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-1The development of  a simple statistical model for estimating saturated hydraulic conductivity (Ks, cm hr ) from 
easily determined soil properties has not been given much attention in Nigeria. Experiment was conducted in the 
Teaching and Research Farm, University of  Ibadan to estimate Ks from easily determined properties of  an Iwo 
sandy loam (Alfisol) using pedo-transfer functions (PTFs). Four profile pits were constructed at 100 m intervals 
within Iwo sandy loam while soil samples were collected at 10 cm depth intervals down the 50 cm - 80 cm 
profiles. The samples were analysed in the laboratory for Ks, particle size distribution, bulk density (Bd), 
gravimetric moisture content (Pm), effective porosity (Pe), pH in H O and CaCl , organic carbon (C) and 2 2

exchangeable acidity. Soil properties were individually correlated with Ks. Only clay content has significant 
correlation coefficient, r = -0.41* with it at p=0.05, giving rise to a simple statistical model: Ks = 0.1232 -
0.013clay. In addition, a stepwise regression procedure among Ks and soil parameters resulted in the proposed 
multi variable functions: Ks = 0.3459 - 0.0204clay - 0.0392 pH (CaCl ); Ks = 0.023 + 0.1862clay - 0.0134Pe; Ks = 2

0.0974 + 0.2130clay - 0.0050org. C - 0.0157Pe and Ks = 0.1414clay + 0.3656Bd - 0.0100Pm - 0.7469. Changes in 
PTFs varied widely while variation in PTFs developed was dependent on the number of  parameters from which 
they were formed. However, the application of  the models could be site specific due to the highly variable nature 
of  Ks and soil heterogeneity which militate against universal adaptability of  most pedo-transfer functions. 

Keywords: Saturated Hydraulic Conductivity, Pedo-transfer Functions, Soil Properties, Regressions

ABSTRACT

INTRODUCTION 
The management of  water requires a reliable 
estimate of  soil hydraulic properties for effective 
predictions and the control of  water dynamic in a 
field. Soil properties such as bulk density, texture, 
porosity and structure are known to affect soil 
moisture and hydraulic conductivity (Wagner et al., 
2001). Soil hydraulic properties are necessary for 
many studies of  water and solute transport but the 
measurements often require substantial 
investment of  time and money (Schaap et al., 
2001). Despite this difficulty, soil hydraulic 
properties and their values are indispensable in the 
solution of  many soil and water management 
problems which are related to agriculture, ecology, 
hyd r o l o g y,  hyd r o g e o l o g y,  a n d  o t h e r  
environmental issues.
Saturated hydraulic conductivity (Ks) is a constant 
associated with the flow of  a fluid through a 
saturated conducting medium. It could be derived 
from an empirical relationship established by 
Darcy's law which involves the rates of  flow of  
water through saturated columns of  sand and 
hydraulic head loss. It is influenced by soil texture 

