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ABSTRACT 

Touma, J. and Albergel, J., 1992. Determining soil hydrologic properties from rain simulator or double ring 
infiltrometer experiments: a comparison. J. Hydrol., 135: 73-86. 

’’ Two infiltration experiments were conducted on two plots of 1 mz, each equipped with a neutron meter 
access tube and tensiometers. One infiltration was performed with a constant head of water maintained at 
the soil surface, the other using a rain simulator. The order of experiments was reversed on the two plots, 
i.e. on the first plot, simulated rain preceeded infiltration under constant head, while on the second plot, 
ponded infiltration was performed prior to the simulated rain. For each plot, the water pressure and 
hydraulic conductivity relationships versus water content were determined from both experiments for the 
various horizons of the soil profile. It is shown that the range of data obtained from the double ring 
infiltrometer is much wider than that corresponding to the rain simulator. This is due probably to surface 
sealing during the latter experiment. Application of the Van Genuchten model (1980) to predict the 
hydraulic conductivity from the water retention curve shows good agreement for some horizons but is not 
satisfactory for others. It is concluded that when the soil surface is subject to crusting, the double ring 
infiltrometer is more suitable than the rain simulator for the determination of soil hydrologic properties. 

INTRODUCTION 

Ring infiltrometers are commonly used for in situ determination of soil 
hydraulic properties (i.e. the water content-pressure head relationship, or 
water retention curve h(8), and the relation between water content and 
hydraulic conductivity, K(B)), measurement of infiltration capacity (Ahuja 
et al., 1976; Chong et al., 1981; Youngs, 1986) and determination of spatial 
variability of soil properties (Vieira et al., 1981; Vauclin et al., 1983). On the 
other hand, rain simulators are widely used to study soil erosion (Bryan and 
De Ploey, 1983; Miller, 1987; Remley and Bradford, 1989), soil crusting 
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(Agassi et al., 1981; Sharma et al., 1981; Levy et al., 1986), as well as 
infiltration and runoff (Swartzendruber and Hillel, 1975; Agassi et al., 1982; 
Bridge and Ross, 1985; Bach et al., 1986), but rarely to. determine soil 
hydraulic properties in situ. To the authors' knowledge, the only attempt to 
do this was that of Jeppson et al. (1975). Even in that case, only the water 
retention curve was measured directly while the K(0)  relationship was 
obtained merely by matching field data with a numerical model. Similarly, 
very few studies exist concerning the comparison of field infiltration capacity 
obtained from both types of experiments (Julander and Jackson, 1983; 
Ben-Hur et al., 1987). The purpose of this study is to compare results derived 
from the two experiments. The site is located in the Sine Saloum valley 
(Senegal). The soil is sandy in the upper 50cm: about 6% fine particles 
(<0.02mm). The percentage of fine particles increases to 30% at 1OOcm 
depth. 

d 

I ' 

MATERIALS AND METHODS 

The rain simirlator 

This device is described in detail by Casenave (1982) and Bernard (1987). 
A nozzle, hanging 4 m above the soil surface, oscillates at a constant angular 
velocity and is supplied at a constant rate with water. The jet of droplets 
produced by the nozzle is a pyramid, the base of which at the soil surface is 
(1.5 x 0.25)m2. The size distribution and kinetic energies of the droplets 
compare closely with those of natural rain (Asseline and Valentin, 1978). The 
intensity of the simulated rain can be adjusted between 20 and 180 mm h-' by 
changing the angle of oscillation of the nozzle. The irrigated surface varies 
between (4.5 x 1.5) m2 and (1.5 x 1.5) m2 , according to the intensity of the 
simulated rain. 

Rain intensity and cumulative runoff measurements are performed on a 
1 m2 plot delimited by a square metallic frame driven 10 cm deep in the soil. 
The centre of the frame and the nozzle lie on the same verticle. In addition, 
two of the frame's sides are parallel to the axis of oscillation of the nozzle, 
which in turn is in the direction of the maximum topographic slope. The 
downhill side of the frame is provided with 20 holes regularly spaced, each 
1 cm diameter. They collect runoff in a furrow protected from the simulated 
rain by a cap and lead it into a reservoir 1 m away from the plot. The reservoir 
is 0.1 m2 section and is equipped with a water level recorder. 

