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ABSTRACT: Description and prediction of water flow through 

unsaturated soils is necessary to understand their hydraulic properties, 

including soil water retention curve (SWRC). Many models have been 

developed for estimation of SWRC and many researchers compared 

water retention curve derived from these models with the measured 

values. In this paper, in addition to comparing measured and derived 

SWRC, a functional evaluation of SWRC for modeling of soil water 

movement was carried out using van Genuchten, Brooks-Corey, 

Campbell and Hutson-Cass models in three sites including Loamy 

sand, Loam and Clay loam soils. Therefore, the functional behavior of 

SWRC was quantitatively compared by applying mentioned SWRC to 

numerical code (HydroGeoSphere) to simulate soil profile drainage 

under steady-state and transient conditions. The agreement between 

simulated and measured free drainages values was evaluated using 
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statistical criteria including mean absolute error (MAE), modified index 

of agreement (d’), modified coefficient efficiency (E’), and t-test. The 

results demonstrated that the van Genuchten model was slightly better 

than the other models for estimation of SWRC (MAE 0.014 – 0.016, 

E’ 0.80 – 0.87 and d’ 0.90 – 0.93) while according to t-test, it was found 

that the measured and estimated SWRC using various models did not 

differ significantly. Therefore, it is expected that the simulated free 

drainage using mentioned SWRC models did not differ significantly 

with observed values. But the results demonstrated that the simulated 

free drainage using Brooks-Corey model for Loamy sand soil and van 

Genuchten and Brooks-Corey models for Loam soil differed significantly 

(p ≤ 0.05) with measured values.

Key words: HydroGeoSphere, soil hydraulic properties, soil water 

flow simulation, soil characteristic curve.
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INTRODUCTION

Soil water retention curve (SWRC) is one of the important 
soil hydraulic properties in the simulation of water flow in 
vadose zone. Measurement of the SWRC is time consuming 
and many attempts have been made to extend pedotransfer 
functions that describe the relationship between SWRC 
and ease to measure soil properties (Assouline et al. 1998; 
Campbell and Shiozawa 19944; Rajkai et al. 2004; Williams 
et al. 1992). Many empirical models for the SWRC estimation 
are presented, and each of them has strengths and weaknesses.

The van Genuchten (1980) model for the SWRC and 
Mualem (1976) model for the unsaturated hydraulic 
conductivity (K(θ)) are popular and widely used for 
simulation of water flow, which are stated as follows 
(Eqs. 1 and 2):

value (cm–1); and λ is a pore-size distribution parameter. 
For notational convenience, h and α are considered positive 
values for unsaturated soils (i.e., h denotes suction). The 
Brooks-Corey model has been shown to create moderately 
accurate results for many coarse-textured soils branded 
with large λ values and in high suction but results have 
normally been less accurate for fine-textured with small 
λ values (van Genuchten et al. 2000; Gimenz et al.  2001).

Campbell (1974) have used the same power law model 
offered by Brooks and Corey (1964) to state SWRC as a 
function of the air entry pressure head he and factor b, 
which depends on soil texture (Eq. 5):

4Campbell, G. S. and  Shiozawa, S. (1994). Prediction of hydraulic properties of soils using 
particle-size distribution and bulk density data. Proceedings of the International Workshop on 
Indirect Methods for Estmating the Hydraulic Properties of Unsaturated Soils; Riverside, USA.

where h represents the pressure head (cm-water); θ(h) is 
the soil water content (cm3∙cm–3) at the h pressure head; 
Ks is saturated hydraulic conductivity; and θs and θr denote 
saturated and residual soil water contents (cm3∙cm–3), 
respectively. The symbols α, n and m are shape parameters 
and m is assumed to be m = 1 – 1/n. Note that n parameter 
affects the steepness of the S-shaped of SWRC (Wösten 
et al. 1995).

