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ABSTRACT
Infiltration measurements using a double-ring infiltrometer were conducted on a sandy-loam soil located in Saudi Arabia. The 
measurements were performed for an undisturbed soil. The effect of sodium adsorption ratio (SAR) and electric conductivity 
(EC) of the applied water on infiltration rate was examined. The infiltration rate at the initial time was high, in the order 305 
> 240 > 137 > 104 > 65 mm/h for SAR of 3.34, 3.52, 4.14, 4.18, and 7.60, respectively. The results showed that 180 min after 
the initial time of measurement in the sandy-loam soil, the final infiltration rates were in the range of 21.1–44.0 mm/h for 
the different qualities of water considered in this study, with an average value of 33.8 mm/h. Hence, the infiltration rate is 
sensitive to the SAR of the applied water. The final infiltration rate (IRf) and the final cumulative infiltration depth (Zf) after 
180 min could be predicted using the following equations:

       IRf (mm/h) = 49.399 + 6.691 × EC (dS/m) – 6.740 × SAR (—) R2 = 0.939
       Zf (mm) = 148.198 + 20.074 × EC (dS/m) – 20.221 × SAR (—) R2 = 0.9387
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INTRODUCTION

Infiltration rate is defined as the rate at which soil is able 
to absorb rainfall or irrigation water (Ahaneku, 2011). 
It is a fundamental variable in irrigation processes, as 
its influence on the movement of water over the soil is 
considerable (Aljoumani, 2012). Moreover, it is employed in 
planning water-conservation techniques (Mbagwu, 1993). 
The infiltration rate varies with the applied water quality 
(Warrence et al., 2002). The two most common water-
quality factors influencing infiltration rate are the salinity 
of the water and its sodium content relative to calcium and 
magnesium content. The concentration of sodium relative to 
calcium and magnesium is the sodium adsorption ratio (SAR). 
It is a measure of the suitability of water for use in agricultural 
irrigation. In general, the higher the SAR, the less suitable 
the water is for irrigation. The infiltration rate generally 
decreases with either a decrease in salinity or increase in 
sodium content relative to calcium and magnesium.  High 
sodium levels in irrigation water will lead to a decrease in 
the infiltration rate because of soil dispersion and structure 
breakdown (Shainberg and Letey, 1984). El-Morsy et al. 
(1991) found that the SAR of irrigation water significantly 
affects the water-transmission properties of the soil. They 
concluded that the electric conductivity of irrigation water 
(EC) significantly affects the infiltration rate of the soils. 
Borselli et al. (2001) investigated the effects of water quality 
on the infiltration rates of non-saline, non-sodic soils during 
simulated rain experiments. The results indicated that when 
tap water was used, the infiltration rates were significantly 
overestimated by more than 100%. The silty-clay soil was 
more affected by the water quality than the silt-loam soil, 

with respect to infiltration and runoff production. Emdad et 
al. (2004) studied the effect of EC and SAR on the infiltration 
rate under laboratory conditions. Water with 3 different 
levels of sodium (SAR = 0.9, 10, and 30) was employed as an 
alternative treatment to a clay-loam soil. The application of 
medium-to-high SAR of water was found to reduce the total 
depth of infiltration and final infiltration rate. Ahaneku 
(2011) employed a double-ring infiltrometer to determine the 
infiltration rate in a sandy-loam soil. The results showed that a 
maximum cumulative infiltration of 122 mm was observed for 
the sandy-loam soil after 4 h. A steady-state infiltration rate of 
30 mm/h was observed for the sandy-loam soil after 3 h. Patel 
et al. (2011) measured the infiltration rate using a double-ring 
infiltrometer. Water with different SAR and salinity levels 
was used for the infiltration study. The results showed that the 
SAR affected the infiltration rate in the soil. Gharaibeh and 
Eltaif (2014) conducted field experiments on a rained clayey 
soil to investigate the impact of water quality on cumulative 
infiltration. Compared to fresh water, the treated wastewater 
significantly reduced the cumulative infiltration.

Most of the studies investigating the effect of water quality 
on infiltration have been conducted under laboratory conditions 
using disturbed or repacked soil cores and conditions, which do 
not accurately represent field conditions (Shainberg and Letey, 
1984). Therefore, the main objective of this study was to evaluate 
the effect of SAR and electric conductivity of the applied water 
on infiltration in a sandy-loam soil. 

