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Abstract 

Geo-referenced penetration resistance measured as Cone Index CI, were conducted in a 54 (9 by 

6) grid cells each 10m² on a sandy loam soil (Eutric Leptosol) of the University of Juba demonstra-

tion farm in October 2012. Undisturbed soil core samples were extruded at 30 cm depth for the de-

termination of the soil fractions and texture. An Eikjelkamp handpush penetrologger was used to 

determine the cone index. The results showed that correlations between the CI and sand, silt and 

clay contents at (P<0.05) were significant though for sand this was very weakly positive (r²=0.03) 

and weak for silt (r²=0.133) and hardly any for clay (r²=0.01) fractions respectively. The result of 

this study showed that the mean penetration resistance or Cone Index varied between 1.2-1.9 MPa 

with a critical value of CI, t=2.41 MPa significant at (P<0.05). The results showed that the critical 

CI value was attained with textural composition of silt and clay at values 63.53% and 11.01% re-

spectively (P<0.05). This suggested that higher CI in the soil was contingent on the critical 

amounts of especially silt and clay. Sites on the experimental plots that were originally cultivated a 

year earlier on in 2011 showed CI values ranging between 1.2 to 1.7 MPa while this was between 

1.7 to 2.8 MPa for previously uncultivated sites. A spherical model of the isotropic semi-variogram 

gave the best fit for both ordinary kriging and Inverse Distance Weighted (IDW) methods with no 

significant differences in the separation distance, h at 13.10m, semi-variance  or sill at 0.334. The 

semi-variances for both methods was constant over the entire separation distance suggesting spa-

tial dependence. The results of this study clearly indicated that the penetration resistance of the 

Eutric Leptosol  was a function of the soil texture. 
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Introduction 

High mechanical impedance and therefore high penetration resistance of soils is often influenced 

by several intrinsic as well as external factors. For major soil types of the world, several studies on 

the factors influencing penetration resistance of have been carried out e.g. textural and physical 

parameters like clay content (Hummel et al., (2004); silt fraction (Jones, 1983) and bulk density 

(Ayers and Perumpral, 1982; Reichert et al., (2000) were found to affect the CI. Similarly, soil wa-

ter content (Yasin et al., 1993; Franzen et al., 1994, Chen et al., 2011) was found to affect CI. Soil 

management practices were observed to influence the CI and were higher in non-tillage systems 

than under conventional (Grant and Lafond, 1993; Chen et al., 2004; Bueno et al., 2006). Howev-

er, no extensive researches over the last two decades have been conducted on the factors and ex-

tent on penetration resistance in most major tropical soils in Africa.   

Studies on tropical rangeland ecosystems demonstrated that micro-invertebrates, especially earth-

worms in decomposed cow dung played a significant role in improving the soil structure and there-

by reducing the soil penetration resistance (Herrick and Lal, 1995). Similarly, other studies showed 

the penetration resistance increased due to the effects of trampling in wet tropical rainforest soils 

(Talbot et al., 2003); on skid trails after logging in evergreen forests of Ghana (Alexander, 2012). 

Most tropical sandy soils have a tendency to hardsetting, i.e. become compact and develop hard-

pans within a narrow water range resulting into adverse effects for root growth (Mullins et al 

1990). Kukal and Aggarwal (2002) found out that the hydraulic conductivity of the sandy loam soil 

of the puddled layer decreased with increasing puddling intensity (0.064 cm h-1 with medium-

puddling to 0.009 cm h-1 with high-puddling). Similarly, the value of cone index of wet loam soil 

was found to decrease with increasing levels of puddling (Awadhwal and Singh, 1992); gravel Cal-

cisols ( Hemmat and Taki, 2003). while the penetration resistance in Vertisols was reported to de-

crease with puddling and increased with depth (Mohanty et al., 2004). Soil compaction and there-

fore the degree of penetration resistance depends on soil texture, soil water, organic matter con-

tent, soil aggregation and compaction effort (Kay et al., 1997; Canbolat et al., 2002; Imhoff et al., 

2004). Horn and Lebert, (1994) reported that coarse textured soils were less susceptible to com-

paction than fine texture ones. 