and structure which in turn is influenced by total 
porosity and pore size distribution.
Saturated hydraulic conductivity (Ks) is the most 
critical soil hydraulic property of  the soil matrix 
(Rawls et al., 1998) and one of  the most difficult 
hydraulic properties to obtain (Suleiman and 
Ritchie, 2001). It is a key parameter that is 
important for irrigation, drainage, water balance, 
modelling of  water flow and chemical transport 
through the soil, and has been estimated from 
various soil properties by several researchers with 
success (Krogh et al., 2000; Moustafa, 2000; 
Khodaverdilu and Homaee, 2002; Jarvis et al,. 
2002; McBratney et al,. 2002; Ghorbani and 
Homaee, 2004; Ihakur et al., 2007). Ks has also 
been estimated from effective porosity by using 
the generalized Kozeny-Carman equation of  the 
form given by Mbagwu (1995). 
Many attempts have been made to develop 
simplified methods to provide rapid and reliable 
representative values of  hydraulic conductivity 
through somewhat approximate and semi-
empirical formulae (Vereecken, 1995; Jarvis et al,. 
2002; Ghorbani and Homaee, 2004). With 
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continuing advancements in computer software 
and hardware, mathematical subsurface flow 
models are increasingly being used in many field 
studies. These methods use readily or easily 
obtainable soil properties such as soil texture, bulk 
density; moisture content, pore size distribution 
and effective porosity etc. (Mbagwu, 1995; Rawls 
et al., 1998). Most of  these methods can be 
classified as pedo-transfer function (PTF). Pedo-
transfer function has a strong degree of  
empiricism in that it contains model parameters 
calibrated on existing soil hydraulic database. 
Eight well-known pedo-transfer functions (PTFs) 
used for estimation of  soil hydraulic conductivity 
were evaluated by Wagner et al. (2001) using 
detailed measurements of  63 German soil 
horizons and found that the developed PTFs 
performed best for predicting unsaturated 
hydraulic conductivity. 
Pachepsky et al. (2006) used soil structure in PTFs 
for estimation of  soil hydraulic conductivity. 
Ghorbani and Homaee (2004) reviewed the status 
of  PTF development, methodologies involved in 
the development of  the PTFs and the accuracy 
and uncertainty of  various PTFs. As every PTF is 
developed on the basis of  a limited database, there 
is a lot of  uncertainty in the application of  PTF to 
different soil conditions under which PTFs are 
developed. Thus, there is a need to ascertain the 
level of  accuracy and the limit of  the PTFs 
developed in other places in order to apply to 
other soil conditions.
Models could be simple linear or non-linear 
regression or in multiple regression form using 
actual or log transformed data (Mbagwu, 1995). 
Other models include the derivation of  prediction 
formulae for saturated hydraulic conductivity 
using physical concepts, even though they have 
limitation for general application (Tietje and 
Hennings, 1996). The spatial variabilities in 
saturated hydraulic conductivity as well as in some 
other physical and chemical soil properties are 
significant factors militating against the estimation 
of  reliable representative Ks values from the 
empirical methods (Moustafa, 2000). Mbagwu 
(1995) developed a simple statistical model for 
estimating Ks from some soil properties in the 
Nsukka Plains of  South Eastern Nigeria. 
However, extrapolation of  all empirical methods 
developed for other countries to Nigerian soils 
may be difficult because of  the differences in soil 

properties. Therefore, an experiment was 
conducted to estimate Ks from easily determined 
properties of  an Alfisol in Ibadan, using pedo-
transfer functions (PTFs).

MATERIALS AND METHODS
Experimental Site
The experiment was conducted at the Teaching 
and Research Farm of  the University of  Ibadan, 

0
Nigeria, Ibadan. Ibadan lies between Latitudes 7  

1 0 1 0 1 0 125  and 7  31  N and Longitudes 3  51  and 3  56  E. 
The site has a mean altitude of  185 m above sea 
level. The rainfall pattern is bimodal with average 
of  1230 mm per annum. There are two growing 
seasons; a wet season which runs from March to 
October and a dry season, from November to 
February.  The daily annual temperatures range 

o ofrom 22 C to 31 C and relative humidity ranges 
from 57% to 99%. Ibadan has a percentage of  
sunshine hours that range from 16% in August to 
59% in February through December with an 
average of  44%. The soil used in this study is an 
Alfsol of  the Oxic Paleustalf  (accoeding to 
USDA), formed from Basement Complex rocks. 
It is classified locally as Iwo series (Smyth and 
Montgomery, 1962). The experiment was 
conducted in the peak of  dry season during 
December and January of  2010. Four auger-hole 
(58 cm wide) were dug along a valley bottom at 
100 m intervals. The auger-holes have depths of  
80 cm, 70 cm, 60 cm and 50 cm respectively for 
wells A, B, C and D.  Soil core samples were taken 
at 10 cm intervals down the auger-hole profile to 
water table, for the determination of  soil physical 
and chemical properties.

Measurement of  Selected Soil Physical 
Properties
Particle size distribution of  the soil samples (< 
2mm) was determined using hydrometer method 
as described by Gee and Or (2002).  Soil core 

3sample of  100 cm  volume, 5 cm diameter were 
taken to determine bulk density by core method 
(Grossman and Reinsch, 2002). Total porosity was 
estimated as water content at saturation as 
described by Flint and Flint (2002). Effective 
porosity (Pe) was determined as the difference in 
soil water content at 33 KPa matric potential from 
the total porosity (TP) (Suleiman and Ritchie, 
2001). Gravimetric soil moisture content was 
determined as described by Lowery et al. (1996). 

