture content, specific gravity, permeability and 

texture.  The hydraulic response was determined from 

the runoff and percolation rates of the soils under 

simulated rainfall in the laboratory using ELE H313 

Basic hydrology equipment.        

Determination of Soil Index Properties 

Soil Moisture Content   

The moisture content was determined by gravimetric 

method by oven drying the soil sample at the 

temperature of 105
o
C for twenty-four hours until all 

the moisture were driven out.  Then the moisture 

content was calculated using equation 1 (Michael, 

1985).                                                                        

 

   (1)  

 

 

Particle Size Distribution 

For the particle size distribution, 60g of each sample 

was placed in a 250m
3
 beaker and 125ml of 4% 

dispersing solution (calgon) was added.  The mixture 

was thoroughly wetted which was left to stand for 

about hour.  The mixture was pour into a hydrometer 

cylinder and distilled water added to 1,000ml mark.  

The slurry was agitated to ensure no aggregation.  

Hydrometer was carefully placed in the cylinder and 

readings taken.  This hydrometer method was based on 

the principle of terminal velocity of a spherical soil 

particle settling in water as expressed by Stoke’s law 

given in eqn 2 (Trout et al., 1987).     
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where V = velocity of fall of particle, cm/s; ρs = 

density of soil particle, g/cm
3
; ρw = density of water, 

g/cm
3
; µw = viscosity of water, Ns/cm

2
; g = 

gravitational acceleration, cm/s
2
.    

 Permeability 
Permeability, K was determined by constant head 

permeameters.  Oven – dried soil sample was weighed 

into a cylindrical container and an envelope material 

(gravel) placed over fine wire mesh on top of the soil 

specimen and the perforated base fixed.  The mould 

assembly was then connected to the outlet tube of the 

constant head tank by its bottom outlet. The soil 

sample was saturated.  The overhead tank was then 

connected to the upper inlet into the mould and a 

beaker placed at its outlet.  The time taken to obtain 

450ml of water was noted.  The test was done in three 

replications and results tabulated and calculated using 

eqn 3 (Trout, et al., 1987). 

K = 

LAh

QL                            (3) 

where, Q = volume per unit time, A = X-sectioned 

area, L = length of flow, hL = head causing  the flow, 

K = permeability (hydraulic conductivity).                                          
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Hydraulic conductivity is inversely related to viscosity.  

This K values were adjusted by using eqn 4 (Trout, et 

al., 1987).  

Kst = Kt (ηt/ ηst)                                  (4) 

where Kst and ηst are the conductivity and dynamic 

viscosity at some standard temperature while Kt and ηt 

are the properties (conductivity and dynamic viscosity) 

at the measurement temperature.  

Determination of the Hydraulic Response 

Soil samples (about 75kg) from each of the portions 

(fallow and cultivated) were in turn loaded into the 

ELE H313 Basic Hydrology basin machine and 

subjected to simulated rainfall for a period of 90mins.  

Two rain events were used – low intensity (90mm/h) 

for 60mins (1
st
 run) and High intensity (300mm/h) for 

30mins (2
nd

 run).  The two rainfall invents chosen 

were based on the recorded rainfall intensity data 

within the Benue trough.  Both runoff and percolation 

rates were monitored and noted for the 90mins 

simulated rainfall.  Then the samples were subjected to 

a continuous high intensity rainfall (300mm/h) for 

90mins and left for days to dry in order to form surface 

crust.  The crusted samples were later subjected to the 

two rainfall events of low and high intensities.  

Summation curves of runoff and percolation values 

were measured and plotted as a percentage of 

cumulative values versus time. 

 

RESULTS A D DISCUSSIO  

 

Soil Physical Characteristics 

Table 1 shows the measured physical parameters of the 

loamy sand tropical soil. The average moisture content 

was 19.6% for the fallow portion and 18.9% for the 

cultivated portion.  Land use definitely affected the 

water retention ability of soil.  The vegetative cover 

acted as inhibitor against evaporation in the fallow 

portion, while the cultivated area has loose and 

exposed surface area directly under the sun’s 

influence. 

 

Table 1: The measured physical properties of loamy 

sand tropical soil                                                                                                                                                            

The values of the specific gravity were 2.51 and 2.49 

for the fallow and cultivated portions respectively.  

These values were low (lower than 2.65) indicating the 

presence of organic matter (humus).  Brady (1990) 

reported that soils with high organic matter content 

have low (lower than 2.65) specific gravity.  The 

difference in the two values may be as a result of the 

land use, which affected the amount or organic matter 

in the soil (Landon, 1991).  Brady (1990) reported that 

soils with high organic matter content have low (lower 

than 2.65) specific gravity.  