Cumulative runoff, and thus cumulative infiltration, are measured with a 
nominal precision of 0.1 mm. The oscillation and water supply of the nozzle 
as well as the water level recorder are activated simultaneously. Simulated rain 
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can be applied either at constant intensity or according to a storm pattern. In 
the latter case, intensity varies instantaneously in a stepwise manner. Up to ten 

‘r different intensities may be programmed prior to the experiment. 

3 The double-ring iizJiltrometer 

The metallic frame of the rain simulator forms the ‘inner ring’ after obstruc- 
tion of the runoff collection holes. The ‘outer ring’ is formed by an earth dyke 
1Ocm high surrounding the frame. A plastic sheet placed vertically in the 
centre of the dyke ensures that it is impervious. The size of this outer ring is 
approximately the same as that irrigated by the rain simulator at the highest 
intensity; (1.5 x 2.0)m’. Each plot is equipped with an access tube for a 
neutron probe in its centre. Ten tensiometers are placed vertically at 10, 20, 
30, 40, 60, 80, 100, 120, 140 and 160cm depth. The distance between each 
tensiometer and the access tube is not less than 25 cm in order not to affect the 
sphere of influence of the neturon meter. Neutron measurements are made 
from 10 to 180cm depth with a step of 10cm; the neutron probe has been 
calibrated previously with a special calibration curve for the lOcm depth. 

Tlze experiments 

On the first plot, a series of three simulated rains 12 h apart, followed by 
50 days of redistribution, preceded the ponded infiltration experiment. The 
first two rains correspond to a constant intensity (60 mm h-’), the third one 
reproduced the typical storm pattern of the region with a 10 year return 
period. The order of experiments was reversed on the second plot, i.e. ponded 
infiltration followed by 50 days of redistribution preceded the simulated rain 
experiments performed according to the same scheme. Redistribution was 
allowed to perform under the ‘internal drainage’ conditions, i.e. with the soil 
surface covered by a plastic sheet to prevent surface evaporation (Hillel et al., 
1972), for the first 10 days and under ‘natural conditions’, i.e. with surface 
evaporation allowed by removal of the sheet, (Arya et al., 1975; Vachaud 
et al., 1978) thereafter. Infiltration under ponded conditions was initiated by 
manual ponding to 4 cm depth and maintained by subsequent manual topping 
up when the ponding depth at the soil surface dropped to 3.5cm. On each 
plot, the cumulative infiltration during the series of simulated rains was 
practically the same as that observed under ponded conditions, i.e. 16 cm for 
the first plot and 18cm for the second. Neutron measurements were not 
possible during infiltration under simulated rain, neither, were they performed 
during ponded infiltration. Thus all results presented in this paper were 
obtained during redistribution. 
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RESULTS AND DISCUSSION 

For the two plots, the results obtained from both experiments compare 
closely, therefore only those corresponding to the second plot will be detailed 
below. 

, 

The water retention relation 

This relationship is obtained by relating the water content 8(t ,  zo) and 
pressure head h(t, zo) measurements made at the same time at the same depth 
zo . Note that this assumes vertical flow conditions, which is realistic in view 
of the size of the plot and the location of the access tube as well as of the 
tensiometers (Touma, 1984). 

Figure l(a) shows values obtained from the rain simulation experiment 
(denoted SR) and Fig. l(b) those inferred from the ponded infiltration 
experiment (PI). These results allow four horizons to be distinguished in the 
profile: 10 (asterisks), 20-40 (open symbols), 60 (plusses) and 2 80 cm (solid 
symbols). Figures 2(a)-2(d), show for each of the four horizons respectively, 
the h(8) points obtained from both experiments. Obviously, taking the exper- 
imental errors into account, no distinction can be made between points 
obtained from SR or those determined from PI. However, the range of 
variation of the measured variables especially in the upper horizons, depends 
on the water supply mode at the soil surface. For z = lOcm, while the 
maximum value of water content recorded during SR does not exceed 0.23, 
it is greater thar, 0.28 during PI. Clearly, under simulated rain the soil upper 
horizons were not saturated, even though runoff was observed. Most 
probably, this is due to surface sealing which occurs frequently with this type 
of experiment (Hardy et al., 1983). 