Oshunsanya: Predicting Saturated Hydraulic Conductivity from Selected Properties of  Alfisol
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Laboratory saturated hydraulic conductivity was 
determined by the constant head method with 
core samples (Klute, 1986). A core sample 
containing soil was saturated for 24 hours. 
Another empty core of  the same size with 
saturated soil core was placed above saturated soil 
core and then filled with water.  A flask of  water 
was inverted above the core containing water in 
order to maintain constant head of  water. The 
quantity of  water (Q) drained in every 5 minutes 
was measured until equilibrium (constant flow of  
water) was reached. Daray's equation below was 
employed:
KQ = (QH) / [(h + H) At]                      (1)                                                                                     
Where: KQ = unsaturated hydraulic conductivity 
(cm/mins); Q = quantity of  water at a constant 

3
flow (cm ); H = Length of  the soil core (cm); h = 
Height of  water above the soil (cm); A = Cross 

2 2sectional area of  the core (cm ) and A =   pr ; t = 
Time taken to reach constant flow (mins); r = 
radius of  the core (cm).

Measurement of  Selected Soil Chemical 
Properties
Soil pH was measured in a 1:2 soil:water and with 
0.01M calcium chloride (CaCl ) solution using a 2

pH meter. Organic carbon was determined using 
the dichromate oxidation method (Nelson and 
Sommers, 1982). Exchangeable acidity was 
determined by titration of  normal KCl extract 
against 0.05 sodium hydroide to a pink using 
phenolphthalein as indicator (Mclean, 1967).

Development of  Pedo-transfer Functions
The PTF`s are statistical estimation routines used 
to drive hydraulic database from more widely 
available soil survey information (Jarvis et al., 
2002). In the models, laboratory hydraulic 
conductivity (Ks) could be estimated using bulk 
density (Bd), total porosity (TP), gravimetric 
moisture content (Pm), effective porosity (Pe), 
particle size distribution, soil pH, organic carbon 
and exchangeable acidity or combination of  these 
variables as predictor variables (Chen et al., 1998). 
Various models employed include:

Simple Linear Regression Model
       This model relates individually determined 
property with saturated hydraulic conductivity as 

given by Mbagwu (1995). 

Ks = a + ba (2)1                                                                                                                                                                                                              

where: a and b are empirical constants while a  1

is any soil property 
This model was used to determine the best 
relationship between the independent variables, 
clay, sand, exchangeable acidity, bulk density, 
organic carbon, effective porosity and dependent 
variable of  saturated hydraulic conductivity.

Multiple Linear Regression Models
Multiple regression analysis involves more than 
one independent variable. This model is worked 
out for the variables that most influence hydraulic 
conductivity (Ks) and which are independent of  
them and would yield an iteration equation of  best 
fit in their form (Chen et al., 1998).
Ks = a + bPe + c %clay + dEXA + eBd +...(3)                                                              
where a, b, c, d and e are empirical constants.
….   = any other variable that may influence Ks,   
% clay = percentage clay content, Pe  = effective 
porosity (%), EXA  = exchangeable acidity, Bd   
= bulk density (%)

Statistical Procedure
The models for laboratory saturated hydraulic 
conductivity Ks (dependent variable) were 
obtained from regression analysis with each 
predictor variable (independent variable). Simple 
linear regression was employed by correlating soil 
properties individually with Ks and also in 
combination using the backward stepwise 
regression procedure (Levesque, 2007). In 
backward stepwise regression, all the variables are 
included into the design of  analysis. At each step, 
the removal statistic is computed for each variable 
eligible for elimination (Statsoft, 2000), following 
P values (P = 0.15) specified to control removal of  
variable from the model. The overall r get bigger 
as a variable is removed (Will, 2000). The program 
finds the variable having the highest r with the 
dependent variable.

RESULTS AND DISCUSSION
Soil Properties
The mean physical properties of  the Iwo sandy 
loam are presented in Table 1.

