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Abstract

Darcy’s law is applied to describe the steady flow processes in which the flux remains constant
with time along the conducting system. Due to the dispersion and migration of colloidal particles
and lodging in the soil pores the reduction in hydraulic conductivity occurs with time in particular
when the soil and the percolating solution are affected by electrolyte concentration. Hence, the
aim of this study is to find empirical equations that can be used to predict the flux with time. Data
for the effluent volume versus time (up to 6 hours) which was collected for three soils (located at
Quevedo-Los Rios region) treated by two salt solutions (5 and 50 meq/1) with different SAR values
were used to test certain mathematical forms of equations. Only four empirical equations were
found to perfectly fit the data (flux vs time) whereas, fitting the calculated and measured data of
the hydraulic conductivity for all soils produced regression factors Rz = 0.99. So, these equations
can be applied to predict the hydraulic conductivity and to characterize the flow process at satu-
rated conditions of the studied soils with great confidence. The Hoerl function model was the best
of all equations for application as the fitting degrees were almost perfect for all studied soils at 5
and 50 meq/l. It was observed for all equations that one of the fitting parameters would always
represent the initial hydraulic conductivity (K°s) that was evaluated graphically at zero time by
extrapolation.
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1. Introduction

The basic equation for describing the steady flow of water through columns of porous materials is represented
by Darcy’s law:

AH
=K— 1
9=K= (€)

where, q is the flux or the effluent volume of the percolating solution per unit of area and time; K is the propor-
tionality factor or hydraulic conductivity of the porous media; and AH/L represents the total hydraulic head
gradient. Then, if Q is the volume of solution vertically flowing through a column of porous material (L cm
length with a cross sectional area of A cm?) under a constant hydraulic head (h cm), the flux in L-T~* unit (cm/hr)
can be calculated as:

_Q
1= @)
thus,
Q= AMH % &)

where, AH=h+L.

Equation (3) can be represented in a straight line whose slope is equal to  AAHK/L. It is, therefore, possible
to determine the hydraulic conductivity as a parameter characterizing the flow process. Also, the slope of the li-
near equation is equal to K when the Equation (3) rearranged as follows:

Q(L/AAH) =Kt )

However, the validity of Darcy’s law is determined by physical and/or chemical properties of either the por-
ous media or the percolating solution and depends on the hydraulic head gradient applied [1] [2]. Also, Darcy’s
law may only be applied to describe steady or stationary flow processes in which the flux remains constant with
time along the conducting system [3].

In the saturated soils, K is generally considered a constant, although it may change with time due to particle
rearrangement within the soil matrix. Because of changes in the physical or chemical and structural state of the
porous media, changes in the hydraulic conductivity may therefore occur during the flow process. Dikinya et al.,
(2008) [4] measured changes in hydraulic gradients (AH/AL) along the columns and outflow particle sizes
and concentrations during pressure leaching with solutions of 100, 10 and 1 mmol/L NaCl. The lowest ionic
strength has resulted in more reduced hydraulic conductivity and relatively more release of colloids associated
with hydrodynamic shear and dispersion. Steady increases in hydraulic gradient (AH/AL) and corresponding
decreases in relative saturated hydraulic conductivity (K/KO) with time were observed for the soils under in-
vestigation. The decrease in K/K, and increase in AH/AL were clearly influenced by the size as well as the
concentration of migrating particles in the porous medium. This was attributable to swelling and dispersion
within the soil matrix at these concentrations.

The effects of sodium adsorption ratio (SAR) and electrolyte concentration on hydraulic properties of soils
and clays as well as the variations in the hydraulic conductivity as a function of exchangeable ion status of soils
have been extensively studied [5]-[9]. Detailed information on salinity effects on soil-water properties under sa-
turated conditions is also reported by Frenkel et al. (1978) [10].

