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Abstract:  Laboratory experiments were conducted using a mini disc infiltrometer to obtain infiltration data in various negative 
pressure heads in two disturbed porous media, a Loam (L) and a Silty Clay Loam soil (SiCL), in order to determine 
the soil hydrodynamic properties close to natural saturation. Also, the experimental determination of water retention 
curve, θ(h), and saturated hydraulic conductivity, Ks, of the porous media, using a steady head or variable head 
permeameter, was performed. To estimate near-saturated hydraulic conductivity, Kh0, for transient flow from disc 
infiltrometer data, a two-term infiltration equation was used. The coefficients of the two terms were determined by 
direct nonlinear fitting on cumulative infiltration data and by two linear fitting techniques. The coefficient of one term 
of the two-parameter equation relates to the hydraulic conductivity, Kh0, and the other to sorptivity, S. The analysis 
showed that the method of linearization by differentiating cumulative infiltration with respect to the square root of 
time, taking into account the perturbation during the infiltration, allows a better check of the validity of the two-
parameter equation. Furthermore, the knowledge of the van Genuchten (1980) parameters, a and n, for a given soil 
type, is required to calculate hydraulic conductivity values near saturation. These values were determined taking into 
account both the experimental infiltration and θ(h) data using the methods of Zhang (1997) and Dohnal et al. (2010). 
These results were compared to the corresponding ones obtained using θ(h) values proposed, for the same soils used, 
by the mini disc infiltrometer user manual (Decagon Devices, Inc., 2007). Comparative evaluation among Kh0 
calculation methods showed that Dohnal et al. (2010) equation and the method proposed by the infiltrometer user 
manual gave similar values of Kh0.  
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1. INTRODUCTION 

The tension disc infiltrometer allows measurements of infiltration with a constant and small 
negative pressure head, h0, at the soil surface, and has been extensively used in recent decades to 
measure the near-saturated hydraulic conductivity, Kh0, and sorptivity S (Smettem and Clothier, 
1989; Warrick, 1992; Haverkamp et al., 1994; Smetten et al., 1994; Vandervaere et al., 2000a).  

Various methodologies have been proposed to determine Kh0 and S from three-dimensional 
infiltration experimental data from circular source at soil surface using the tension disc 
infiltrometer. Among these, some are based on steady-state flow data, and others on transient flow 
data (Clothier and White, 1981; Smettem and Clothier, 1989; Ankeny et al., 1991; Reynolds and 
Elrick, 1991; Haverkamp et al., 1994; Zhang, 1997; Vandervaere et al., 2000b; Latorre et al., 2013).  

In case of steady-state flow from circular source with constant negative pressure head at soil 
surface, the analytical solution of Wooding (1968) is used. Wooding equation is applied by 
assuming that the soil is homogenous and isotropic and the initial water content is uniform. 
Hydraulic properties can be determined either by steady-state infiltration experiments using 
multiple-discs, or by single-disc infiltration experiments with multiple tensions (Lazarovitch et al., 
2007). Wooding approach uses a two-parametric model for determining the hydraulic conductivity 
(Gardner, 1958). However, it is quite difficult to obtain reliable values of S using infiltration data by 
disc infiltrometer since there is difficulty to determine the required short time where gravity is 
ignored (Zhang, 1997). 

Due to uncertainties about the time at which a steady-state infiltration regime is attained, 
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together with the fact that useful information is lost by ignoring the transient stage, several 
researchers use a transient three-dimensional infiltration equation for disc infiltrometers 
(Vandervaere, 2002). Although, several expressions for transient infiltration (Warrick, 1992; 
Haverkamp et al., 1994; Zhang, 1997) have in common the following two-term cumulative 
infiltration equation analogous to Phillip (1957) equation: 

1 2I C t C t= +             (1)    

where the coefficients C1 (L T-0.5) and C2 (L T-1) differ (Vandervaere, 2002). 
Warrick (1992) found C1 and C2 expressions for small times by assuming a constant diffusivity. 

Haverkamp et al. (1994) related C1 and C2 to S and Κh0 for small and medium times as follows: 

C1=S             (2) 
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where the subscript f refers to the initial conditions, r is the disc radious, γ is a proportionality 
constant equal to 0.75, and coefficient β lies between 0 and 1. 

Vandervaere et al. (2000b) introduced a criterion to check Kh0 calculation reliability by the 
method of Haverkamp et al. (1994):  
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In the case where the abovementioned criterion is satisfied, then Eq. (3) can be used to calculate 
Kh0.  