To examine the influence of the limited range of measured data during SR 
at z = 10cm, an analytical expression of the form proposed by Van 
Genuchten (1980) 

8 = (0, - 8,)/(1 + + 8, (1) 

with c = 1 - l/b was fitted on the observed data. Note that this equation is 
a generalization of the one proposed originally (with c = 1) by Gardner 
(1958). In this relation 8, and 8, are the saturation and the so-called residual 
water contents, a and b are constants. Although 8, may be measured exper- 
imentally, it is determined here by curve fitting as well as a and b (Van 
Genuchten, 1980). Fitting was carried out using the Marquardt technique 
(1963), without linearizing eqn. (1). Even though 8, was not measured in either 
experiment, manual extrapolation of available PI data allows the estimation 



- h (cm) 
4o01- 

l 

O, I 

- h (cm) 

300 I 
I O 

O .1 .2 .3 O 
Theta 

4 

Q . +  

Theta 

Fig. 1. /(e) for the various depths obtained from the simulated rain (a) and the ponded infiltration (b) experiments. 

& l O m  :I! 
+ loom 
1- 1” 
+- 14ocm 

1 

1 

.3 



78 

400 

300 

m 

lo[ 

I 

a 

- 

.._ -- I 

1 
J. TOUMA AND J. ALBERGEL 

' P, 
! 

!I 

Theta .3 O Theta 

Theta 

0% w 
3 O 

'f* J 

.3 

.3 Theta .2 

Fig. 2. h(0) obtained from the simulated rain (open symbols) and ponded infiltration (solid symbols) 
experiments, for the different horizons distinguished in the profile. 
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TABLE 1 

Paramters of eqn. (1) fitted to simulated rain data at z = lOcm with Os = 0.26 + 0.01 i 
(i = 1, . . . , 6). 8, and Or are in cm3cmb3, u is in cm-' 4 '  

4 4 0.27 0.28 0.29 0.30 0.31 0.32 
1. 8, 0.0417 0.0407 0.0396 0.0387 0.0378 0.0369 

U - 0.0206 - 0.0218 - 0.0231 - 0.0244 - 0.0258 - 0.0272 
b 2.570 2.504 2.447 2.398 2.354 2.316 
C 0.61 1 0.601 0.591 0.583 0.575 0.568 

of this parameter to be between 0.30 and 0.32. Considering the mean value 
O, = 0.31 ~ m ~ c m - ~  to be a realistic estimate, fitting eqn. (1) on PI data gives 
Or = 0 . 0 4 0 ~ m ~ c m - ~ ,  a = -0.024cm-', b = 2.368 and c = 0.578. For the 
SR data, manual extrapolation for 0, gives a value which lies between 0.27 and 
0 . 3 2 ~ m ~ c m - ~ .  Using six different values for O, = 0.26 + 0.01i (i = 1, . . . , 6) 
and fitting eqn. (1) on SR data results in values summarised in Table 1 and 
shown on Fig. 3. Although the fitted parameters are sensitive to the value of 
O,,  the resulting curves are hardly distinguishable in the range of observed 
data. In this type of experiment, the saturated water content might thus be 
estimated with up to 20% error. If this error in O, was acceptable for field 
purposes, it could influence greatly the determination of saturated hydraulic 
conductivity K, . Soil conductivity varies greatly with water content, especially 
near saturation, 20% error on O, might result in several hundred percent error 
in K,. 