Dispersion and migration of colloidal particles, subsequently lodging in the soil pores, lead to reduction in
hydraulic conductivity when the soil is slightly sodic and/or the percolating solution is low in electrolyte con-
centration. On the other hand, at high exchangeable sodium percentage (ESP) and salt concentration > 5 meg/I,
the swelling of clay is the main mechanism responsible for decreases in hydraulic conductivity [5] [11] [12].
These effects may therefore, progressively reduce hydraulic conductivity according to the particular type of soil
or the chemical composition of the percolating solution.

High sodium adsorption ratios and low electrolyte concentrations cause a progressive reduction in the perco-
lating rate, resulting in a non-linear relationship between effluent volume and time, i.e., Ks becomes not constant
and the Darcy’s law, which characterizes steady or stationary flow processes, does not apply. So, the objectives
of this study are: 1) to find some empirical equations that can correctly predict soil hydraulic conductivity, tak-
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ing into consideration the changes in the physical or chemical and structural state of the porous media, which
occur during the flow process; 2) to find the fitting parameters for the proposed empirical equations with respect
to initial saturated hydraulic conductivity (K°) at zero time; and 3) to study the effect of SAR of two salt solu-
tions (5 and 50 meg/l) on the saturated hydraulic conductivity of tropical soils of Quevedo-Los Rios region.

2. Materials and Methods

To achieve the aim of this study, surface soil samples were collected at two locations to represent the Quevedo
region of the Los Rios Province, Ecuador. The first location is the Felix Farm, about 30 km to Quevedo City.
The second location is the INIAP Experimental Farm, Pichilingue-Quevedo. Disturbed and undisturbed soil
samples were taken at a depth, 0 - 30 cm. The disturbed samples were air dried, gently crushed and sieved
through a 2 mm sieve. Fractions below 2 mm were subjected to chemical and mechanical analysis. The undis-
turbed samples were used to determine bulk density and Hydraulic conductivity. Soil physical and chemical
analyses, presented in Table 1, were done according to Black et al., (1965) [13].

Two salt solutions (5 and 50 meq/l, representing ionic strength of 0.005 N and 0.05 N) with six SAR values; 0,
5, 10, 30, 50 and >50 or (o) were prepared and employed in studying their effects on the saturated hydraulic
conductivity of the previously mentioned soils.

Saturated hydraulic conductivity was determined by using undisturbed soil samples according to Klut’s me-
thod (1972) [14]. Schematic of the head-constant device that can be used for determination of the hydraulic
conductivity is shown in Figure 1, whereas the hydraulic conductivity values were calculated according to Dar-
cy’s law.

Table 1. Particle size distribution for the depth 0 - 30 cm of the studied soils.

Soil location pH EC (dS/m) SAR" C.sand (%) F.sand (%) Silt (%) Clay (%) Texture grade
1) Felix Farm 6.82 0.73 1.41 38.50 20.50 24.10 16.90 Sandy loam
2) INIAP-Cacao Field 7.24 1.10 2.19 2.10 16.40 36.70 44.80 Clay
3) INIAP-Corn Field 6.92 1.96 3.54 5.20 14.40 37.90 42.50 Clay
"SAR =N

2

Figure 1. Classic schematic for the hydraulic conductivity
method with constant head. Key: 1—standard flask; 2—car-
rier; 3—table wood; 4—glass calyx; 5—glass tube on U
form; 6—plastic diaphanous column; 7—glass calyx; 8—

mineral avoirdupois.
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The hydraulic gradient was kept constant during the experiments with a constant head device. All experiments
were carried out to evaluate the effect of SAR and electrolyte (salt) concentrations on the drainage properties of
studied soils. So, the effluent volume as a function of time was recorded.

Data for the effluent volume versus time (up to 6 hours) for the soils that treated with two salt solutions with
six different SAR values was collected and used for testing a large number of the known forms of equations (26
models are listed in Table 2). Characteristic parameters of the proposed equations are the saturated hydraulic
conductivity at zero time (K°s) and coefficients a, b, ¢ that takes into account the progressive reduction in the in-
itial hydraulic conductivity (K°%) of the soils.