MATERIALS AND METHODS

Experimental-site characteristics

The experimental site was located in the Huraimla government, 
Saudi Arabia. The particle sizes of the soil were determined 
using standard methods. The soil at the trial site has a uniform 
sandy-loam texture (67% sand, 7% clay, and 26% silt). The 
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organic matter was 2.4%. Table 1 presents the chemical analysis 
of the trial site. The site was cultivated with date palm trees, 
and irrigation was employed by filling a soil circle around the 
trees with water at a specific time.

Prior to the infiltration run, 5 samples of soil were obtained 
from a depth of 21 cm using an auger. The initial moisture 
content of the soil and bulk density were determined using 
standard laboratory procedures. However, the average initial 
moisture content and bulk density of the soil were 13.56% 
(dry base) and 1.48 g/cm3, respectively. Water was obtained 
from different sources: wells and municipal water. These 
water sources represented 5 different site water qualities. The 
chemical properties of the five water sources, including SAR 
and electric conductivity are presented in Table 1. SAR was 
calculated using the following equation (Suarez et al., 2006):
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where Na+, Ca++, and Mg++ are the concentrations expressed in 
milli-equivalents per litre (meq/L). 

Experimental procedures

Five representative points around a date palm tree were selected. 
The tests were conducted in October 2014. Infiltration was 
measured after 4 weeks of the irrigation process. The double-
ring infiltrometer was used in a manner similar to the procedure 
described by Diamond and Shanley (2003). Five types of water 
qualities were transported to the site in 2 barrels with a capacity 
of 100 L. Each water quality occupied 2 barrels. The height of the 
double-ring infiltrometer was 30 cm, and the inner and outer 
diameters of the galvanised iron rings were 30 cm and 60 cm, 
respectively. The rings were driven approximately 10-cm deep 
into the soil using a falling weight-type hammer by striking 
on a wooden plank placed on top of the ring uniformly and 
without undue disturbance to the soil surface. The water was 
poured gradually into the inner cylinder. The outer cylinder, 
which acted as a buffer, was also filled with water to the same 
level to minimise the lateral seepage from the inner cylinder. 
A graduated ruler was placed in the inner ring. The ruler was 
adjusted to the desired level to which water was poured. A 
stopwatch was used to record the time at which the water began 
to infiltrate. The soil intake rate was measured directly by 
observing the rate at which the water level declined with respect 
to time. The experiments were conducted for 180 min for sandy-
loam soil as described by Uloma et al. (2014). This was done 
because the infiltration process of soil usually takes 120–360 
min to reach a steady state, as reported by Lili et al. (2008). The 
inner ring was under observation to determine the infiltration 
rate. Three infiltration measurements were conducted using 
each type of water, and the average was considered. The 
randomisation technique was used to choose the measurement 
points.

Kostiakov’s infiltration model

Although many infiltration models exist, some of the empirical 
models have been quite popular and are frequently used in 
various water-resource applications worldwide due to their 
simplicity, yielding reasonably satisfactory results in most 
applications (Uloma et al., 2014). One of the empirical models 
for infiltration is Kostiakov’s infiltration model (Kostiakov, 

1932), which is derived using the data observed under either 
field or laboratory conditions. In this model, in the equation at 
time t = 0, the infiltration rate is infinite and at time t = ∞, the 
rate tends to zero. The equation is as follows. 

 Z = κtα (2)

where t is the time elapsed in the experiment, Z is the 
cumulative infiltration, and α and κ are the empirical constants, 
which are site specific, depending on different parameters 
(Uloma et al., 2014). In most studies, the parameter α is 
considered to be below 1 (Al-Azawi, 1985; Moroke et al., 2009). 
To determine the parameters α and κ, logarithm is employed on 
both sides of Eq (2). The equation is now expressed as follows:

 log Z = log κ + α log t (3)

A plot of log Z against log t gives a straight line whose slope 
gives the value of α, while log κ gives the intercept. The value of 
κ was obtained from the anti-log κ; i.e.