Textural class of the experimental site is loamy sand 

for both portions with the textural separates of the 

cultivated portion being somewhat different from 

fallow areas, reflecting different degrees of previous 

disintegration.  The fallow area had 80.7% sand, 

15.2% silt and 4.2% clay, while the cultivated soil had 

78.7% sand, 17.3% silt and 4.0% clay.  The 

permeability of the soil was 0.052 and 0.044 cm/s for 

fallow and cultivated portions respectively.  The 

cultivated land had a lower permeability then the 

fallow land. This may be as a result of the higher clay 

content of the soil and farming operations. According 

to Michael (1985), poor soil permeability makes it 

more difficult to supply the crop with water and may 

greatly add to cropping difficulties though crusting of 

seedbeds, water logging of surface soil and 

accompanying disease, salinity, weed, oxygen and 

nutritional problems. 

Relationship between Runoff and Percolation  

Crust formed on the surface of soil affected the rate of 

infiltration and surface runoff differently under various 

conditions.  Crust formation increased runoff and 

decreased percolation for any given set of conditions 

(Table 2).  This behaviour is clearly seen in the 

summation curves (Figures 1 and 2). 

 

From the results of low – high rainfall intensity on 

fallow land (Table 2), runoff only started after about 

30min of rainfall.  Percolation increased non-

uniformly from 15mm/h and reaching peak of 

30.6mm/hr in 40mins and then dropped uniformly to 

15mm/h at the end of the rainfall duration (90mins).  

Runoff lagged percolation because infiltration 

conditions were fulfilled first.  The difference in runoff 

rate though higher for the last 30mins (60-90min) 

during the high intensity rainfall was the same 

(0.30mm/h). This is because the soil pores were fully 

saturated.  It could also be confirmed by the difference 

in the rate of percolation within the same last 30mins 

(60-90min) being equal to (4.0mm/h).  The summation 

curve of low-high intensity rainfall for natural 

vegetation (fallow) as shown in fig 1 showed a sharp 

rise indicating higher runoff while the percolation has 

a gradual reduction.  This means that the pore spaces 

have been filled thereby resulting in more runoff. 

 

 

 

Parameter Fallow land Cultivated land 

Moisture content % 19.6 18.9 

Specific gravity 2.51 2.49 

Texture %   

Sand 80.7 78.7 

Silt 15.2 17.3 

Clay 4.2 4.0 

Permeability cm/s 0.052 0.044 
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Table 2: Measured soil parameters for low – high intensity rainfall on fallow land 

 

Time 

min 

Fallow Land Fallow + Crust Formation 

Runoff 

mm/s 

Cum 

Runoff 

mm/h 

Percolation 

mm/h 

Cum 

Percolation 

mm/h 

Runoff 

mm/s 

Cum 

Runoff 

mm/h 

Percolation 

mm/h 

Cum 

Percolation 

mm/h 

10 - - 15 - - - 15 - 

20 - - 30 45.0 0.002 4 26 41.4 

30 0.010 18 27 72.0 0.01 18 27 68.4 

40 0.017 29 31 102.6 0.02 36 24 92.4 

50 

60 

70 

80 

90 

0.025 

0.035 

0.065 

0.095 

0.125 

45 

63 

117 

171 

225 

30 

27 

23 

19 

15 

132.6 0.03 54 

72 

126 

180 

234 

21 

18 

14 

10 

6 

113.4 

131.4 

145.4 

155.4 

161.4 

159.6 

182.6 

201.6 

216.6 

0.04 

0.07 

0.10 

0.13 

 

 

 

Surface crust formation on the other hand caused an 

increase in percolation from 15mm/h to 27mm/h in 

30mins then it reduced gradually to 6mm/h at the end 

of the rainfall event (90mins).  This showed that crust 

formation has decreased the rate of percolation.  The 

cumulative runoff in fallow land (225mm/h) was lower 

than the cumulative in the fallow land with crust 

formation (234mm/h).  The cumulative percolation in 

the fallow land (216.6mm/h) was higher than the 

cumulative percolation (161.4mm/h) on the fallow 

land with crust formation.  The phenomenon could be 

as a result of formation of surface seals (on the crusted 

land), which blocked the pore spaces and hence 

resulted in less percolation and more runoff as 

observed by West et al., (1992); Box and Bruce 

(1996); Shainberg and Levy, (1996).  The summation 

curve for the fallow land with crust formation is shown 

in fig. 2. In the cultivated land under low-high 

intensity rainfall event, (Table 3), there was sharp 

increase in the percolation rate from 15mm/h to 

27mm/h in 20mm which was constant up to 30mins.  

This value gradually dropped to 10mm/h at the end of 

the rainfall  

 

event (90mins).  The cumulative percolation 

(185.8mm/h) lagged the cumulative runoff (230m/h).  