The relationships between effluent volume and time were statistically analyzed to find the regression equa-
tions and then to find the initial hydraulic conductivity (K°) as well as to find the fitting parameters of the em-
pirical equations for predicting drainage rate from soil columns under saturated conditions. The measured data
were fitted to all mathematical forms and the regression coefficients were calculated using a computer program
named Curvefit by Thomas S. Cox, 1984. Only equations that predicted the effluent volume versus time with a
correlation factor (R%) near unity was considered.

3. Results and Discussion
3.1. Characteristics of Flow Process and Empirical Models

To characterize the flow process, the saturated hydraulic conductivity (KS) was calculated according to Dar-
cy’s law as Q(L/AAH)/t, where Q(L/AAH )4Kt. This relation represents the equation of a straight line
whose slope is equal to K and the term (L/AAH is just a constant value. The equation of the straight line can
be written as Y = Kt , where Y is the effluent flux. On the other hand, the other suggested equations should be
used when Darcy’s law could not be applied when nonlinear relationships were observed. Nonlinearity is usual-
ly due to particle rearrangement within the solid matrix, i.e. swelling or dispersion and migration of colloidal

Table 2. Tested equations for best-fit of the measured data of effluent volume changes with time.

Equations fitted to hydraulic conductivity data using Curvefit program

1) Y=a+b*X STR.LINE 14) Y =a*X A(b/X) MOD GEOMETRIC

2) Y=b*X LINE THRU ORG 15) Y =axea(b*X) EXPONENTIAL

3) Y=1/(a+bxX) REC.STRLINE 16) Y =axe(b/X) MOD EXPONENTIAL

4) Y=a+b*X+c/X LINANDRECIP 17) Y =a+b*In(X) LOGARITHMIC

5) Y =a+b/X HYPERBOLA 18) Y =1/(a+b=In(X)) RECIPLOG

6) Y =X/(a/X +b) RECIP HYPERBOLA 19) Y=a*baX*X Ac HOERL FUNCTION

7) Y=a+bxX+c/X*X 2ND ORD HYP 20) Y =a*bA(1/X)*X nc MOD HOERL

8) Y=a+b*X+c*X*X PARABOLA 21) Y =a*en((X -b)/2) NORMAL

9) Y=a*X+b*X*X PARATORIGIN 22) Y =axen((In(X)-b)A2/c) LOG NORMAL
10) Y=a*X b POWER 23) Y=a*X ab*(1-X)ac BETA

11) Y=axbAX MOD.POWER 24) Y =ax(X/b)ac*en(X/b) GAMMA

12) Y =bA(YX) ROOT 25) Y =1/(a*(X +b)a2+c) CAUCHY

13) Y =a* X" SUPER GEOMET 26) Y =K,/a(l-e") ARINGHIRRI & CAPURRO

Table taken from a curve fitting computer program called Curvefit by Thomas S. Cox, 1984, based on equations listed in
Curve fitting for programmable calculations by William M. Kolb. Published by IMTEC, P.O. Box 1402 Bowie MD 20716.
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particles along the soil columns with subsequent plugging of conducting pores [5] [11]. For instance, data illu-
strated in Figure 2 and Figure 3 for the surface depth of the Felix Farm sandy loam soil show Linear relation-
ships between effluent volume of percolating solution and time which were obtained at high electrolyte concen-
tration (50 meg/I) with all SAR values except for low SAR values (0 and 5) which were nonlinear.

Also, nonlinear relationships were observed at low electrolyte concentration (5 meg/l) at SAR values 0, 5, 10
and 30 in the Felix Farm sandy loam soil as well as at SAR 5 and 10 for other heavier soils (INIAP farm). Thus
indicate a variation or decrease in the initial hydraulic conductivity of the soil during the flow process.

The empirical equations (26 equations) were applied to fit the data for effluent volume vs time. These data
were used for characterizing the flow process when hydraulic conductivity is not a constant factor under satu-
rated conditions. However, this case is occurred when the Darcy’s equation does not produce a straight line but a
curve with decreasing slope with time, following changes in the physical or chemical state of the soil during the
percolating process.