 κ = 10logκ (4)

The instantaneous infiltration rate is obtained by 
integrating Eq. 2 as follows.

dZ = ακtα−1 (5)dt

IR = dZ = ϐtφ (6)dt

RESULTS 

Chemical properties of soil and water

Table 1 indicates that the electric conductivity value (ECsoil) of 
the soil is 5.6 dS/m, and the pH of the soil is 9.  Regarding the 
chemical properties, sodium is the most predominant soluble 
cation with a value of 35.1 meq/L, followed by calcium, whereas 
chloride is the predominant anion followed by sulphate.  

The electrical conductivity (EC) value of the water samples 
varied from 1.74 to 3.25 dS/m with an average value of 2.39 
dS/m.   The SAR value of the water samples varied from 3.34 
to 7.60, with an average value of 4.68.  From this point of view, 
considering the combination of ECw and SAR values, it seems 
that the water of the study area is suitable for irrigation, and can 
be classified in the ‘no restriction’ category as shown in Table 2.

Figure 1 shows a positive correlation between EC and SAR 
of water used in the infiltration experiments with a coefficient of 
determination (R2) = 0.7708. The high variation in SAR could 
be the cause of the low value of R2. However, Alobaidy et al. 
(2010) demonstrated a positive correlation between EC and SAR 
with low coefficient of determination (R2) = 0.193.  Also, Aggag 
(2016) reported a positive correlation between EC and SAR 
with a coefficient of correlation (R) = 0.60. Figure 2 shows the 
correlation between the SAR and chloride concentration in water 
used in the infiltration experiments (Cl); a positive correlation 
between Cl and SAR with a coefficient of determination (R2) 
= 0.5122 is observed. Again, the high variation in SAR could 
be the cause of the low value of R2. However, Aggag (2016) 
demonstrated a positive correlation between Cl and SAR with 
a coefficient of correlation (R) = 0.60 and in this study Cl 
concentration ranged from 7.8–23.4 mg/L (mean was 211.58 
mg/L and standard deviation was 83.01 mg/L).
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Infiltration-rate analysis

The results of this study showed that after 180 min of 
measurement in the sandy-loam soil, the final infiltration rates 
were in the range of 21.1–44.0 mm/h for the studied water 
quality with an average value of 33.8 mm/h (Fig. 3).   

The graphical plot of infiltration vs. time shows that the 
infiltration rate at the initial time was high, in the order:  
305 > 240 > 137 > 104 > 65 mm/h for SAR of 3.34, 3.52, 4.14, 
4.18, and 7.60, respectively. The initial rate was the highest 
(305 mm/h) for an SAR of 3.34; the initial rate (65 mm/h) was 
the lowest for an SAR of 7.60. Thus, the SAR affects the initial 
water intake of soil. The initial infiltration rate decreased by 
79% when the SAR increased from 3.34 to 7.60. However, the 
slow infiltration rate of the irrigation with high SAR would 
lead to an increase in the irrigation time required to achieve 
the necessary considered water depth. The data obtained in this 
study show that the final infiltration rate after 180 min in the 
sandy-loam soil could be predicted by using the EC and SAR of 
the water using the following equation.

  IRf = 49.399 + 6.691 × EC – 6.740 × SAR    
  R2 = 0.939 (7) 

where IRf (mm/h) is the final infiltration rate after 180 min in 
the sandy loam soil, EC (dS/m) is the water electric conductivity 
(dS/m), and SAR is the sodium adsorption ratio calculated 
from the concentrations of sodium, calcium, and magnesium in 
irrigation water, in meq/L.

TABle 1
Chemical properties of the water and soil used in infiltration experiments

Parameter W1 W2 W3 W4 W5 Mean Standard 
deviation

Soil

Well water Well water Municipal water Well water Well water

pH 7.73 8.00 8.10 7.70 7.75 7.86 ± 0.18 9.00
EC (dS/m) 3.25 2.30 1.74 2.26 2.38 2.39 ± 0.54 5.6
Na+ (meq/L) 20.40 11.10 8.40 15.30 10.20 13.08 ± 4.81 35.1
K+ (meq/L) 0.30 0.25 0.20 0.30 0.20 0.25 ± 0.05 0.7
Ca++ (meq/L) 8.30 10.00 6.40 15.00 11.60 10.26 ± 3.28 29.6
Mg++ (meq/L) 6.10 4.40 5.00 5.20 7.00 5.54 ± 1.02 12.4
HCO3