Coefficients C1 and C2 of Zhang (1997) method, at any infiltration time, are obtained by fitting 
infiltration data vs time in Eq. (1) using least squares optimization technique (Marquart, 1963). 
Zhang (1997) proposed linear relationships between the coefficients of Eq. (1) and the sorptivity S 
and the near-saturated hydraulic conductivity Kh0: 

1 1C SA=                         (5)  

2 0 2hC K A=             (6)  

where Α1 and Α2 are dimensionless parameters. 
Empirical expressions have been proposed to calculate A1 and A2 parameters (Zhang, 1997). 

Because the main purpose of this study is the estimation of Kh0, the necessary parameter A2 can be 
calculated using the following equations:  

  

A2 =
11.65 n0.1 −1( )exp 2.92 n−1.9( )ah0

⎡⎣ ⎤⎦
αh0( )0.91 ,   n >1.9             (7) 

  

A2 =
11.65 n0.1 −1( )exp 7.5 n−1.9( )ah0

⎡⎣ ⎤⎦
αh0( )0.91 ,   n<1.9             (8) 

where α and n are the van Genuchten (1980) equation parameters, h0 is the infiltrometer negative 
pressure head, and r0 is the disc infiltrometer radius. 
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However, Vadervaere et al. (2000a) had reported that the calculation of C1 and C2 parameters by 
direct nonlinear fitting of Eq. (1) on experimental data can provide fitted values for C1 and C2, even 
if these values have no physical meaning, e.g., negative C2 value. So, negative Kh0 is a physical 
impossibility indicating a problem with the data set. To overcome this problem, various linear 
fitting techniques of Eq. (1) have been proposed to detect possible inadequacy of Eq. (1) as well as 
scattering of data points.  

Smiles and Knight (1976) proposed linearizing of Eq. (1) by dividing both sides by t , giving 
the equation:  

1 2
I C C t
t
= +

            (9) 

and then plotting I/ t as a function of t . Thus, it is easy to determine C1 as the intercept and C2 
as the slope. Hereafter, this method is denoted as CL. 

Vandervaere et al. (2000a) proposed a different approach where the linear fitting technique 
consists of differentiating the cumulative infiltration data with respect to the square root of time 
(DL method):   

1 22dI C C t
d t

= +
          (10) 

and in this case, C1 is determined as the intercept, and C2 is equal to half of the slope. If the 
experimental infiltration data are not linear, Eq. (1) is considered inappropriate and the values of C1 
and C2 would have no physical meaning. Vandervaere et al. (2000a) indicated that the proposed DL 
technique is the most appropriate since it allows a visual check of the validity and range of 
applicability of the two-term Eq. (1). Especially, DL technique revealed the influence of sand 
contact layer between the disc infiltrometer and soil on first stage of infiltration. 

Despite the criticism on Zhang (1997) method, this method is often used to determine Κh0 from 
experimental infiltration data by tension disc infiltrometer (Angulo-Jaramillo et al., 2000; 
Vadervaere et al., 2000a). Dohnal et al. (2010) found that Zhang (1997) method gave the best 
results compared to White and Sully (1987) and Haverkamp et al. (1994), when the n parameter 
value of the van Genuchten (1980) equation was greater than 1.35. In the case of soils with n values 
1<n<1.35, e.g., for fine texture soils, they suggested a modified equation to calculate the Α2 
parameter: 

  

A2 =
11.65 n0.82 −1( )exp 34.65 n−1.19( )ah0

⎡⎣ ⎤⎦
αh0( )0.6 ,  1<n <1.35           (11) 

The first aim of this study was to compare the values of C1 and C2 parameters received by direct 
nonlinear fitting of Eq. (1) on experimental infiltration data obtained by a tension disc infiltrometer 
with those received by two methods of linearization of Eq. (1), for two disturbed soils.  The second 
aim was to compare the Κh0 values calculated by Zhang (1997) method: i) using the value of A2 
parameter, taking into account the values of α and n proposed by Carsel and Parrish (1988); ii) 
calculating A2 parameter (Eqs. 7 or 8) using α and n parameters from experimental water retention 
data; iii) calculating A2 parameter using Eq. (11), if 1<n<1.35.  

2. MATERIALS AND METHODS 

Laboratory experiments to determine the water retention curve of two disturbed soil samples, a 
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Loam (L) and a Silty Clay Loam (SiCL), were conducted using a modified Haines (1930) apparatus 
and a pressure cell, respectively. The van Genuchten (1980) parameters, α and n, were determined 
by fitting on experimental water retention data, using RETC code (van Genuchten et al., 1991). 
The soil texture and the bulk density, ρφ, of soils used are presented in Table 1.  