The following empirical equations were observed to almost perfectly fit the experimental data:

Y =X/(a*X +b) (5) (Reciprocalhypérbola)
Y=a+b*X+cxX? (6) (Parabola)
e ——0SAR —= 55AR —— 10 SAR
¢ X rarm —+—30SAR —%—50 SAR —e— 0 SAR
200 -
160 -
T 120 |
<
-
S 80 |
40
0 - ‘ ‘
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Figure 2. Relationships between effluent volume {Q(L/AAH)} and time for Felix
Farm sandy loam soil (0 - 30 cm) as a function of SAR at 5 meg/I.
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Figure 3. Relationships between effluent volume {Q(L/AAH)} and time for Felix
Farm sandy loam soil (0 - 30 cm) as a function of SAR at 50 meg/I.
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Y =axb* % X° (7) (Hoerl function)
Y = Ks/a (1-e) (8) (Aringhirri& Capurro model)

where, Y is equal to Q(L/AAH ) and the X indicates elapsed time (t), Q is the effluent volume (cm®), A is the
cross sectional area of the soil column (cm?). L is the length of soil column (cm), AH is the sum of the soil
length and the constant water head above soil. Ks is the hydraulic conductivity of the porous media (cm/hr), and
a, b & c are empirical soil parameters to be fitted to each individual soil and SAR value.

It should be noted that Y was not taken as the effluent volume Q but rather Q(L/AAH) because adding the
constant value (L/AAH) was observed to produce a straight line with a slope equal to Ks value on plotting Y
vs t. However, dividing Y as Q(L/AAH) by the elapsed time t will produce the value of the saturated hydrau-
lic conductivity (Ks) at time t.

3.2. Initial Hydraulic Conductivity

The initial hydraulic conductivity (K°) was observed to be presented in all the proposed equations as one of the
constants of each equation. The presence of K° as a part of all the used equations indicates that the initial hy-
draulic conductivity is assumed to stay constant if only no changes occur to the soil structure with time. Changes
in the physical or chemical state of the soil during the percolation process will result in decreasing the value of
Ks with time. Each of the four equations accounted for the decrease in Ks with time, and predicted the hydraulic
conductivity change that reflects the current state of the soil.

Evaluation of the initial hydraulic conductivity (K°s) at time zero involves dividing by zero, so, it can be done
graphically for the relation of Q(L/AAH )/t vs time t for the studied soils. Graphing Ks versus time will pro-
duce a line or a curve that can be extrapolated to the Y axis and obtain the K°s value at zero time such as in Fig-
ure 4 and Figure 5. Also a regression equation can be obtained for the relationship Ks vs t and substitution of t
equal to zero will give Ks at zero time. The regression equations between Y =Ks and Xx=t were obtained.
The equations for Felix Farm sandy loam soil (0 - 30 cm) with electrolyte solution of 5 meq/l and SAR values of
0, 5, 10, 30, 50, and oo respectively, were as follows:

Y =-1.4804x+13.184, R* =0.9879
Y =-1.1468x +7.9304, R? =0.9851
Y =-0.6707x+5.0721, R* =0.9696
Y =-0.4514x+3.2214, R*=0.989
Y =-0.2093x +1.485, R* =0.991
And for electrolyte solution of 50 meg/Il, they were:
Y =-1.2739x +24.282, R* =0.9916
Y =-1.317x+15.631, R* =0.9919
Y =-1.3846x+10.563, R*=0.9953
Y =-0.9418x+7.6211, R* =0.9935
Y =-0.7711x+5.6546, R* =0.9954
Y =-0.4121x +3.4221, R* =0.951