 

Correlating the spatial variability of the penetration resistance as determined by the cone index to 

the soil texture has been a challenge in precision agriculture especially where site-specific tillage 

management have to be undertaken. Therefore, conducting a research was necessary to then be 

able to characterize the soil penetration resistance and define its spatial pattern as influenced by 

soil texture for site specific tillage applications. Analysis of spatial variability and mapping of soil 

penetration resistance may further improve our understanding of how soil penetration resistance 

may be inferred from soil fractions or texture for South Sudan soils. 

 

The overall objective of this study therefore, was to determine effects of aggregate sizes of a 

sandy loam soil on the penetration resistance. The specific objective was to quantify and qualify 

the spatial distribution of penetration resistance in relation to the different aggregate size groups. 



Methods and Materials 

The experiment was conducted during the months of August to November 2012 at the 

demonstration and research farm of the Department of Agricultural Sciences, College of Natural 

Resources and Environmental Studies (CNRES), University of Juba, in Central Equatoria State, 

South Sudan. The study area lies within the Green belt agro-ecological zone of South Sudan and is 

located between latitude 4 50'28" and longitude 31 35'24" with annual rainfall average of 650mm 

mostly during the month of April to October.  

The climate of the area is tropical wet and dry climate with average temperature ranging between 

27°C during the rainy seasons to about 35°C during the dry seasons of November to March. The 

soil can be predominantly be classified as Eutric Leptosols with less associated Eutric Gleysols  

(Harmonized World Soil Data Viewer Version 1.2). 

 

 

Figure 1: Map showing position of the University of Juba and the surrounding soil 
types. Source: HWSD Viewer 1.2 

 

Soil cone index was determined by hand pushing electronic cone penetrometer (Eijkelkamp 

AgriSearch Penetrologger M1. 06. 15. SA.E) with maximum measurement range of 5000 kPa and 80 

cm depth. The standard setting of a cone penetrometer has a cone with a 60° tip angle, a standard 

cone base area (1 cm2) and shaft diameter (8 mm). Soil penetrometer measurements were made by 

pushing the penetrometer vertically into the soil at an approximated speed of 2 cm/s. 

The experimental area is a 40 x 80 m demonstration farm/nursery of the Department of Agricultural 

Sciences, University of Juba and divided in to 32 plots each 10 x 10 m. Samples from 12 out of the 

32 plots were selected at random. Three penetrations were conducted for each plot at distance of 1 

to 2m to given composite and representative sampling.   

 

University of Juba  



Soil sampling procedure 

Soil samples collected for both physical and chemical analysis were extruded manually using hand 

auger sampler. Three samples from each randomly selected plot were extruded at 0-30 cm depths 

from a distance of 1 to 2 m from each other and then mixed together to give a composite and repre-

sentative sample. The selected areas included fruit trees some cultivated vegetables. The same pro-

cedure was repeated for all soil samples collected from the 11 plots. Samples were placed into la-

beled aluminum cans of diameter 2 cm and height 1.5 cm then taken to the laboratory for the de-

termination of the particle size distribution (PSD) and texture. The particle size groups were separat-

ed by dry sieving. Soil samples were gently broken by hand, air dried and sieved through using the 

Eijkelkamp mini hand sieve set with 6 interchangeable rimmed gauze sieve discs, Ø 100 mm, sieve 

openings: 2.0, 1.0, 0.500, 0.250, 0.125 and 0.063 mm  

 

Table 1: Some of the physical and chemical properties of sandy loam soil (Eutric Lepto-

sol) at the Nursery farm of the Dept. of Agricultural Sciences, Univ. of Juba (CNRES, 

2012). 

Soil physical and chemical features                  Description 

Soil Mapping Unit (SMU)                                 Eutric Leptosol 

USDA Texture Classification                              Sandy loam 

Drainage Class (0-0-5%)                                  Moderately well 

Sand (average)                                               47.6% 

Silt (average)                                                  45.1% 

Clay (average)                                                 7.3% 

pH (LaMotte STH Test Method)                          7.2 

Vol. water content (average)                             10.4% 

Bulk density                                                    1.34 gm/cm³ 

Humus content                                                2.95% 

 

Table 2 shows the different confidence intervals for the coefficient of variation (CV) at the different 

significant levels.  