 
Table 1. Soil texture and dry bulk density, ρφ, of a Loam (L) and a Silty Clay Loam (SiCL) soil 

Soil type Clay  
(%) 

Silt  
(%) 

Sand   
(%) 

ρφ  
(g.cm-3) 

L 20.0 38 42.0 1.12 
SiCL 36.5 52 11.5 1.22 

 
The saturated hydraulic conductivity, Κs, of soil samples was measured using a steady head 

permeameter for the L soil and a variable head permeameter for the SiCL soil (Κlute and Dirksen, 
1986). The Ks value is the mean value of five repetitions. 

A mini disc infiltrometer (Decagon Devices, Inc., 2007) with a radius of 2.25 cm was used to 
determine the relationship between the cummulative infiltration and root square of time by applying 
negative pressure heads on soil surface. The disturbed soil samples used had been air dried before 
the beginning of the experiments, and consequently, the initial soil water content was very low 
(0.010 cm3 cm-3 for L and 0.031 cm3 cm-3 for SiCL). Soil samples were placed in a transparent 
acrylic tube, 20 cm high and 17 cm in internal diameter, after proper packing to assume 
homogeneous soil profile. Since the soil samples were disturbed, there was no need to place a layer 
of sand, to ensure hydraulic contact between the infiltrometer and the soil, avoiding thus the sand 
impeding effect on infiltration flux. The tension disc infiltrometer was placed at the center of soil 
samples surface and the pressure heads applied were -7, -4 and -1 cm for the L soil, and -3 and -0.5 
cm for a SiCL soil. 

In order to calculate C1 and C2, Eq. (1) was fitted on experimental infiltration data (direct 
nonlinear fitting). Furthermore, both methods of linearization CL and DL were applied. In the case 
of A2 parameter calculation, Eq. (7) or (8) was used depending on the value of the van Genuchten 
parameter n for each soil sample. For 1<n<1.35, Eq. (11) was used and the results were compared 
with those obtained by Zhang (1997) using Eq. (8). Furthermore, A2 parameter was calculated 
taking into account the values of α and n that are proposed by Carsel and Parrish (1988) (Table 2 in 
Operator’s Manual of Mini Disc Infiltrometer, Decagon Devices, Inc., 2007).   

3. RESULTS AND DISCUSSION 

3.1 Loam Soil 

In Figure 1, the experimental cumulative infiltration data against the square root of time are 
plotted for pressure heads, h0, -7, -4 and -1 cm for the L soil studied. As shown, the direct nonlinear 
fitting of Eq. (1) on the experimental data provides excellent fits with a coefficient of determination 
R2≥0.9998 for all pressure heads. From the fitting procedure, the values of C2(h0) parameter were 
C2(-7)=0.0026, C2(-4)=0.0032 and C2(-1)=0.0037 cm s-1. Taking into account α and n proposed by 
Carsel and Parrish (1988) (a=0.036 and n=1.56 for L soil), Zhang method was applied using Eq. (8) 
to calculate Α2(h0) values which were Α2(-7)=9.91, A2(-4)=7.53 and A2(-1)=5.72. Then, the calculated 
values of Kh0 using Eq. (6) were Κ(-7)= 0.0155, K(-4)=0.025 and Κ(-1)=0.038 cm min-1 (Table 2).  

As shown in Figure 2, the values of C2(h0) using the CL method were C2(-7)=0.0026, C2(-4)=0.0034 
and C2(-1)=0.0038 cm s-1 (Figure 2a) and the corresponding ones using the DL method were C2(-

7)=0.00255, C2(-4)=0.00325 and C2(-1)=0.00360 cm s-1 (Figure 2b). The comparison of the results 
showed that the C2(h0) values obtained by the three abovementioned methods were almost the same, 
and in the case of DL method the coefficient of determination R2 was the lowest (Figure 2b).  
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Figure 1. Presentation of experimental cumulative infiltration data versus the square root of time and fitted infiltration 
equation (Eq. 1) for pressure heads -7 cm, -4 cm and -1 cm for a Loam soil (L) and -3 cm and -0.5 cm for a Silty Clay 

Loam soil (SiCL) 

 

Figure 2. Linear presentation of experimental cumulative data and fitted linear line for the Loam soil according to: 
a) cumulative linearization method (CL) and b) differentiated linearization method (DL) (I: cm and t: sec) 