Brooks and Corey (1964) proposed other models for 
the SWRC and K(θ), given by Eqs. 3 and 4:
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exponential and hyperbolic) based on Campbell model. Hutson-Cass models are expressed as follows 

(Eq. 7): 

  

      (7) 

 

where qi refers to water contents at curvature of parabolic curve and obtained from the Eq. 8 and the 

parameters defined before: 
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 The van Genuchten (1980) model for the SWRC and Mualem (1976) model for the unsaturated 

hydraulic conductivity (K(θ)) are popular and widely used for simulation of water flow, which are stated 

as follows (Eqs. 1 and 2): 
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 where θr and θs are the residual and saturated water contents 
(cm3∙cm–3), respectively; α is the inverse of the air entry 

where h and he are the soil water and air entry pressure head, 
respectively; θ (h) is the soil water content (cm3∙cm–3) at the 
h pressure head; θs and b are the saturated water content 
and empirical parameter, respectively. The K(θ) model is 
considered as follows (Eq. 6):

with all the parameters defined previously.
Campbell model is not able to predict SWRC below the 

air entry point. For this reason, Hutson and Cass (1987) 
modified Campbell model and obtained soil water retention 
curve in two parts (the exponential and hyperbolic) based 
on Campbell model. Hutson-Cass models are expressed as 
follows (Eq. 7):

where θi refers to water contents at curvature of parabolic 
curve and obtained from the Eq. 8 and the parameters 
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Soil water retention functions

defi ned before: MATERIALS AND METHODS
Study area and Experimental device

Guilan province (study area) is located in northwest of 
Iran with average annual temperature of 15.3 °C, precipitation 
of 1853 mm. Th ree sites in the study area were taken into 
account for soil sampling with diff erent textural classes 
including Loamy sand, Loam and Clay loam, denoted 
sites A, B and C, respectively (Fig. 1). Undisturbed soil 
samples were supplied from 0 – 30 cm depth using three 
iron cylinders as micro-lysimeter. Th e inside diameter of 
micro-lysimeter was 25 cm with 40 cm height (Fig. 2). 
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Accuracy of these models was evaluated by their 
correlation between estimated and measured SWRC. 
Among mentioned models, van Genuchten and Brooks-
Corey are the most popular because of more strength points 
and better adaptation with measured SWRC, but their 
results are compared with measurement of one branch of 
SWRC (mostly drying branch). It is necessary to note that 
due to the complicated essence of liquid-phase form in an 
unsaturated porous medium, the relation between water 
pressure and water content is not unique and presents 
hysteresis eff ects. Many researchers investigate accuracy of 
soil water retention curves estimation via the SWRC models. 
Ross et al. (1991) and Nimmo (1991) expressed that the 
van Genuchten model has good performance in middle and 
high range of saturation but oft en there was poor result in 
low moisture. Manyame et al. (2007) compared operation 
of three van Genuchten and Campbell and Vauclin models 
(basing indirect methods) in sandy soils of Niger. Th eir 
results showed that the estimation of Campbell model is 
more accurate than van Genuchten model for the soil samples 
with higher content of sand. Rasoulzadeh and Ghoorabjiri 
(2011; 2014) used Van Genuchten and Brooks-Corey’s 
soil water models along with HydroGeoSphere, which is 
based on Richards’ equation, to simulate water fl ow in the 
forest fl oors. Th ey implemented the reverse model to get 
the parameters of SWRC. Th e good compatibility between 
measured and simulated free drainage for all treatments in 
the validation period shows that the Van Genuchten and 
Brooks-Corey’s models effi  ciently characterize the water 
fl ow in the forest fl oor.

All of these investigations have evaluated the estimation 
of these models with one branch of SWRC, while the 
main application of SWRC is modeling water movement 
in soil. Due to uniqueness of SWRC, there is complexity 
to evaluate accuracy of the SWRC models. In this study, 
the accuracy of four SWRC models (Campbell, Brooks-
Corey, van Genuchten and Hutson-Cass) to estimate 
the water retention curve has been studied. In addition,
the function of these models to simulate the water movement 
in soil by employing them as input data in a numerical code 
(HydroGeoSphere) was evaluated.

Artificial rainfall was applied on the surface of the 
micro-lysimeter and free drainage from the end of micro-
lysimeter was measured. Rainfall intensity was well-ordered 

Figure 2. Schematic of the micro-lysimeter.