The crust formation caused an increase of 15mm/h to 

22.2mm/h in 20min in the cumulative percolation and 

then dropped to 6mm/h at the end of the rainfall 

duration. On the cultivated surface with crust 

formation, the runoff was increasing as the percolation 

was decreasing (Table 3).  This was also the case on 

the cultivated land without crust (Table 3), but the rate 

of changed in runoff and percolation was more on the 

surface with crust.  Generally, it was also observed that 

land use affected the hydraulic response of the surface 

soil crust (Tables 2 and 3).  The rate of decrease in 
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Fig. 1. Summation curves for runoff and perclation as
a function of time from the onset of low-high
intensity rainfall for naturally vegetated land
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percolation was higher in the cultivated land with 

surface crust formation than in the fallow land with 

surface crust formation (Table 4).  There was alternate 

rising and falling in cultivated land with crust 

formation in terms of percolation rate.  It was 

interesting to note that the rate of percolation was the 

same with crust formation for both fallow and 

cultivated lands as from 60 minutes to the end of the 

rainfall event. Cumulative runoff for the fallow land 

with surface crust formation increased from 3.6 mm/h 

at 20mins to 54mm/h at 50mins (Table 2), while for 

cultivated land with crust formation it increased from 

7.2mm/h (double) at 20mins to 63 mm/h at 50mins 

(Table 3).  This indicated the effect of land use on 

hydraulic response of surface crust on the soil.  

Table 3: Measured soil parameters for low – high 

intensity rainfall on cultivated land 

 

Table 3: Measured soil parameters for low – high intensity rainfall on cultivated land 

Time 

min 

Cultivated Cultivated + Crust Formation 

Runoff 

mm/s 

Cum 

Runoff 

mm/h 

Percolation 

mm/h 

Cum 

Percolation 

mm/h 

Runoff 

mm/s 

Cum 

Runoff 

mm/h 

Percolation 

mm/h 

Cum 

Percolation 

mm/h 

10 

20 

30 

40 

50 

60 

70 

80 

90 

- 

- 

0.010 

0.020 

0.028 

0.037 

0.067 

0.097 

0.127 

- 

- 

18.0 

36.0 

50.4 

66.8 

120.6 

174.6 

230.0 

15.0 

27.0 

27.0 

       24.0 

24.6 

23.4 

19.4 

15.4 

10.0 

- 

42.0 

69.0 

93.0 

117.6 

141.0 

160.4 

175.8 

185.8 

- 

0.004 

0.015 

0.025 

0.035 

0.040 

0.070 

0.100 

0.130 

- 

7 

27 

45 

63 

72 

126 

180 

234 

15 

22 

18 

20 

        12 

18 

14 

10 

6 

- 

37.2 

55.2 

75.2 

87.2 

105.2 

119.2 

129.2 

135.2 

 

Table 4: Percolation rates for both fallow and 

cultivated lands with crust 

Time (min) Fallow with 

crust 

Cultivated with 

crust 

10 15 15 

20 26.4 22.2 

30 27 18 

40 24 20 

50 21 12 

60 18 18 

70 14 14 

80 10 10 

90 6 6 

 

Void Filling  

Increase in rainfall intensity resulted in increasing 

amount of aggregate breakdown and vertical 

translocation of soil minerals occurred.  Illuviation of 

fine primary particles (mainly clay) occurred to greater 

depths by movement of water through the profile, 

which then blocked the pore spaces as also observed 

by Luk et al., 1990 and West et al., 1992.  As the pore 

spaces are blocked (void filling), water percolation 

into the soil was reduced while runoff increased.  The 

greater raindrop impact by high intensity rainfall 

brought about more soil compaction and particle 

rearrangement.  This resulted in increase in density of 

the surface crust compared with the original aggregate  

 

packing density and lowering of the surface level.  

There was observation of an increase in density end 

physical compaction by the surface crust layer 

probably because of the force of impact by raindrops 

and particle rearrangement upon breakdown of surface 

aggregates.  The alternating rising and falling of 

percolation rates in cultivated land was as a result of 

the event of aggregate breakdown than in the fallow.  

The degree of stability was higher in the fallow land 

than in the cultivated land as also observed by 

(Bajiracharya et al., 1997).  Also it portrayed the fact 

that the proportions of total runoff from cultivated land 

during the rainfall were more than that of fallow land 

(Tables 1 and 2). 

 

CO CLUSIO   

It is concluded that the surface soil aggregates were 

most vulnerable to destructive action of water 

especially by heavy rainfall.  The dispersed surface 

tends to seal over and prevent water infiltration.  Crust 

formation could be influenced by the land use and 

rainfall intensity also.  Vegetative cover (both from 

fallow and cultivated lands) inhibits or minimizes 

raindrop impact and hence the rainfall erosivity is 

reduced.  The runoff and percolation rates of a given 

soil are influenced by the nature of the overlaying 

surface soil layer.  Crust formed has a negative impact 

on the productivity of a given soil.  Land use and 

rainfall intensities also cause variations in the 

hydraulic response of surface crust on soils.   
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