In order to apply the Zhang (1997) method, taking into account the experimental θ(h) data, a 
comparative presentation between the experimental water retention curve and the fitted by the van 
Genuchten (1980) equation, for the L soil, is presented in Figure 3. The van Genuchten parameters 
for the L soil were θr=0.0003 cm3 cm-3, α=0.0407, n=1.167 and m=1-1/n=0.1432. Since n<1.9, Eq. 
(8) was used to calculate Α2(h0) parameter and the values Α2(-7)=7.61, Α2(-4)=3.91 and Α2(-1)=2 
resulted. Then, the corresponding Κ(h0) values, using Eq. (6) and C2(h0) estimated by DL method, 
were Κ(-7)=0.020, K(-4)=0.049 and Κ(-1)=0.108 cm min-1 (Table 2).   

 

Figure 3. Experimental (points) and fitted (solid line) by the van Genuchten equation water retention curve for the 
Loam (L) and Silty Clay Loam (SiCL) soils 

Furthermore, taking into account that 1<n=1.167<1.35, Eq. (11) proposed by Dohnal et al. 
(2010), instead of Eq. (8), can be used to calculate Α2(h0) using as α and n values those resulting from 
the experimental data (Α2(-7)=8.28, Α2(-4)=7.51 and Α2(-1)=6.81), and then the corresponding Κ(h0) 
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values, using Eq. (6) and C2(h0) estimated by DL method, were Κ(-7)=0.0184, Κ(-4)=0.0259 and Κ(-

1)=0.0317 cm min-1 (Table 2).  
Overall, as shown in Table 2, the various methodologies used lead to different results. Zhang 

(1997) and Dohnal et al. (2010) methods lead to similar results, while Zhang (1997) method using 
the experimental θ(h) data lead to the highest Kh0 calculated values. It is worth to note that the Ks 
measured using a steady head permeameter (one-dimensional vertical flux) was 0.022 cm min-1.  

 
Table 2. Calculated values of near-saturated hydraulic conductivity (Kh0) with various methods for Loam (L) soil 

h0 (cm) Zhang (1997) Zhang (1997)-
experimental θ(h) 

Dohnal et al. (2010)-
experimental θ(h) 

Kh0 (cm/min) 
-1 0.0380 0.1080 0.0317 
-4 0.0250 0.0495 0.0259 
-7 0.0155 0.0200 0.0184 

3.2 Silty Clay Loam soil 

Figure 1, also presents the experimental cumulative infiltration data plotted against the square 
root of time, and the direct nonlinear fitting of Eq. (1) on the experimental data for pressure heads, 
h0, -3, and -0.5 cm for the SiCL soil. As shown, the direct nonlinear fitting of Eq. (1) provides an 
excellent fit with a coefficient of determination R2≥0.9997 for all pressure heads. From the fitting 
procedure, the values of C2(h0) parameter were C2(-3)=0.0008, and C2(-0.5)=0.0007 cm s-1. Zhang 
(1997) method was applied, taking into account α and n proposed by Carsel and Parrish (1988) 
(a=0.010 and n=1.23 for SiCL soil), and using Eq. (8), the Α2(h0) values were Α2(-3)=8.95 and A2(-

0.5)=7.89. Then, the calculated values of Kh0 using Eq. (6) were Κ(-3)= 0.0053 and Κ(-0.5)=0.0053 cm 
min-1 (Table 3), which are the same. 

 

Figure 4. Linear presentation of experimental cumulative data and fitted linear line for the Silty Clay Loam soil (SiCL) 
according to: a) cumulative linearization method (CL) and b) differentiated linearization method (DL) (I: cm and t: sec) 

If all experimental cumulative infiltration data are taken into account, then using the CL method, 
the C2(h0) values were C2(-3)=0.0008 and C2(-0.5)=0.0006 cm s-1. When using a and n values from 
Carsel and Parrish (1988) and Α2(h0) from Eq. (8), K(-0.5) was lower than K(-3). When the first data 
points were removed (Figure 4a, h0=-0.5), the R2 value was increased and the C2(h0) values become 
nearly the same in the case presented in Figure 1 for the SiCL soil (C2(-3)=0.0008, C2(-0.5)=0.0007).   