Oshunsanya: Predicting Saturated Hydraulic Conductivity from Selected Properties of  Alfisol
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Table 1: Mean Soil Physical Properties of  Auger-Holes A, B, C and D in Ibadan

Depth Bd  Pm  TP Pe  Clay  Sand  Silt  
(cm) (g cm-3) (%) (g kg-1) 

0-10 1.1 3.6 57.3 42.3 38 924 38 
10-20 1.2 5.1 60.3 38.0 36 928 36 
20-30 1.2 10.4 57.5 41.0 36 914 50 
30-40 1.3 9.9 52.8 38.3 34 941 25 
40-50 1.3 14.3 50.0 39.5 40 935 25 
50-60 1.4 18.3 45.0 34.5 62 838 100 
60-70 1.3 17.9 45.5 43.0 60 820 120 
70-80 1.3 18.7 40.0 28.0 57 883 60 
X 1.26 12.27 53.79 38.93 39.1 918 42.5 
SE 0.08 2.56 2.87 18.20 0.31 1.14 0.93 
CV (%) 15.50 69.93 13.20 50.60 18.97 3.29 79.01 
 

Soil texture ranged from sand to loamy sand with 
-1average particle size distribution of  918.4 gkg  

-1 -1sand, 42.54 gkg  silt and 39.14 gkg  clay. The 
corresponding coefficients of  variation were 3.2, 
79.0 and 18.9%, respectively. The clay content 
increased down the wells while the sand content 
decreased and silt followed no particular trend. 
Increased clay content down the well could be due 
to clay lessivation at the soil surface. Similar results 
were reported by Wuddivira (1998). Gravimetric 
moisture content increased down the wells (3.6% 
at the soil surface to 18.7% at the base) with mean 
of  12.27%. The increase in the amount of  water 

down the well could be as a result of  increase in 
clay content down the well. Clay particles are 
characterised with preponderance of  micro-pores 
(capillary pores) which are responsible for holding 
water. An increase in clay content encourages 
water retention ability of  the soil (Oshunsanya et 
al., 2010). The lowest soil Bulk Density (BD) value 

-3
of  1.10 g cm  was obtained at 0-10 cm surface and 

-3this value gradually increased to 1.4 g cm  at 50 - 
-360 cm and then decreased to 1.3 g cm  depth. The 

lowest BD obtained at soil surface could be 
partially due to high accumulation of  dead 
materials at the surface which reflected as high 
organic matter content as presented in Table 2. 

Table 2: Mean Chemical Properties of  Auger-Holes A, B, C and D in Ibadan

Depth (cm) pH(H2O) pH(CaCl2) Org.C(gkg-1) Ex. Acidity 
0-10 6.1 5.6 23.85 0.4 
10-20 6.2 5.6 15.25 0.3 
20-30 6.0 5.3 13.61 0.4 
30-40 5.6 4.9 8.49 0.4 
40-50 5.8 5.1 13.37 0.4 
50-60 5.8 4.7 13.73 0.5 
60-70 5.9 5.1 12.85 0.6 
70-80 6.4 5.8 12.13 0.5 

X 5.87 5.30 14.16 0.39 
SE 0.13 0.16 0.96 0.05 

CV (%) 5.86 7.58 21.46 25.51 
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Bd = Bulk density, Pm = Gravimetric moisture content, TP = Total Porosity, Pe = Effective Porosity, X = Mean, SE = 
Standard Error, CV = Coefficient of  Variation

X = Mean, SE = Standard Error, CV = Coefficient of  Variation
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Total porosity and effective porosity which 
directly affected saturated hydraulic conductivity 
were not consistent. They varied down the soil 
profile, indicating that properties from different 
horizons of  profile are required to develop pedo-
transfer function (PTFs) (Wagner et al., 2001). 
Chemical properties such as soil pH, organic 
carbon and exchangeable acidity are also 
presented in Table 2. The highest organic carbon 
content was obtained at the surface soil (23.85 mg 

-1
kg ) which decreased down the soil profile. 
However, exchangeable acidity did not follow any 
specific direction. Both organic carbon and 
exchangeable acidity are good tools necessary to 

develop PTFs (Koogh et al., 2000). Organic 
carbon as an index of  organic matter helps in 
improving soil structure by cementation process. 
Improvement in soil structure will bring about 
change in saturated hydraulic conductivity. 
Pachepsky et al. (2006) used the soil structure in 
PTFs for estimation of  soil hydraulic conductivity.