Figure 1. Location map of the study area.
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by a pump connected to a raindrop maker to create water 
drops. Free drainage from the bottom of the micro-lysimeter 
was gathered and measured using an electronic balance. 
First, a constant intensity rain was contacted to reach to 
steady condition as a constant discharge rate from bottom 
of micro-lysimeter was established so as to accurately 
define the initial condition required for the numerical 
simulation of water movement. After reaching the state 
steady experiment, transient condition was carried out. In 
transient condition, the random rainfall experiment was 
conducted and the transient discharge rate from bottom 
of micro-lysimeter was continuously monitored.

Numerical model description

HydroGeoSphere code is applied to the modified form 
of Richards’ equation to simulate water flow in a variably-
saturated porous media (Eq. 9) (Therrien et al. 2008):

flow in up to three dimensions using a Galerkin finite 
element approach.

Model discretization and Boundary condition

The GRID BUILDER (McLaren 2004) was used to 
generate finite element grid as shown in Fig. 3. Grid 
independency was carried out and the grid size in the 
vertical direction was yielded 1.5 cm.
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(10)

where Wm stands for the volumetric fraction of the total 
porosity occupied by the porous media. This parameter 
is dimensionless and always equal to 1.0 except when a 
second porous continuum is considered for a simulation. 
The q (L∙T–1) is calculated by Eq. 10:

where kr = kr(Sw) shows the relative permeability of the 
medium (dimensionless) regarding the degree of water 
saturation Sw (dimensionless); ψ and z are the matric and 
elevation head (L), respectively; θs is the saturated water 
content (L3∙L–3); K is the hydraulic conductivity tensor (L∙T–1); 
and Q (L3∙L–3∙T–1) is the fluid exchange with the outside 
of the simulation domain. The amount of Q is considered 
positive for a source and negative for a sink of the porous 
medium system. The Sw is related to the θ as Sw = θ/θs. In 
Eq. 9, Γex is the volumetric fluid exchange rate (L3∙L–3∙T–1) 
between the subsurface domain and all other types of 
domains supported by the model such as wells, tile drains, 
discrete fractures and dual continuum.

HydroGeoSphere solves the pressure-head based modified 
form of Richards’ equation (Eq. 9) for variably-saturated 

Figure 3. Numerical model mesh.
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The upper boundary of each experimental model (micro-
lysimeter) is characterized by specified rainfall fluxes during 
experiments. The lower boundary is set to free drainage. 
For the sides of each model no-flow boundary condition 
is considered. Initial values for water content as well as 
matric suction head were unknown. To solve this, first the 
HydroGeoSphere was run for a very long time to reach to 
pseudo steady as simulated free drainage indicated good 
consistent with observed value. The matric suction head 
yielded from pseudo steady condition was applied as the 
initial value for unsteady simulation.

Laboratory measurements

Disturbed and undisturbed soil samples to determine 
the soil properties were collected at three sites in the study 
area (Fig. 1). Soil properties of each site were obtained 
through a number of experiments in the laboratory including 
soil particle size distribution, bulk density, soil particle 
density and organic carbon. Stainless steel cylinders with 
volume of 100 cm3 were used to sample the undisturbed 
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soil for measuring water retention curve lower than 1000 
cm-water as well as bulk density. The undisturbed soil 
samples were transported carefully to avoid disturbance. 
The bulk density, particle size distribution and soil particle 
density were obtained using the oven dried, hydrometer and 
pycnometer methods, respectively. To obtain the SWRC of 
each soil sampling in low suctions (less than 100 cm-water), 
hanging column apparatus and in high suctions (more than 
100 cm-water), ceramic pressure plate extractors were used 
(Dane and Topp 2002).

To estimate the parameters of SWRC models, the measured 
values of water retention curve were fitted to these models 
using WATREC software (Rasoulzadeh 2010). In other 
words, to convert SWRC data (θ versus h) to the SWRC 
models, the experimental water retention data were fitted 
to the van Genuchten (Eq. 1) and Brooks-Corey (Eq. 3) as 
well as Campbell (Eq. 5) and Hutson-Cass (Eq. 7) equations.