The linear fitting using the DL method (Figure 4b) highlights errors which probably are not 
detected in direct non-linear fitting (Figure 1). The calculated values of C2(h0) were C2(-3)=0.00085 
and C2(-0.5)=0.0009 cm s-1 and the coefficient of determination was R2=0.919. The corresponding 
K(h0) values were Κ(-3)=0.0056 and Κ(-0.5)=0.0068 cm min-1 taking into account A2(h0) using α and n 
from Carsel and Parrish (1988).  

Figure 3, also, presents the experimental water retention curve and the fitted by the van 
Genuchten (1980) equation for the SiCL soil. The van Genuchten parameters were θr=0.0 cm3 cm-3, 
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α=0.0137, n=1.151 and m=1-1/n=0.131. Since n<1.9, Eq. (8) was used and Α2(h0) parameter values 
were Α2(-3)=4.92 and Α2(-0.5)=4.06. Then, the corresponding Κ(h0) values using Eq. (6) and C2(h0)  
estimated by DL method were Κ(-3)=0.0103 and Κ(-0.5)=0.0133 cm min-1 (Table 3).   

Furthermore, taking into account that 1<n=1.151<1.35, Eq. (11) (Dohnal et al., 2010) can be 
used to calculate Α2(h0), instead of Eq. (8), using as α and n values those resulting from the 
experimental data. Using Α2(-3)=12.14 and Α2(-0.5)=11.59 and the corresponding C2(h0) calculated by 
the DL method, the Κ(h0) values using Eq. (6) were Κ(-3)=0.0042 and Κ(-0.5)=0.0046 cm/min (Table 
3).  
 
Table 3. Calculated values of near-saturated hydraulic conductivity (Kh0) of a Silty Clay loam (SiCL) soil using various 

methods 

h0 (cm) Zhang (1997) Zhang (1997)-
experimental θ(h) 

Dohnal et al. (2010)-
experimental θ(h) 

Kh0 (cm/min) 
-0.5 0.0053 0.0133 0.0046 
-3 0.0053 0.0103 0.0042 

 
As shown in Table 3, the various methodologies used lead to different results except of Zhang 

(1997) and Dohnal et al. (2010) methods which lead to similar results like in case of the L soil 
studied. Also, Zhang (1997) method using the experimental θ(h) data leads to the highest Kh0 
calculated values, while the Ks measured using a variable head permeameter was 0.0032 cm min-1. 

The analysis of the results showed that the application of DL technique on experimental 
cumulative infiltration data to calculate C1 and C2 parameters led to the lowest values of the 
coefficient of determination R2 compared to the other techniques used for both soils studied. 
However, DL enables a visual check of undesirable experimental points which should be removed, 
so that C2(h0) and consequently K(h0) values have physical meaning. Despite DL has been mainly 
proposed to reveal undesirable experimental points from the influence of sand contact layer at the 
first stage of infiltration process, it seems to be a useful technique to lab infiltration experiments on 
disturbed soils where the sand contact layer is not required. 

Furthermore, to assess the validity of the Eq. (1), the C1 parameter should be increased by 
increasing the negative pressure head. Experimental infiltration data showed that this assumption is 
confirmed in both soils studied (Figure 2a,b and Figure 4a,b). Also, the results showed that 
Vandervaere et al. (2000b) criterion to check Kh0 calculation reliability (Eq. 4) by the method of 
Haverkamp et al. (1994) is not satisfied in any case for both soils studied. Similar results for the 
same soil types had been presented by Dohnal et al. (2010). 

It is noted that in all cases studied, the van Genuchten parameters used were obtained by drying 
water retention curve. In order to achieve compatibility between the data used and the phenomenon 
of infiltration, the knowledge of wetting retention curve is required and its influence is needed to be 
investigated.   

4. CONCLUSIONS  

In the present study, different versions of Zhang (1997) method were examined using cumulative 
infiltration data, obtained from a tension disc infiltrometer with multi pressure heads on two soils, 
to determine near-saturated hydraulic conductivity, Kh0. For this, the following two-term infiltration 
equation, 1 2I C t C t= + , was used and the values of C1 and C2 parameters were determined by 
various optimization techniques. Results showed that the most effective method to calculate these 
parameters was the differentiated linearization method. Among different versions of the method for 
calculating Kh0 there seem to be substantial differences, except of the method proposed by Dohnal 
et al. (2010) and Zhang (1997) as proposed by the user manual of tension disc infiltrometer 
(Decagon Devices, Inc., 2007). The results of this study concern soil types with n<1.35. Due to 
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large uncertainty of Kh0 measurements, further investigation is required on coarse texture soils 
(n>1.35).  
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