As for the representation of the initial hydraulic conductivity (K°s) through the fitted parameters a, b, and ¢ in
the suggested four models, it was observed that the first model (Reciprocal Hyperbola) contained two constants
a, and b, while K° was noticed to equal the reciprocal of the constant b (K°s =1/bg. The second model (para-
bola) contained three constants a, b and ¢ with the constant b representing K°. The third model (Hoerl function)
included three constants a, b and ¢, where the constant a represented the K°.
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Figure 4. Initial hydraulic conductivity (K°) as obtained by extrapolation of Ks
vs t curve at 5 meg/l with different SAR values for Felix Farm sandy loam soil.
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Figure 5. Initial hydraulic conductivity (K°s) as obtained by extrapolation of Ks
vs t curve at 50 meg/I with different SAR values for Felix Farm soil.

The fourth model by Aringhirri and Capurro (1994) [9] included only two constants Ks and a, where the Ks
constant represented the initial hydraulic conductivity (K°).

3.3. Calculated and Measured Hydraulic Conductivity

Hydraulic conductivity (Ks) values were calculated for the surface depth of the studied soils, using the four pre-
vious equations (models; 5, 6, 7 and 8). The calculated values were compared to the measured K°s values (Y vs t)
and the R? was recorded for all SAR values. The equations parameters for the sandy loam soil (Felix Farm) and
regression equations are presented in Tables 3-6. However, only the regression equations for both INIAP soils
were calculated for 0 - 30 cm depth at salt concentration treatments with concerned models. For instance, at 5
millieg/l treatment in Cacao farm-INIAP, the regression equations using the models of Reciprocal Hyperbola,
Parpola, Hoerl function and Aringhirri & Capurro were as follows: Y = 1.003x + 0.2245, Y = 0.919x — 0.0289, Y
=0.999x + 0.1039, Y = 0.997x + 0.1623, respectively, while with treatment 50 millieg/l they were: Y = 0.954x +
0.6785, Y = 0.97x + 0.1507, Y = 0.969x + 0. 401, Y = 0.960x + 0.5354, respectively, whereas, Y represents cal-
culated hydraulic conductivity (Ks) and x is the measured one (K°s). In the corn farm-INIAP, the regression eq-
uations at 5 millieg/l were: Y = 1.008x +0.0238, Y = 0.986x — 0.0051, Y = 1.003x + 0.0102, Y = 1.006x + 0.0175,
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Table 3. Calculated fitting parameters of the Reciprocal Hyperbola equation at different SAR values for Felix Farm sandy

loam soil.
Reciprocal Hyperbola
Parameters
K’ a b = 1/Ks c R? Ks=1/b
SAR 5 meq salts/I
0 11.6 0.009 0.081 0 1.0 12.345
5 8.5 0.022 0.098 0 0.998 10.204
10 6.5 0.021 0.137 0 0.996 7.299
30 4.08 0.024 0.226 0 0.996 4.424
50 2.75 0.054 0.316 0 0.999 3.164
0 13 0.119 0.683 0 0.999 1.464
Regression for the relation K vs 1/b is Y = 1.0938x + 0.1522; R? = 0.9903
SAR 50 meq salts/I
0 21.43 0.001 0.046 0 1.0 21.739
5 13.36 0.004 0.072 0 1.0 13.888
10 8.852 0.013 0.102 0 0.998 9.803
30 6.617 0.018 0.137 0 1.0 7.299
50 4.799 0.028 0.185 0 0.999 5.405
o0 2.747 0.027 0.349 0 0.997 2.865
Regression for the relation K° vs 1/b is Y = 0.996x + 0.5713; R? = 0.9982
Table 4. Parameters of the Parabola equation at different SAR values for Felix Farm soil.
Parabola
Parameters
K’ a b & R? Ks=b
SAR 5 meq salts/I
0 11.6 0.424 10.35 —0.488 0.999 10.35
5 8.5 0.329 7.416 -0.521 0.996 7.416
10 6.5 0.135 5.888 -0.341 0.995 5.888
30 4.08 0.05 3.78 —-0.178 0.995 3.78
50 2.75 0.082 2.459 —0.152 0.997 2.459
S 13 0.059 1.119 -0.068 0.997 1.119
Regression for the relation K°s vs b is Y = 0.886x + 0.0404; R® = 0.9991
SAR 50 meq salts/I
0 21.43 0.206 20.629 -0.390 1.0 20.629
5 13.36 0.125 12.717 —0.394 0.999 12.717
10 8.852 0.196 8.054 —0.429 0.997 8.054
30 6.617 0.212 5.922 —0.315 0.998 5.922
50 4,799 0.138 4.302 —0.249 0.997 4.302
o0 2.747 0.034 2.554 —0.095 0.996 2.554