The fundamental variable of solution for partial 
differential flow Eq. 9 is SWRC models. The van Genuchten 
and Brooks-Corey models were defined in HydroGeoSphere 
as SWRC models. Campbell and Hutson-Cass parameter’s 
equations after obtaining by WATREC software were applied 
in HydroGeoSphere as unsaturated tables.

Saturated hydraulic conductivity of sites B and C were 
measured in the laboratory by falling head permeability method. 
The undisturbed soil samples of these sites were the saturated 
with calcium chloride 0.01 molar. Then saturated hydraulic 
conductivity was calculated by measuring the duration of water 
drain from the soil samples. The constant head permeability 
is used to determine the saturated hydraulic conductivity of 
site A. In this method, let water move within the soil sample 
at a uniform pressure (the height of the water in the pressure 
pipes is uniform). The saturated hydraulic conductivity was 
calculated by measuring the volume of water displaced over 
the soil sample at a given time interval (Dane and Topp 2002).

Statistical criteria

Performance of Brooks-Corey, van Genuchten, Campbell 
and Hutson-Cass models were evaluated by three statistical 
criteria: mean absolute error (MAE, Eq. 11), modified 
coefficient efficiency (E’, Eq. 12) and modified index of 
agreement (d’, Eq. 13):

where Oi and Si are the observed and simulated free 
drainage values at different time, respectively; O’ is the mean 
observed value; and n is the number of paired observed-
simulated values. MAE describes the difference between 
the free drainage simulations and observations. The MAE 
equal to zero indicates perfect fit between the observed 
and estimated data. The value of E’ varies from –∞ to 1.0, 
with higher values indicating better agreement with the 
observations. The value of d’ ranges from 0.0 to 1.0, where 
d’ equal to 1.0 shows the best fit and lower than 1.0 values 
represent less accurate consistent between the estimation 
and observations (Legates and McCabe Jr. 1999). Also t-test 
was carried out to compare simulated and measured values 
using SPSS software.

RESULTS AND DISCUSSION
Comparision of the SWRC models to 
simulate the soil water retention curves

Physical properties of soil samples from studied sites are 
presented in Table 1. The parameters of the SWRC models 
obtained by fitting to measured data of water retention curve 
(Laboratory measurements section) for the three studied 
sites are shown in Table 2. Figure 4 illustrates the results of 
estimated SWRCs using these models in comparison with 
the measured SWRC. As can be seen in Fig. 4, Campbell 
and Hutson-Cass models in low value of matric suction (less 
than 100 cm-water) and Brooks-Corey and van Genuchten 
models in high value of matric suction could not mimic 
measured SWRC for sites A and B. In other words, Campbell 
and Hutson-Cass models tend to underestimate matric 
suction for volume wetness more than 0.3 and 0.4 cm3·cm–3 

for sites A and B, respectively, while Brooks-Corey and van 
Genuchten models tend to overestimate matric suction for 
lower wetness. At these sites, the SWRCs modeled using 
the van Genuchten and Brooks-Corey models show a sharp 
increase in matric suction with little decrease in volume 
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wetness in lower value of soil moisture. This result is in line 
with the findings of Manyame et al. (2007), who have stated 
that SWRCs modeled by the van Genuchten model have 
fast matric suction increase in low amounts of moisture for 
light texture soils. All SWRC models performed well for site 
C (Clay loam soil). At this site, the van Genuchten model 
tends to somewhat underestimate matric suction head for 
volume wetness more than 0.4 cm3∙cm–3. The four models 
had slightly differences in simulation of SWRCs. They all 
represent the low water holding capacity on this site.

Table 1. Physical properties of the three selected sites.

Site Soil texture Sand 
(%)

Silt 
(%)

Clay
 (%)

Bulk density
(g∙cm–3)

Particle density 
(g∙cm–3)

Organic carbon
 (%)

Saturated hydraulic 
conductivity 

(cm.min–1)

A Loamy sand 86.81 9.12 4.07 1.34 2.69 1.03 0.86

B Loam 32.98 48.99 18.03 1.10 2.46 3.15 0.60

C Clay loam 29.90 41.05 29.05 1.17 2.50 2.22 0.09

Table 2. Parameters of various SWRC models for the three sites.