Saturated Hydraulic Conductivity and Soil 
Properties
Laboratory saturated hydraulic conductivities at 
10 cm depth intervals down the auger-holes of  
wells A, B, C and D are presented in Table 3.

-1
Table 3: Laboratory Saturated Hydraulic Conductivity, Ks (cm hr ) for Auger-holes A, B, C and D 
at Different Intervals down the Profile
 Depth(cm) Ks (cm hr-1) 

 A  B C D 

0-10 2.64 6.00 1.80 7.38 

10-20 10.02 3.34 3.60 2.34 

20-30 4.62 3.54 7.32 4.86 

30-40 4.36 7.62 4.26 3.06 

40-50 1.56 3.48 8.34 2.28 

50-60 1.62 2.52 ND ND 

60-70 0.18 5.76 ND ND 

70-80 0.60 ND ND ND 

Mean 3.26 4.68 5.06 3.98 

 
ND = Not Determined

In auger-hole A, laboratory Ks ranged from 0.60 
-1 -1 -1cmhr  to 10.02 cm hr  (average of  3.26 cm hr ) 

-1
while that of  B ranged from 2.52 cmhr  to 6.00 

-1 -1
cmhr  (average of  4.68 cmhr ) and for well C the 

-1 -1
range was 1.80 cmhr  to 8.34 cmhr   (average of  

-15.06 cmhr ). The Ks values for well D ranged from 
-1 -1 -2.28 cm hr  to 7.38 cm hr (average of  3.98 cm hr

1). The dynamic nature of  Ks within the same 
profile could be due to changes in soil properties 
down the profile. Variation in the Ks within the 

profile could also be due partly to the presence of  
variable quantity of  roots, and other macro-pore 
channels (Moustafa, 2000) coupled with variable 
nature of  tropical soils (Lal, 2002) which affects 
the rate of  flow of  water in the soil. Disparity in 
the laboratory Ks even within a profile makes it 
difficult to get a true representation of  laboratory 
Ks of  a site at a point with respect to a particular 
depth

Oshunsanya: Predicting Saturated Hydraulic Conductivity from Selected Properties of  Alfisol
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Simple Linear Regression Model
The correlation coefficients (r) of  the relationship 

Table 4: Correlation Coefficients (r) from Simple Linear Correlations between Saturated Hydraulic 
Conductivity (Ks) and Selected Soil Properties

Soil properties  r   Significant level Model proposed 

 Clay (g kg-1) -0.4139 * Ks=0.1232-0.0130 clay 

Sand (g kg-1) -0.2871 ns  - 

Silt (g kg-1) -0.2303 ns  - 

Bulk density (g cm-3) 0.3576 ns  - 

Total porosity (%) 0.3588 ns  - 

Gravimetric MC (%) 0.0869 ns  - 

Effective porosity (%) 0.1467 ns  - 

pH ( H2O) -0.2227 ns  - 

pH  (CaCl2) -0.1474 ns  - 

Organic carbon 0.1894 ns  - 

Ex. Acidity -0.0223 ns  - 

 
*  = Significant at 5% probability level; ns = not significant

porosity (r = 0.35), gravimetric moisture content 
(r= 0.08), effective porosity (r= 0.14), pH(H O) 2

(r= - 0.22), pH(CaCl ) (r= -0.14), organic carbon 2

(r= 0.18) and exchangeable acidity (r= -0.02), gave 
low correlation values. This is evidently due to the 
variable nature of  Ks as observed within and 
among the auger-holes. The simple linear model 
proposed for the Iwo sandy loam using clay 
content explains 65% of  the variation (Ks= 
0.1232-0.013 clay) with significant correlation 
coefficient (r= 0.41*) at p = 0.05 as presented in 
Fig. 1. Therefore, clay content was used as the 
basis for multiple linear regression analysis.  