Regression for the relation K% vs b is Y = 0.9769x — 0.3821; R? = 0.9994
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Table 5. Calculated fitting parameters of the Hoerl function with SAR for Felix Farm soil.

Hoerl function

Parameters
K’ a b G R? Ks=a
SAR 5 meq salts/I
0 11.6 1191 0.928 0.976 1.0 11.915
5 85 9.209 0.838 1.137 1.0 9.209
10 6.5 6.864 0.842 1.214 1.0 6.864
30 4.08 4.224 0.864 1.208 1.0 4.224
50 2.75 2.936 0.853 1.145 1.0 2.936
) 1.3 1.355 0.900 0.983 1.0 1.355
Regression for the relation K°s vs a is Y = 1.04x + 0.0642; R = 0.9981
SAR 50 meq salts/I
0 21.43 21.542 0.970 1.003 1.0 21.542
5 13.36 13.611 0.929 1.076 1.0 13.611
10 8.852 9.275 0.870 1.144 1.0 9.275
30 6.617 6.900 0.894 1.056 1.0 6.900
50 4.799 5.065 0.866 1.125 1.0 5.065
0 2.747 2.784 0.906 1.117 0.999 2.784
Regression for the relation K°s vs a is Y = 0.998x + 0.248; R? = 0.9996
Table 6. Parameters of the Aringhirri & Capurro equation at different SAR for Felix Farm soil.
Aringhirri and Capurro
Parameters
K% Ks a c R? Ks
SAR 5 meq salts/I
0 11.6 12.07 0.184 0 1.0 12.077
5 8.5 9.575 0.315 0 0.999 9.575
10 6.5 7.069 0.235 0 0.997 7.069
30 4.08 4.328 0.177 0 0.997 4.328
50 2.75 3.027 0.260 0 0.999 3.027
0 13 1.393 0.260 0 1.0 1.393
Regression for the relation K° vs Ks is Y = 1.0596x + 0.1113; R? = 0.9959
SAR 50 meq salts/I
0 21.43 21.585 0.06 0 1.0 21.585
5 13.36 13.755 0.105 0 1.0 13.755
10 8.852 9.500 0.21 0 0.999 9.500
30 6.617 7.046 0.213 0 1.0 7.046
50 4.799 5.202 0.237 0 0.999 5.202
B 2.747 2.827 0.132 0 0.997 2.827

Regression for the relation K% vs Ks is Y = 0.9957x + 0.3929; R? = 0.9991
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and with 50 millieg/I they were; Y = 0.988x + 0.1494, Y = 0.966x — 0.0025, Y = 0.988x + 0.1073, Y = 0.988x +
0.1299, respectively.

However, the fitting R? between calculated and measured values were greater than 0.99, which prove that the
four equations can predict the actual data with great confidence. The Hoerl function model was the best of all
models, where the fitting degree was almost perfect for all studied soils at 5 and 50 meg/| salt concentration.

3.4. Predicted Hydraulic Conductivity (Ks) as Influenced by SAR and Salt Concentration

The effect of SAR on the hydraulic conductivity and drainage properties of the studied soil samples at 5 and 50
meq/| electrolyte (salt) concentrations (equivalent to solutions of 0.005 N and 0.05 N ionic strength) is shown in
Tables 7-9. The saturated hydraulic conductivity (Ks) was calculated according to Darcy’s equation as
Q(L/AAH )/t where it was applicable. On the other hand, one of the four suggested equations was used when
Darcy’s law was not applicable when nonlinear relationships were observed. Values of measured hydraulic
conductivity (Ks) at 5 and 50 meqg/l followed the same trend for all studied soils and take the following order:
Felix Farm (sandy loam) > ANIAP-Corn Field > ANIAP-Cacao Field clay textured or generally decreased with
increasing the clay content.