Site C (Clay loam)Site B (Loam)Site A (Loamy sand)ParametersSWRC model

0.0610.2110.102θr (cm3∙cm–3)

van Genuchten
0.5410.5600.511θs (cm3∙cm–3)

0.2430.0650.054θ (cm–1)

1.1591.6151.931n

0.0110.2020.091θr (cm3∙cm–3)

Brooks-Corey
0.5310.5500.502θs (cm3∙cm–3)

0.3100.0970.084θ (cm–1)

0.1310.4700.652λ

0.5400.5520.557θs (cm3∙cm–3)
Campbell and 
Hutson-Cass 3.9322.8303.676he (cm)

7.7217.7523.563b
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Figure 4. Estimation of soil water retention curves by van Genuchten, Brooks-Corey, Campbell and Hutson-cass models compared with 
measured values at three sites.

To quantify performance of the different models in 
SWRC estimation, statistical criteria (MAE, E’ and d’) were 
calculated and are shown in Table 3. At site A with Loamy 
sand soil, van Genuchten and Brooks-Corey models with 
slight difference in MAE (0.014 versus 0.016), E’ (0.871 
versus 0.868) and d’ (0.935 versus 0.922), could mimic 
SWRC better than Campbell (with MAE, E’ and d’ 0.029, 
0.732 and 0.867, respectively) and Hutson-Cass (with MAE, 
E’ and d’ 0.028, 0.747 and 0.873, respectively) models. Also, 
van Genuchten with MAE 0.016, E’ 0.810 and d’ 0.908 and 
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Brooks-Corey with MAE 0.016, E’ 0.808 and d’ 0.902 with 
almost similar statistical results could estimate SWRC better 
than the other models at site B (Loam soil). For Clay loam 
soil (site C), all models showed similar estimation of SWRC.

In overall, the van Genuchten model appeared to be 
slightly better for estimation of soil water retention curve at 
the three studied sites. Brooks-Corey had close performances 
to van Genuchten in this study.

The van Genuchten model is a popular model for 
SWRC estimation, this model is able to estimate S-shaped 
of SWRC and predicting retention curve in the suction 
below air entry point, while the Campbell model could 
not estimate SWRC below air entry head, but this model 

Table 3. Statistical criteria for comparing estimated SWRC by models 
with measured values.

Site SWRC model MAE E’ d’

Optimum 0 1 1

Site A 

(Loamy sand)

van Genuchten 0.014 0.871 0.935

Brooks-Corey 0.016 0.868 0.922

Campbell 0.029 0.732 0.867

Hutson-Cass 0.028 0.747 0.873

Site B 

(Loam)

van Genuchten 0.016 0.810 0.908

Brooks-Corey 0.016 0.808 0.902

Campbell 0.023 0.724 0.868

Hutson-Cass 0.021 0.868 0.878

Site C 

(Clay loam)

van Genuchten 0.016 0.802 0.903

Brooks-Corey 0.014 0.828 0.916

Campbell 0.020 0.758 0.888

Hutson-Cass 0.017 0.790 0.901

Figure 5. Rainfall intensity and observed and simulated free drainage by HydroGeoSphere using van Genuchten, Brooks-Corey, Campbell 
and Hutson-Cass models in site A (Loamy sand soil).
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did not offer very impressive superiority compared with 
the other models (Fig. 4 and Table 3).

Compartion of the SWRC models to simulate 
soil free drainage

To simulate soil free drainage, parameters of four empirical 
SWRC models (Brooks-Corey, van Genuchten, Campbell 
and Hutson-Cass) along with measured saturated hydraulic 
conductivity (Ks) were used as input in HydroGeoSphere 
code. Note that Ks was a fixed amount for each soil and 
only SWRC models were changed. So SWRC models play 
a major role in simulation of soil free drainage. The ability 
of the various SWRC models along with HydroGeoSphere 
code for simulaion of the water flow (free drainage) in the 
soil is shown in Figs. 5 to 7. According to Fig. 5, all models 
provided approximately similar performance in simulation 
of soil free drainage, but Campbell and Hutson-Cass models 
could mimic free drainage fluctuations slightly better than 
the other models especially in maximum and minimum 
points for site A (Loamy sand soil). None of the models gave 
suitable performance in the beginning of the free drainage 
simulation. As mentioned in section 2.3, due to lack of 
information about the initial value of the matric pressure 
head along the lysimeter, first pseudo steady condition in 
HydroGeoSphere was implemented until estimated free 
drainage be similar with observed. After that, the obtained 
values of matric pressure head by model are employed 
as the initial condition for unsteady phase simulations. 
Taking this issue into account, the disagreement between 
the predicted and measured discharge rate at the beginning 
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of simulation indicated weak performance of model in the 
pseudo steady state condition.