Equation (1) fitted to data for the three other horizons results in values 
shown in Table 2 and presented in Fig. 4. For each horizon, Table 2 gives also 
the maximum value of water content O,,, recorded during each experiment. 
Note that for z 2 60cm, differences between O,,, values observed in each 
experiment are not significant, since the errors of measurement are of the same 
order. In Fig. 4 dotted curves are obtained from PI data, dashed ones from 
SR data and solid curves from both experiments. Table 2 and Fig. 4 confirm 
the preceding result: only the range of variation of the observed variables is 
affected by the water supply mode at the soil surface. 

The K(8) relationship 

Points of this relation are obtained by applying Darcy's law with the 
underlying hypothesis of one dimensional vertical flow: 

K = q/(i - ah/az) 

where q and dh/dz are flux density and water pressure gradient evaluated at 
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Fig. 3. Fitting eqn. (1) on data obtained from the simulated rain experiment at z = lOcm with 
0.26 f 0.01i (i = 1, . . . , 6) .  

= 

time f, and depth zI . Flux density is obtained by integrating the mass conser- 
vation law between depths z1 and zo: 

where W = cb Odz. During internal drainage conditions q,, = zo = O, while 
under natural conditions choosing z o ( t l )  such that (dh/dz),,,,, = 1 implies 
qzO(t l )  = O. In both cases, Wrepresents the total water content of the profile 
between zo and z1 . Under internal drainage conditions W(zo, t )  is correlated 
linearly with In(t), and q(z, , t l )  is computed by simple differentiation. Note 
that in this case, only values o f t  corresponding to decreasing water contents 
at z1 are considered. For all depths the coefficient of correlation Y is greater 
than 0.95. The water pressure gradient is determined graphically from the 
water pressure profile h(z, t l ) .  

Figures 5(a)-5(d) show, for the horizons already distinguished in the 
profile, points of K ( @  obtained from SR and PI experiments. As before, little 

4zo - 4zl = dW/dt 

1 
\i 
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TABLE 2 

Parameters of eqn. (1) fitted on simulated rain data (SR), double ring infiltrometer data (PI) 
and both experiments (SR + PI). Os, O,, and Omax are in cm3cmb3, a is in cm-' 

J z  SR PI SR + PI 

r f i  

p 
10 4 0.3 1 0.31 0.31 

4 0.0378 0.0398 0.0385 

b 2.354 2.368 2.374 
C 0.575 0.578 0.579 
emax 0.230 0.284 

a - 0.0258 - 0.0236 - 0.0243 

20-40 4 0.28 0.28 0.28 
4 0.0489 0.0624 0.0606 
a - 0.0437 - 0.0405 -0.0416 
b 1.993 2.141 2.121 
C 0.498 0.533 0.529 
Omax 0.221 0.259 

60 4 , . 0.26 
0.136 

b 2.592 
C 0.614 
Omax 0.246 

- 4 
a - 0.0493 

0.26 0.26 
0.119 0.127 

2.206 2.350 
0.547 0.574 
0.253 

.0.0482 - 0.0487 

2 80 4 0.27 0.27 0.27 
e r  0.1 13 0.098 0.131 

b 1.172 1.182 1.226 
C 0.147 0.154 0.184 
emax 0.265 0.269 

a -0.1409 - 0.1063 - 0.1 164 

distinction could be made between points obtained from either experiment. 
However, the range of K(8) values measured is sensitive to the method of 
water application. In particular for z = lOcm, while the maximum value 
determined from SR data does not exceed 0.8 cm h-' , it is about 6 cm h-' 
when obtained from PI. Table 3 presents the equation which gave the best fit 
on the data obtained from both experiments for each horizon. These 
equations are also shown by the solid curves on Fig. 5. Note that for all 
horizons the saturated hydraulic conductivity is obtained by curve fitting. 
Note also that, for z = 10 cm, points at lower water contents (6 < 0.08) were 
not considered for the curve fitting. Were the saturated water content 
estimated to be 0.27 cm3 cm-3 at z = 10 cm, the resulting Ks would be about 
2 cm h-' , which is approximately an order of magnitude less than the actual 
value estimated for 8, = 0.3 1 cm3 ~ m - ~ .  
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Fig. 4. Eqn. (1) fitted on data obtained from the simulated rain experiment (dashed lines), ponded 
infiltration (dotted lines) and both experiments (solid lines), for the various horizons in the profile. 
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Fig. 5. K(0)  obtained from the simulated rain (open symbols) and ponded infiltration (solid symbols) 
experiments for the various horizons in the profile. Solid curves are the best fit on the data (see Table 3) 
Dashed curves are K ( 0 )  predicted according to the model of Van Genuchten. 
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TABLE 3 