Soil moisture content of each undisturbed soil sample was first extruded using aluminum cans of 

diameter 2 cm and higher of 1.5 cm and 100 cm3 volume from each depth of 0-30 cm. Soil 

gravimetric moisture content was calculated from the weight difference between wet and oven dry 

soil samples (dried for 24 h at 105°C). The volumetric moisture content was calculated by dividing 

the gravimetric moisture content to the soil volume of 100 cm3.  

 

 

 

 

 



Table 2: Average percentages for different particle size fractions and the statistical  

parameters indicating the corresponding confidence intervals (in brackets) at 0.05, 

0.025, 0.01 and 0.1 for v=11 for the studied soils from the experimental site (CNRES, 
University of Juba, 2012). 
   

Fraction size                                                    Statistical parameters 

Ø (mm)    Mean (%)    SD      t v *               tv**               t v ***            t v * ***   

Sand 2-1.0     47.6         10.6  0.14-0.30)    (0.12-0.30)     (0.09-0.35)      (0.16-0.28) 
 

Silt   1-0.125  45.1         11.4  (0.16-0.30)   (0.14-0.34)     (0.11-0.39)      (0.18-0.33) 

  
Clay  <0.063  7.3           5.6    (0.48-1.04)    (0.42-1.04)      (0.34-1.18)     (0.55-0.97) 

t v *=1.796 which is the T test significant at 0.05; tv** significant at 0.025 =2.201; 

t v ***=2.718 significant at 0.01; t v * ***  = 1.363 significant at 0.1 

 

Geo-statistical software GS+TM Version 9 (Gamma Design Software, LLC, Plainwell Michigan, USA), 

NC, 2001) was used to quantify the isotropic spatial variability and construct semi-variogram 

models for the soil cone index. Spherical, exponential, Gaussian and linear variograms were 

considered. For the studied soils only the exponential and Gaussian models were selected as the 

best fitting models based on the values of weighted Residual Sums of Squares (RSS), regression 

coefficient (r²) and relative spatial structure indicator (Nugget/Sill) to indicate the spatial 

dependency.  
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Figure 2: Some randomly selected plots from the demonstration and research farm of the 

Dept. of Agricultural Sciences, University of Juba. 
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The experimental semi-variograms were produced using the equation: 

 

    γ(h)=[
1

2N(h)
] ∑ [zi-z(i+h)]²                       (1) 

  

where γ(h) = semi-variance for interval distance class h; zi = measured sample value at point i; 

z(i+h) = measured sample value at point i+h; and N(h) = total number of sample couples for the 

lag interval h. The exponential and Gaussian isotropic models were the best-fitted models used to 

characterize the spatial variability in this study. The exponential isotropic model is given here as: 

 

    γ(h) = C0 + C [1–exp(–h/A0)]             (2) 

 

while the Gaussian isotropic model was given as: 

 

    γ(h) = C0 + C[1 - exp(-h2 / A0
2)]             (3) 

 

where γ(h) = semivariance for interval distance class h; h = lag interval; C0 = nugget variance ≥ 0; 

C = structural variance ≥ C0, and A0 = range parameter. 

Interpolation was performed using both the ordinary kriging and the Inverse Distance Weighting 

(IDW) methods. The spatial trend was visualized from contour maps.  

 
 

Results and Discussion 
 

The spatial variability of CI with the different soil fractions were plotted and linear trends  generat-

ed for describing the relationships. The regression coefficient (r²) of the trend lines were generally 

low r²=0.03 for both sand and clay fractions and r²=0.01 for silt, which were expected due to the 

low data set n=12. However, a correlation between the CI and soil fraction was discernible.  

      
Spatial variability of Cone Index and soil texture 

Measurements of cone index of the different soil fractions were used to prepare maps of spatial 

variations. Figures 3 and 4 shows the contour maps of the predicted cone index values using the 

ordinary kriging and Inverse Distance Weighting (IDW) interpolation methods. Both interpolation 

methods did not show any significantly different patterns in the spatial distribution of the cone in-

dex. Over 85% of the field indicated cone index values between 0.72-1.76 MPa with about 15% 

ranging between 1.91 to 2.95 MPa. The maps showed that greater part of the field had values that 

did not exceed the critical root limiting values of 2 MPa Taylor and Gardner, (1963); Gupta (1990). 