Quantitative results of soil profile drainage simulation 
with three statistical criteria (MAE, E’ and d’) for studied 
soil were calculated and presented in Table 4. Among four 
SWRC models, Hutson-Cass model with MAE, E’ and 
d’ 22.78, 0.55 and 0.75, respectively, had better simulation 
of free drainage than the other models for Loamy sand soil. 
Brooks-Corey and Campbell, with slight differences, are 
located in the next ranks, respectively, and van Genuchten 
with MAE, E’ and d’ of 32.51, 0.36 and 0.57, respectively, is 
in last rank. These results are in contrast with the results of 
SWRC simulations for site A, that van Genuchten was the 
best SWRC model in simulation of soil water retention curve.

Figure 6 illustrate the observed and estimated free 
drainage based on studied SWRC models, for site B (Loam 

soil). As one can be seen in Fig. 6, Hutson-Cass model and 
somewhat Campbell model tended to overestimate the 
maximum discharge point and the entire SWRC models 
tended to underestimate minimum discharge point. But in 
the simulation of the minimum points of discharge rate, 
Campbell and Hutson-Cass provided better predictions. It 
is visually difficult to compare the quality of the simulated 
free drainage using various SWRC models in Fig. 6. 
Therefore, statistical criteria were calculated to compare the 
quality of SWRC models (Table 4). According to Table 4, 
Brooks-Corey and Campbell models, with slightly 
differences in MAE (8.43 versus 8.67), E’ (0.49 versus 
0.47) and the same d’ indicated better results. After these 
two models, van Genuchten and Hutson-Cass were in 
subsequent positions. Result of free drainage simulation 
in this soil like Loamy sand soil (site A) is in contrast 
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Figure 6. Rainfall intensity and observed and simulated free drainage by HydroGeoSphere using van   Genuchten, Brooks-Corey, Campbell 
and Hutson-Cass models in site B (Loam soil).

Figure 7. Rainfall intensity and observed and simulated free drainage by HydroGeoSphere using van Genuchten, Brooks-Corey, Campbell 
and Hutson-Cass models in site C (Clay loam soil).
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with the result of SWRC simulation. The van Genuchten 
model performed better estimation of SWRC for Loam 
soil while this model wasn’t better than the other models 
for simulation of free drainage.

At site C (Clay loam soil), the observed and simulated free 
drainage is presented in Fig. 7. In this site, none of the models 
could exhibit a good match with observed free drainage 
as well as the sites A and B. However, the van Genuchten 
model tended to overestimate free drainage in peak points, 
but it could mimic fluctuations in minimum point of free 
drainage better than the other models. According to Fig. 7, 
simulated free drainage using Campbell, Brooks-Corey 
and Hutson-Cass models indicated a lag time compared 
to observed free drainage in maximum and minimum 
points. The van Genuchten model with MAE 1.71, 
E’ 0.38 and d’ 0.68 showed the best performance of the free 
drainage simulation in Clay loam. Campbell and Hutson-
Cass models showed same results and were placed after 
Brooks-Corey model (Table 4).

conditions derived from steady state stage didn’t show 
good agreement with real condition for all sites.