These results are in agreement with those findings by Santiwong et al., (2008) [15], Levy and Mamedov
(2002) [16], Wissmeier and Barry (2009) [17]. Also, Arienzo et al., (2012) [18], reported that solutions with so-
dium adsorption ratio (SAR) of 5 - 40, where the monovalent cation was Na* or K™ and the divalent cation was
Ca®" or Mg®* were used to leach the soil columns, at electrolyte concentrations ranging from 2.5 to 640 meq-L 2.
Percolating solutions with SAR caused a decrease in hydraulic conductivity as electrolyte concentrations re-
duced. They added that, when the Na* solutions flowed through the soil column a greater cloudiness was ob-
served in the percolate indicating that clay deflocculating and movement are factors leading to the reduced
structural stability. Generally the obtained data of Ks showed that, the hydraulic conductivity was highest at time

Table 7. Hydraulic conductivity (Ks) changes with time at different SAR values in Felix Farm soil.

Ks values (cm/h)

SAR values
SAR (0) SAR (5) SAR (10) SAR (30) SAR (50) SAR ()
Time (h) 5 meq/I
0 11.64 8.501 6.495 4.081 2.752 1.3
1 11.0214 7.7604 5.9128 3.7414 2.5208 1.2103
2 10.1631 7.0795 5.5608 3.5834 2.3474 1.0946
3 9.2243 6.3214 5.1608 3.3971 2.1379 0.9662
4 8.5872 5.5068 4.7102 3.1838 1.9041 0.8672
5 7.8977 47513 4.0755 2.8179 1.6708 0.7796
6 7.2838 41847 3.5650 2.4819 1.4938 0.6878
50 meq/I
0 21.43 13.36 8.852 6.617 4.799 2.747
1 20.7888 12.6429 8.1382 6.1672 4.4096 2.5465
2 20.4419 12.3988 7.7039 5.7368 41192 2.4643
3 19.7198 11.8557 7.1506 5.2498 3.7894 2.3555
4 19.1840 11.2848 6.5103 4.7642 3.3881 2.2182
5 18.6467 10.6524 5.8142 4.3186 3.0183 2.0521
6 18.0358 10.0278 5.2027 3.9376 2.6909 1.8069
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Table 8. Hydraulic conductivity (Ks) changes with time for different SAR values in INIAP-Cacao Field soil.

Ks values (cm/h)

Time (h)
SAR (0) SAR (5) SAR (10) SAR (30) SAR (50) SAR ()
5 meg/I
0 6.498 5.157 3.385 2.067 1.362 0.662
1 6.3857 4.8567 3.0476 1.9221 1.2385 0.6038
2 5.9629 45278 2.9088 1.7473 1.1974 0.5717
3 5.6790 4.2065 2.7333 1.5675 1.1246 0.5362
4 5.4631 3.8667 2.4200 1.3876 1.0118 0.4818
5 5.3038 3.5425 2.0994 1.2540 0.9091 0.4265
6 5.1385 3.3012 1.8437 1.1173 0.8047 0.3747
50 meq/I
0 17.13 12.51 8.007 6.147 3.832 1.431
1 16.7749 12.2831 7.7630 5.7972 3.5333 1.3542
2 16.4255 11,9131 7.4983 5.5222 3.2776 1.2681
3 16.1060 11.6450 7.1668 5.1513 2.9757 1.1752
4 15.9128 11.3863 6.7865 47629 2.6204 1.0734
5 15.7188 11.1165 6.3892 43371 2.2495 0.9461
6 15.5089 10.6890 5.9368 4.0297 1.9726 0.8355

Table 9. Hydraulic conductivity (Ks) changes with time for different SAR values in INIAP-Corn field soil.