The areas with the lowest cone index values 0.72-1.76 MPa were predominantly towards the east 

side of the field which were previously under cultivation. 

 



 
 
Figure 3: Contour map showing average values of the cone index using the Kriging 

interpolation method. 

 

 
 

Figure 4: Contour map showing average values of the cone index using the Inverse 
Distance Weighting (IDW) interpolation method. 

 
 

Conditional Simulation  

Apart from the ordinary kriging and IDW interpolation techniques used in this study, the conditional 

simulation interpolation technique was also used to delineate the spatial variability of the cone index. 

Whereas both ordinary kriging and IDW techniques generated contour maps that showed clear and 

sharp spatial discontinuities, this was not the case for conditional simulation especially were the number 

of simulations was low. Hereby, best predictions of the cone index were done by sequentially increasing 

the number of simulations from 20, 200 and eventually 2000. Figure 5 shows that with the 2000 

simulation runs, the spatial delineation between the different values of cone index was evident. The 

cone index tended to decrease in an easterly direction from left to the right hand corner of the field 

from about 1.77 MPa to as low as 0.7 MPa. Such uni-directional decrease of cone index did not account 



for the spatial and random distribution under natural conditions of different of the soil components as 

illustrated by the kriging and IDW interpolation methods. 

  (a) 

  
 (b) 

 

  (c) 

 

Figure 5: Sequential increase of simulations runs from (a) 20, (b) 200 and (c) 2000 in 
the delineation of the cone index values in a sandy loam soil. 

 



Geo-statistical parameters of the cone index and the different soil fractions are shown in Tables 3. 

The Gaussian isotropic model gave the best fit for both sand fraction and cone index, whereas the 

exponential isotropic model gave the best fit for both silt and clay fractions. It can be stated that, 

depending on the semi-variogram model (exponential model for both silt and clay fractions), the 

nugget variance (C0) revealed continuity and spatial dependence for distances shorter or equal to 

the range A0, while this showed discontinuity for nugget variances greater than the range (Gaussi-

an model for sandy fraction and cone index). Nugget variance values of the different soil fractions 

was in the order silt>clay>sand. The degree of spatial dependence for sand, silt and CI was strong 

at 8.57%, 15.24%, and 17.37% respectively while this was moderate for clay at 49.99% (Cam-

bardella et al., 1994).   

 

Table 3: Geostatistical parameters of soil fractions and CI of a sandy loam soil (Eutric 
Leptosol) from the demonstration farm of the Dept. of Agric. Sciences, Univ. of Juba 
 

  Sand Silt    Clay   Cone Index  

Variogram type Gaussian Exponential Exponential Gaussian  

Nugget (C0) 14.97 24.40 19.05 0.07  

Sill (C0+C) 174.70 160.10 38.11 0.403  

Spatial class (%) 8.57* 15.24* 49.99** 17.37*  

Range,  A0 (m) 

RSS 

r² 

16.22 

198 

0.978 

10.80 

37.12 

0.245 

17.30 

99.40 

0.260 

12.90 

0.0069 

0.328 

 

Spatial class: 0-25% Strongly dependent, *S;  
                  25-75% Moderately dependent, **M;  
                     >75% Weakly dependent, W;  
                       RSS=Residual Sum of Squares 

 

 
The spatial variations of the different soil fractions showed differentiated patterns (Figure 6). The max-

imum values of the sand fraction for example, was predominant between 52-65% with minimum values 

at both extreme left and right hand corners of the demonstration farm. This was the opposite for silt 

fractions.  

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

Figure 6: Contour maps on the spatial variability of the different soil fractions using the or-
dinary kriging method. 
  

 

 

 



Values of Cone index versus soil textural features 

Values of cone index generally tended to increase with the sand fraction (Figure 7), whereas this was 

the reverse trend for silt and clay fractions. Sand particles have relatively higher friction coefficients 

than silt and clay particles, which would explain the increasing trends of CI with sand fraction. The 

ANOVA results indicated that the sand fraction with the critical value (t∝CV
) at (P<0.05) showed a wide 

range from 14 to 30% for silt, 16 to 30% for sand and over 48%  for clay (Table 2).  