T - test

The MAE, E’ and d’ values for comparing measured 
and estimated of SWRC as well as free drainage were 
presented in Tables 3 and 4, respectively. Comparing 
the MAE, E’ and d’ values in both tables, it is clear that the 
differences between estimated and measured SWRC and 
free drainage are often not striking. Therefore, besides 
the MAE, E’ and d’, as well as visual interpretation for 
comparing the estimated and measured SWRC and free 
drainage, we also used paired t-test. T-values of paired 
t-test to comparison of estimated soil water retention 
curve (SWRC) and free drainage with the measurement 
are shown in Tables 5 and 6, respectively. It was found that 
measured and estimated SWRC using various models were 
not significantly different in all studied soils, implying 
that the same experimental water retention data were 
fitted to the different SWRC models. Estimated SWRCs 
using the models were not significantly different for site A 
(Loamy sand soil) and site B (Loam soil) while it differed 
significantly for site C (Clay loam soil). Note that estimated 
SWRCs using Campbell and Hutson-Cass models were 
not significantly different (Table 5).

Results of t-test show that in Loamy sand soil (site A), 
the simulated free drainage using only Brooks-Corey 
model differed significantly with the measured free 
drainage (p ≤ 0.05), while simulated free drainage using 
the van Genuchten, Campbell and Hutson-Cass models 
did not differ significantly with measured free drainage. 
In Loam soil (site B), the simulated free drainage using 
the van Genuchten and Brooks-Corey models differed 
significantly (p ≤ 0.05) and the other models did not 
differ significantly with measured free drainage. But in 
Clay loam soil (site C), simulated free drainage using the 
van Genuchten model was not significantly different with 
measurements, while applying the three other models 
showed significant difference with measured values. 
Furthermore, the t-test results indicated that simulated 
free drainages using various SWRC models did not differ 
with each other in Loamy sand and Loam (sites A and B) 
while in the Clay loam soil (site C), only simulated free 
drainage by van Genuchten model did not differ with 
others simulated free drainages (Table 6).

Table 4. Results of statistical criteria for simulation of free drainage 
by HydroGeoSphere using various SWRC models.

Site SWRC model MAE E’ d’

Optimum 0 1 1

Site A
(Loamy sand)

van Genuchten 32.51 0.36 0.57

Brooks-Corey 27.41 0.46 0.66

Campbell 27.44 0.46 0.69

Hutson-Cass 22.78 0.55 0.75

Site B
(Loam)

van Genuchten 9.15 0.44 0.66

Brooks-Corey 8.43 0.49 0.70

Campbell 8.67 0.47 0.70

Hutson-Cass 10.38 0.37 0.68

Site C
(Clay loam)

van Genuchten 1.71 0.38 0.68

Brooks-Corey 2.36 0.15 0.51

Campbell 2.21 0.20 0.53

Hutson-Cass 2.21 0.20 0.53

Reviewing the Figs. 5 to 7, a point attracts attention. 
According to Figs. 5 to 7, the amount of measured free 
drainage was zero in the beginning of transient period 
while simulated free drainage showed discharge rate. In 
implementation of HydroGeoSphere model, first the model 
was run for steady state like experimental conditions and 
after reaching the steady state, estimated matric pressure 
head was applied as initial value for unsteady (transient) 
simulation in HydroGeoSphere. It seems that initial 
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CONCLUSION

In this study the performance of various SWRC models 
to estimate soil water retention curve was examined. In 

Table 5. T-value of paired t-test for comparing the measured and estimated SWRC by various models.

Site A (Loamy sand)

Measured van Genuchten Brooks-Corey Campbell

van Genuchten 0.27ns

Brooks-Corey 0.10ns 0.46ns

Campbell 0.80ns 0.60ns 0.82ns

Hutson-Cass 0.03ns 0.22ns 0.09ns 1.00ns

Site B (Loam)

Measured van Genuchten Brooks-Corey Campbell

van Genuchten 0.72ns

Brooks-Corey 0.48ns 1.35ns

Campbell 0.04ns 0.57ns 0.39ns

Hutson-Cass 0.30ns 0.68ns 0.37ns -

Site C (Clay loam)

Measured van Genuchten Brooks-Corey Campbell

van Genuchten 0.29ns

Brooks-Corey 1.02ns 4.41**

Campbell 1.46ns 2.47* 7.37**

Hutson-Cass 1.54ns 2.50* 8.15** 1.00ns

ns = non-significant; * = significant (p ≤ 0.05); and ** = significant difference (p ≤ 0.01).