Oshunsanya: Predicting Saturated Hydraulic Conductivity from Selected Properties of  Alfisol

Significant relationship was obtained with clay 
content (r = -0.41). The negative correlation 
coefficient (r) value indicates that LSHC and clay 
particles are inversely related. Thus, increase in the 
amount of  clay content supports reduction of  Ks. 
Jarvis et al. (2002) made similar observation that 
clay particles have profound influences on the size 
of  water conducting pores, which greatly affects 
Ks. They concluded that hydraulic conductivity 
increases with increase in particle size for coarse 
textured soils that conduct water at a higher rate 
than fine textured soils. Correlation of  laboratory 
Ks with sand (r = 0.28), silt (r = 0.35), total 

between laboratory Ks and each of  the soil 
properties considered are presented in Table 4. 
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Fig 1: Relationship between Laboratory Saturated Hydraulic Conductivity (Ks) and % Clay in Soil 
obtained from Four Auger- Hole Wells 

Multiple Linear Regressions
Clay content and other soil properties were used in 
a stepwise regression procedure to establish 
relationship with dependent variable Ks. 

Table 5: Proposed Pedo-transfer Functions for Predicting Ks in Ibadan

Proposed pedo-transfer functions r 
Ks = 0.1232 - 0.013clay -0.41*
Ks = 0.3459 - 0.0204clay - 0.0392pH (CaCl ) 0.392

Ks = 0.023 + 0.1862clay - 0.0134Pe 0.08
Ks = 0.0974 + 0213clay - 0.005org. C - 0.0157Pe 0.04

The proposed models include: Ks = 0.3459 - 
0.0204clay -0.0372pH CaCl  which explains 58.1% 2

variation. Jarvis et al. (2002) developed similar 
PTF on arable lands such that the correlation 
accounted for 35% variation. The multiple linear 
models proposed for an Iwo sandy loam in Ibadan 
using %clay content and effective porosity (Pe) 
explains 72.1% variation. It is given as:
Ks = 0.023 + 0.1862 clay - 0.0134Pe      (4)                                                                      
Ghorbani and Homae (2004) developed a similar 
multiple linear regression model using soil textural 
variables and effective porosity. In this work, a 
multiple linear model equation is also being 
proposed using clay, organic carbon and effective 
porosity as follows: 
Ks = 0.0974 + 0.213 clay - 0.005org. 

C - 0.0157Pe                                        (5)            
This equation explains 76.9% variation of  
laboratory Ks. 

CONCLUSION
Laboratory saturated hydraulic conductivity (Ks) 
varies from one location to another and even 
within the same soil profile. The dynamic nature 
of  Ks is attributed to soil heterogeneity (variable 
nature of  tropical soils) which influences the rate 
of  flow of  water in the soil. Correlation of  the 
individual properties of  Alfisols with laboratory 
Ks gave a significant but negative relationship 

2with only clay content (r  = -0.41; Ks = 0.1232-  
0.013 clay). All the other soil properties were 
poorly related with Ks, yielding very low r-values. 
Multiple linear regression of  clay content and 

Pe = effective porosity, 

Oshunsanya: Predicting Saturated Hydraulic Conductivity from Selected Properties of  Alfisol
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other soil properties with relatively almost 
significant r-values have also been proposed for 
use in estimating Ks for southwest Nigeria and 
similar soil characteristics: Ks = 0.3459-  
0.0204clay - 0.0392pH (CaCl ) ; Ks = 0.023 + 2

0.1862clay - 0.0134Pe; Ks = 0.0974 + 0213clay -  
0.005org. C - 0.0157Pe (Table 5). However, these 
models should be restricted to site specific 
application due to the highly variable nature of  Ks 
coupled with soil heterogeneity. These factors still 
mitigate the universal adaptability of  many pedo-
transfer functions. Therefore, the proposed 
models could be adopted for reliable Ks estimate 
of  an Iwo sandy loam developed from Basement 
Complex rocks in Ibadan. It is important to note 
that the proposed models should be updated from 
time to time to shield effects of  temporal 
variability of  soil properties which overtime may 
affect Ks.
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