Ks values (cm/h)

Time (h)
SAR (0) SAR (5) SAR (10) SAR (30) SAR (50) SAR ()
5 meg/I
0 4.186 3.178 2.018 1.399 0.594 0.406
1 41212 3.0160 1.9277 1.3313 0.5653 0.3787
2 4.0647 2.9439 1.8938 1.2903 0.5483 0.3702
3 4.0101 2.8492 1.8382 1.2427 0.5267 0.3552
4 3.9686 2.7164 1.7687 1.1900 0.5024 0.3370
5 3.8962 2.5609 1.6892 1.1255 0.4760 0.3154
6 3.8178 2.4153 1.6008 1.0515 0.4475 0.2826
50 meg/I
0 9.239 5.925 4.046 2.351 1.667 0.593
1 9.0368 5.7748 3.9432 2.3009 1.6281 0.5596
2 8.8813 5.5982 3.8188 2.2358 1.5843 0.5285
3 8.7589 5.3989 3.6765 2.1595 1.5245 0.4927
4 8.6425 5.1826 3.5078 2.0768 1.4529 0.4529
5 8.5252 4.9364 3.3219 1.9781 1.3743 0.4172
6 8.4201 4.6682 3.1149 1.8646 1.2884 0.3792
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zero (K°) and decreased sharply with increasing values of SAR, where the measured Ks values at the highest
SAR (oo)| value were 7% - 13% of that at the lowest SAR(0) value. It noted that, the K is highest value com-
pared with the same parameter at any elapsed time. The main reasons to that are the soil properties (i.e. soil
structure, soil particles arrangement) kept in the initial state without any changes and fine fraction (silt or clay)
not migrated into lower layers and the soil porosity still and effective to water flow in soil, [1] [2] [19] [20].
These wide differences in the hydraulic conductivity values at the SAR values are clearly indicate to the nega-
tive effect Na* on water movement in soils [21].

Also, the hydraulic conductivity values were higher at time zero (K°) and decreased with times up to 6 hours
at 5 and 50 meg/l for all SAR values under investigation. The rate of decrease was higher for 5 meg/l than 50
meg/l, where the K°s values at 5 meg/l were low compared with the same values at 50 meg/l for SAR values.

4. Conclusion

Dispersion and migration of colloidal particles, subsequently lodging in the soil pores, lead to reduction in satu-
rated hydraulic conductivity (Ks), hence, the relation between effluent volume and time will be non-linear and
Darcy’s law can’t be applied. This work aims to find other equations that can correctly predict the changing flux
with time with respect to Darcy’s equation at non-linear flow. The changes in saturated hydraulic conductivity
(Ks) with time were determined in three tropical soils located in Quevedo Region (Los Rios Province). The
measured data of the investigated tropical soils were compared with that calculated by proposed equations. Ini-
tial hydraulic conductivity (K°s) has been involved with the equations that used for prediction of the change in K
with time. Four empirical equations were observed to almost perfectly fit the experimental data: Reciprocal
Hyperbola, Parabola, Hoerl function, Aringhirri and Capurro model. The Hoerl function model was the best of
all models for application as the fitting degrees were almost perfect for all studied soils at 5 and 50 meg/I. Using
K® as a fitting parameter for all proposed equations indicates its stability if there are no changes in soil structure
with time. Darcy’s equation along with the four models can predict soil hydraulic properties in a wide range of
either electrolyte concentrations or SAR values. Hydraulic conductivity, Ks, was highest at time zero and de-
creased gradually with time (up to 6 hours). Also, Ks decreased sharply with increasing SAR values. The meas-
ured Ks values for all soils at the highest SAR value were only 7% - 13% of the measured Ks values at the low-
est SAR value. The rate of decrease was higher for 5 meq/l than 50 meg/I electrolyte concentration of the perco-
lation solution.
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