 

 

 

 

 

 

                                
 

 

 
Figure 7: The correlation between the cone index and the different fractions of the sandy 

loam soil. 
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Figure 7 shows the variation of cone index of the different soil components. The cone index values 

tended to decrease with both increasing silt and clay fractions. Similar results from literature data 

between the cone index and silt and clay fractions for both non-tillage and conventional tillage was 

observed by (Kumar et al., 2012). This decrease could be attributed to a poor contribution of inter-

particle adhesive forces owing to the relatively low organic carbon 0.72%, AWC at 15 m and CEC 

at 49 mol/kg (HWSD Viewer 1.2). At critical clay content (P<0.05 or t v * = 0.48-1.04) or greater 

than 48% as in Table 2, the cone index values was expected to increase due to the rearrangement 

of the fine clay particles within the soil matrix relative to sand or silt. Such critical values of clay be-

tween 35- 40% were on shale-sand mixtures were reported by (Revil and Cathles, 1999) and 

about 45% for 29 South African soils by Smith et al. (1997).  

It can be concluded that e.g. for sand soil that there is a 95% probability that the value of CV lies 

in the interval (0.14-0.30), implying that the CV values are between 14-30% of the standard mean 

value which would be the range for the sand component for tolerable penetration resistance or 

cone index for the studied soil. Further increment in the sand component above the critical values 

t-CRIT would offset an increase in penetration resistance.  

 

Spatial analysis of the soils data using isotropic variogram showed that the demonstration farm had sig-

nificant spatial dependency of soil cone index (S=0-25%). Results from isotropic semi-variograms indi-

cated that silt and clay fractions exhibited some degree of negative spatial correlation. Positive spatial 

correlation was only indicated by the sand fraction. It should be noted, that the degree to which spatial 

correlation was characterized was dependent on the sampling grid size and number of samples. In this 

study, the spatial structure of the cone index data was not fully realized because of the relatively small 

sampling size (i.e., less than 12 samples per hectare) as shown in Figure 8.  

 

                                    
 
Figure 8: Semi-variance for the cone index with the Gaussian model fits for sandy loamy 

soil (Eutric Leptosol) from the Dept. of Agric. Sciences demonstration farm, Univ. of Juba 

measured in November 2012. 
 

 



The strong spatial dependence of the sand and clay fractions are intrinsic in nature and attributa-

ble to the genesis and mineralogical composition Cambardella et al., (1994); Tekin et al., (2011) of 

the Eutric Leptosol. Extrinsic variations such as previous tillage, crop rotation practices and fertilizer 

applications may have contributed to the moderate spatial dependence for the clay fraction (Ay-

oubi et al., (2007). In addition to this, differences in rotation may also attribute the decline in spa-

tial dependency of a variable. All values less than the range A0 showed some spatial dependency 

than those beyond (Warrick & Nielsen 1980).  

 

 

 
 

 

                                           
 

Figure 9: Isotropic variograms for the different soil fractions as shown by the Gaussian 

model for sand fraction with exponential model for both silt and clay fractions 
 

Figure 9 shows the spatial dependence range values were 10.80, 16.22 and 17.30 m for sand, silt 

and clay fractions respectively while this was 12.90 m for the CI (as in Figure 8). These range val-

ues reflected the percentage representation of the different fractions of the soil with the range val-

ue for the sand fraction closely associated to that of the CI. It can be presupposed that the spatial 

distribution and dependence of the CI is more influenced by the predominant soil fraction. The CI 

of the soil is therefore a function of the degree of inter-particle cohesion as determined by the pre-

dominant soil fraction. 



Conclusions 
  
The predominant sand fraction of the Eutric Leptosol increased the magnitude and correlated 

strongly with the spatial variability of the cone index. The spatial pattern of both the sand fraction 

and cone index was explained by the Gaussian semi-variogram model whereas the exponential 

semi-variogram model gave the best fit and described the spatial variability of the silt and clay 

fractions. The results suggested that the variations of the predominant soil fraction across the field 

correlated well with the values of the soil cone index as estimated by spatial structures (geo-

statistical parameters).  

Kriged maps of both cone index values and sand fraction indicated that most part of the field had 

cone index values that were favorable for plant growth with no hard pans. The relatively high CI 

values of over 2.8 MPa were so negligible to warrant any serious tillage considerations like deep 

tillage. This indicated that conventional tillage up to 30 cm depth on sandy loam soils was ade-

quate 
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