Analytical expressions and the parameters that gave the best fit on K(0) data obtained from 
both experiments for the various horizons in the profile. The saturated hydraulic conductivity 
K, is determined by curve fitting. For each horizon, values of 0, and Or are given in Table 2 

z Equation Ks(cm h-I) A 

12.36 
6.25 

13.58 
15.85 

Knowledge of the saturated hydraulic conductivity K, and of parameters of 
8(h) for each horizon, allows the prediction of K(8) for each horizon, 
according to the model presented by Van Genuchten (1980). The predictions 
are shown by the dashed curves on Fig. 5. While the predicted relations are 
in fair accord with the observations in the intermediate horizons; they depart 
seriously from it in the uppermost and lowermost layers. This might be due 
to the sensitivity of predicted K(8) to the value of 8, as pointed out by Mualem 
(1976). Nevertheless, and whatever O,, 8, and K, are, the Van Genuchten 
model always gives an infinite slope dK/d8 at 8,. This quantity, computed 
from eqn. (8) of Van Genuchten, with O = (8 - 8,)/(8, - 8,) contains a 
term of the form (1 - O'/')'-' and when 8 reaches O,, this term becomes 
infinite unless b is negative which is impossible since in that case 8 = 8, for 
h = O. Note that not only the model of Van Genuchten yields an infinite slope 
dK/d8 at 8,; the result will be the same for any model based on Mualem's 
theory (1976) where the analytical form of h(8) is such that 8 = 8, for, and 
only for, h = O. This can be seen directly from eqn. (14) of Mualem. The 
physical basis of this fact is questionable, since 8, is the 'natural saturation', 
(cf. Fig. 9 of Van Genuchten), generally less than the porosity (Vachaud et al., 
1974). Were dK/d8 infinite at O,, it would be impossible to determine the 
hydraulic conductivity corresponding to the total saturation, which is not 
realistic since this parameter is actually measurable (Touma and Vauclin, 
1986). As pointed out by one of the reviewers, the hydraulic conductivity at 
total saturation is not predicted by the model of Van Genuchten; this follows 
directly from the analytical expression of h(8). Nevertheless, the question 
remains about the physical significance of the predicted K(8). Stating the 
question differently: is the theory of Mualem realistic? If it is, is it physically 
sound to consider that 8 = 8, for, and only for, h = O; or must saturation be 
reached at some definite and negative value of h? The answer to this question 
is beyond the scope of this paper. 
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CONCLUSION 

Comparison of data obtained from a rain simultor and a double ring 
infiltrometer shows that it is not possible to distinguish results inferred from 
either experiment. Nevertheless, the range of measurements corresponding to 
the double ring infiltrometer is wider than that resulting from the rain 
simulator, especially for higher water contents. In the upper soil horizons, the 
saturated water content may be underestimated by up to 20% using the rain 
simulator, while underestimation of the saturated hydraulic conductivity may 
reach an order of magnitude. Most probably, this is due to crusting of the soil 
surface under simulated rain. Thus, it appears that, for such soils, the double 
ring infiltrometer is more suitable than the rain simulator to determine the soil 
hydrological properties, even though this latter device is essential to study 
infiltration capacity and runoff. 

The measured hydraulic conductivity-water content relationships were 
compared with those predicted according to the model of Van Genuchten 
(1980). Comparison showed fair accord for some soil horizons but not for 
others. Further, the predicted curves always show an infinite slope for the 
saturated water content, which is not physically realistic. 
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