− (meq/L) 9.20 4.40 2.80 8.00 8.00 6.48 ± 2.73 7.0
Cl− (meq/L) 23.00 14.00 11.00 22.00 18.00 17.60 ± 5.13 55.0
SO4

− (meq/L) 2.90 7.30 6.20 5.80 8.50 6.14 ± 2.09 14.6
SAR 7.60 4.14 3.52 4.81 3.34 4.68 ± 1.73 7.66

TABle 2
Thresholds for potential water infiltration problems

SAR

Degree of restriction on use

No restriction Slight to 
moderate Severe

eC of irrigation water (dS/m) 

0–3 > 0.7 0.7–0.2 < 0.2
3–6 > 1.2 1.2–0.3 < 0.3
6–12 > 1.9 1.9–0.5 < 0.5
12–20 > 2.9 2.9–1.3 < 1.3
20–40 > 5.0 5.0–2.9 < 2.9

Source: Adapted from Ayers and Wescot (1985). 

Figure 1
Correlation between SAR and electric conductivity (EC) of the applied water

Figure 2
Correlation between SAR of water and chloride (Cl) concentration of the 

applied water 
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Cumulative-infiltration analysis

Figure 4 shows the average cumulative infiltration depth, Z, 
and the cumulative infiltration after 180 min from the initial 
time of measurement for the sandy-loam soil; the cumulative 
infiltration depths were in the range of 63.3–132.0 mm for 
the different types of water qualities with an average value of 
101.4 mm. Moreover, for the data obtained in this study, the 
final cumulative infiltration depth after 180 min in the sandy-
loam soil could be predicted using EC and SAR of the water in 
the following equation:

  Zf = 148.198 + 20.074 × EC – 20.221 × SAR   (8)
  R2 = 0.9387

where Zf (mm) is the final cumulative infiltration depth after 
180 min in a sandy-loam soil, EC (dS/m) is the water electric 
conductivity (dS/m), and SAR is the sodium adsorption ratio 
calculated from the concentrations of sodium, calcium, and 
magnesium in irrigation water, in meq/L.

Estimation of Kostiakov-model parameters

The average cumulative infiltration depth Z and cumulative 
infiltration time t were employed to estimate the Kostiakov 
model parameters (Eq. 2) for each water quality. Each model 
was first transformed into its linear equivalent, wherein Z and t 
are the dependent and independent variables, respectively. The 
coefficients of the linear functions are the model parameters 
to be estimated. The values of the parameters estimated were 
then incorporated into the respective model equations, and 
the capability of each model in simulating the cumulative 
infiltration depth for each SAR was analysed. Figure 5 depicts 
variations in cumulative infiltration parameters α and κ with 
respect to the SAR of the water. The coefficient of determination 
of the infiltration data was R2 > 0.90. It is clear that α decreased 
with the increase in the SAR, which was highest for SAR = 3.34, 
and lowest for SAR = 7.60, whereas the trend in the κ values 
was the opposite. Table 3 gives the summary of the Kostiakov’s 
parameters (Eq. 2) obtained for the various values of SAR. 
The parameters obtained could be employed in estimating the 
amount of irrigation water that could be used over a period of 
time t for soils during irrigation design. They could also help 
to determine the time required for water to infiltrate the soils 
(Uloma et al., 2014).

Figure 4
Average cumulative infiltration curves for various values of SAR of water

Figure 5
Variations in cumulative infiltration parameters α and κ with respect to 