Table 6. T-value of paired t-test for comparing the measured and simulated free drainage by HydroGeoSphere using various SWRC models.

Site A (Loamy sand)

Measured van Genuchten Brooks-Corey Campbell

van Genuchten 1.68ns

Brooks-Corey 2.21* 0.85ns

Campbell 1.88ns 0.21ns 0.26ns

Hutson-Cass 1.85ns 0.30ns 0.92ns 1.13ns

Site B (Loam)

Measured van Genuchten Brooks-Corey Campbell

van Genuchten 2.06*

Brooks-Corey 2.50* 0.98ns

Campbell 1.46ns 0.64ns 1.14ns

Hutson-Cass 0.86ns 0.80ns 1.12ns 0.74ns

Site C (Clay loam)

Measured van Genuchten Brooks-Corey Campbell

van Genuchten 1.07ns

Brooks-Corey 2.73** 1.67ns

Campbell 2.03* 1.03ns 5.66**

Hutson-Cass 2.03* 1.03ns 5.66** -

ns = non-significant; * = significant (p ≤ 0.05); and ** = significant difference (p ≤ 0.01).

addition, we investigated the influence of these models 
directly on simulation of free drainage under transient 
condition using as input data in 3-Dimensional numerical 
code (HydroGeoSphere).
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In spite of the superiority of van Genuchten and Brooks-
Corey models for estimating SWRC which showed by three 
mentioned statistical criteria (MAE, E’, d’), t-test shows that 
the measured and estimated of SWRC using the studied 
models did not diff er signifi cantly for all sites, implying 
that the experimental water retention data were fi tted the 
same to the diff erent SWRC models.

Considering the fact that estimated SWRC by various 
models did not diff er signifi cantly with measured value, it was 
expected that the simulated free drainage by HydroGeoSphere 
code using these model as an input data did not diff er 
signifi cantly too, but it was found that the simulated free 
drainage using Brooks-Corey model for Loamy sand soil 
(site A) and van Genuchten and Brooks-Corey models for 
Loam soil (site B) diff ered signifi cantly with measured values 
(p ≤ 0.05). In Clay loam soil (site C), according to t-test, 
the SWRC estimated by van Genuchten model diff ers with 
SWRC estimated by Brooks-Corey (p ≤ 0.05), Campbell 
(p ≤ 0.01) and Hutson-Cass (p ≤ 0.01) models, while the 
simulated free drainage by applying van Genuchten model 
did not diff er with the simulated free drainage using Brooks-
Corey, Campbell and Hutson-Cass models.

Th e results of this study demonstrated that the SWRC 
models may be fi tted well to the laboratory-measured SWRC 
but it is not able to simulate soil free drainage by applying 
these models in numerical codes such as HydroGeoSphere. 
It can be concluded that only the quality of the SWRC 
models in estimating soil water retention curve could 
not be a proper criteria for performance of these models 
in simulation of water fl ow in soil by numerical code. It 
may be justifi ed by considering hysteresis phenomena and 
presumably weakness performance of unsaturated hydraulic 
conductivity models.

It is noticeable that water movement in soil usually 
occurs in high moisture content and, by looking at Fig. 4,
it can be seen that in low matric suction head (high moisture 

content), there are diff erences between predicted soil water 
retention curves by various SWRC models. Th is can explain 
mismatching in simulations of free drainage.

Another founding of this study was that superiority of 
SWRC models for simulation of free drainage according 
to statistical criteria (MAE, E’ and d’) is not in line with 
t-test in some cases. As based on MAE, E’ and d’, the 
simulated free drainage using Brooks-Corey along with 
HydroGeoSphere code could mimic measured value 
better than van Genuchten model in site A (Table 4), while 
according to t-test, performance of van Genuchten model 
in simulation of free drainage along with HydroGeoSphere 
code was not signifi cantly diff erent with measured value, 
but applying the Brooks-Corey model showed signifi cantly 
diff erent (p ≤ 0.05) with measured values in site A (Table 6).
It should be noted that this conclusion is creditable for 
these soils and the criteria used in this particular study.
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