SAR of water

TABle 3
Summary of Kostiakov’s parameters (eq. 2) obtained for 

various values of SAR of water

SAR
Kostiakov’s parameters Coefficient of 

determination 
(R2)κ α 

3.34 0.7584 0.5416 0.9948

3.52 0.6825 0.5341 0.9824

4.14 0.4262 0.6121 0.9951

4.81 0.3046 0.6393 0.9930

7.60 0.0999 0.7934 0.9971

Figure 3
Average infiltration-rate curves for various values of SAR of water
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The average values of the time exponent (α) in the Kostiakov 
equation ranged between 0.5416 and 0.7934 depending on 
the water quality, which was in accordance with the theory of 
infiltration, wherein the value is positive and always less than 
unity (Ogbe et al., 2011). However, most observed values lie 
between 0.2 and 0.9 (Blair and Reddell, 1983). The values of 
these parameters do not possess any specific physical meaning; 
however, they reflect the effect of the physical properties of the 
soil influencing the infiltration rate as well as the antecedent soil 
moisture content and surface conditions (Zerihun and Sanchez, 
2003). A fair correlation of the power relationship (R2 = 0.999) 
between (α) of the Kostiakov equation and SAR (Fig. 5) was 
observed. A similar correlation was also observed for the linear 
relationship (R2 = 0.999) between (κ) of the Kostiakov equation 
and SAR (Fig. 5). Using the data obtained in this study, the 
Kostiakov’s parameters (Eq. 2) could be predicted by employing 
EC and SAR of the water as follows.

κ = 0.9674 + 0.14285 × EC (dS/m) – 0.18234 × SAR (—)  
 R2 = 0.8526            (9)

α (—) = 0.3209 + 0.02068 × EC (ds/m) + 0.054215 × SAR (—)  
 R2 = 0.9816            (10)

where κ and α are the Kostiakov’s parameter (Eq. 2).

DISCUSSION

The cationic composition of the studied soil could be arranged 
in descending order as: Na > Ca > Mg > and K, while Cl 
dominates the anionic composition followed by SO4 and HCO3. 
The linear relation between EC and SAR for the applied water is 
in agreement with the results obtained by Alobaidy et al. (2010) 
and Moasheri et al. (2012). Honarbakhsh and Lafdani (2013) 
also obtained a positive correlation between SAR and Cl of a 
water with R2 = 0.6524.

The infiltration process depends on the water quality 
for a specific set of soil characteristics. However, the 
basic infiltration rate for a sandy-loam soil ranged from 
20–30 mm/h (Makungo and Odiyo, 2011). In this study, 
the measured steady-state infiltration rates vary slightly 
compared to the basic infiltration rates. This is because local 
variations in the soil structure may have led to the variation in 
the infiltration rates (Makungo and Odiyo, 2011). Moreover, 
Rahman (2010) obtained an infiltration rate of 31.99 mm/h for 
a sandy-loam textured soil, and clarified that, due to increased 
soil sand content, water movement increases as a result of the 
relative increase in soil pores.

This study demonstrates that the infiltration rate depends 
on water quality for a specific soil texture. For instance, 
the increase in SAR encourages lower infiltration, whereas 
infiltration increases with a decrease in SAR. Shainberg and 
Letey (1984), who reported that infiltration decreases with 
either a decrease in salinity or an increase in sodium content 
relative to calcium and magnesium, verify this observation. 
However, the infiltration rate decreases with an increase in the 
sodium levels in the irrigation water because the soil disperses 
and the structure fails. This reduces the hydraulic conductivity, 
or the rate at which water moves through the soil.

The effects of high SAR on the irrigation-water infiltration 
rate depends on the electrical conductivity of the water (e.g. 
Hanson et al., 1999). For a given SAR, the lower the EC, the 
poorer are the infiltration properties, and the higher the EC, 
the better is the infiltration (Camberato, 2001). The infiltration 

rate generally increases when the water is saltier and decreases 
with higher SAR values. El-Morsy et al. (1991) showed that soils 
irrigated with water of high SAR are particularly susceptible to 
physical disruption leading to low infiltration rate. Moreover, 
Oster et al. (1992) explained that irrigation waters having an 
SAR between 3.1 and 6 are likely to cause infiltration problems 
if the electric conductivity of water is below 0.4 dS/m. 

CONCLUSIONS

The results show that the infiltration rates at the site are directly 
related to the quality of water applied. The final infiltration 
rates after 180 min for the different types of water quality 
varied between 21.1 and 44.0 mm/h, with an average value of 
33.8 mm/h. The parameters of the Kostiakov model (κ and α) 
employed to calculate the cumulative infiltration depth showed 
variation between the tested waters. The Kostiakov model is 
suitable to predict the infiltration rates in the sandy-loam soil for 
all types of selected waters. 
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