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Abstract Water flow and solute transport numerical

modeling is strongly limited due to the lack and difficulty

in obtaining hydraulic property data in saline soils. A

comparison of different techniques for physical character-

ization of soil structure is carried out in this study aiming to

emphasize the complementarities and the synergy of the

different approaches and their suitability for soils affected

by salinization. In situ measurements of hydraulic con-

ductivity (HC) by tension disc infiltrometer, water retention

(WR) characteristics and pore size distribution by image

analysis on undisturbed soil samples and aggregates sta-

bility have been measured in lab on a light clay soil of an

experimental field undergone to two extreme irrigation

treatments, NS (not-saline water, ECw = 0.9 dS m-1) and

S (saline water with 1% of NaCl; ECw = 15 dS m-1).

Following, the replicates have been denoted with the under

script 1 and 2. The results show: a strong reduction of the

index of aggregate stability in water, equals to 37 and 34%

for NS1 and NS2, respectively, against the values of 18.9%

for S1 and 18.5% for S2, respectively. The water retention

curves of the S soils, for all the pressure heads investigated,

are above those measured on not-saline soils. The image

analysis has showed a larger quantity of pores ([36 lm) on

the not-saline soils with respect to the saline ones. The total

porosity ([36 lm) was 21.8% for NS2 and 11.9% for S1.

This porosity reduction (9.9%) was spread over the entire

ranges of pores with the greatest reduction in pore classes

lying in the size range between 700 and 2,000 lm. The

unsaturated hydraulic conductivity of the not-salines

samples shows higher values respect to those of the saline

samples. All the techniques applied showed converging

results and provided a specific contribution towards the

demonstration of a process of clogging of macropores

under saline condition. Furthermore, the direct measure-

ment of the pore changes provided by soil image analysis

allowed a detailed interpretation of the mechanisms behind

soil pore-structure worsening due to salinity. Combined use

of the tension disc infiltrometer and image analysis meth-

ods showed the highest potential to overcome difficulties in

hydraulic characterization close to saturation in salinized

horizons.
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Hydraulic conductivity � Image analysis �
Pore-size distribution � Salinity

Introduction

Knowledge of soil hydraulic properties is required for

predictive purposes and it is crucial in the application of

soil water flow and solute transport numerical models. The

poor availability of hydraulic property data is, indeed, the

main obstacle for applying such models in saline soils

(Messing and Jarvis 1993; Šimunek et al. 1998).

Secondary salinization due to, for example, irrigation

with high sodium concentration, may result in the wors-

ening of soil physical properties, through clay particle

swelling and dispersion (Feigin et al. 1991) that affects

land productivity (Frenkel et al. 1978; Keren and Ben-Hur

2003).

Several researchers have addressed the change in the

soil physical properties due to secondary salinization.

Among others (Frenkel et al. 1978; Pupisky and Shainberg
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1979; Shainberg et al. 1981a, b; Shainberg and Letey 1984;

Shainberg et al. 1992; Amézketa 1999; Tedeschi et al.

2007) have found a reduction in hydraulic conductivity

(HC) following a soil salinity increase. The main mecha-

nisms that have been suggested to explain such a reduction

is clay swelling and the dispersion and migration of colloid

particles with subsequent clogging of macropores (Ren-

gasamy et al. 1984; Varallyay and Szabolcs 1974; Quirk

and Schofield 1955; Rowell et al. 1969). In fact, Jordán

et al. (2004) explain that the accumulation of cations such

as Na in the soil solution and the exchange phase affect the

physical properties of the soil including structural stability,

HC, infiltration rate (IR) and soil erosion. In particular,

Wang et al. (2008) stress that the most evident changes in

land degradation occurred on the surface and near-surface

layers of the soil.

Despite the relatively large amount of data on the effect

of salt on HC, very little information is available about the

effects on the water retention curve (WRC). Dane and

Klute (1977) found a decrease in bulk density and an

increase in the volumetric water content h at a pressure

head h of -75 cm. This was explained by a reduction in

the larger pores with a consequent increase in smaller

pores. Somani (1991) found a close relationship between

the degree of Na-saturation and the water retention (WR)

of the soil, especially in the pressure heads 100–1,000 cm

range. Water retention increased over the entire range of

soil water content and by contrast, macropore space

decreased. However, it should be pointed out that the above

considerations about pore changes were derived from

indirect measurement of the porous system. Varallyay

(1981) studied the effect of various Na-solutions (0.05 N,

0.1 and 0.5 N NaCl and Na2CO3) on the WR of two soils: a

calcareous loamy and a slightly calcareous clay loam soil.

He found a small increase in WR for the lower salt con-

centrations and larger differences for the 0.5 N treatment

especially for the Na2CO3 solution. All the effects were

more pronounced in the clayed swelling soil. The author

explains such a WR increase with the gain in alkaline

hydrolysis following the increased exchangeable sodium

percentage (ESP).

The aggregate stability can provide lumped information

capable to compare the effects of salt concentration as

destabilizing factor of the soil structure. The index of

aggregate stability in water (IASW) then evaluates such a

soil physical property. It becomes greater with increasing

clay content (Kemper and Koch 1966; Shainberg et al.

1992) and decreases with increasing salt concentration

(Shainberg et al. 2001; Kay and Angers 1999). According

to Shainberg et al. (2001) and Kay and Angers (1999) the

volume fraction of pores [30 lm and the continuity of

these pores mainly determine the (near-saturated) HC of

soils. In a soil with stable aggregates, the volume fraction

of the larger pores ([30 lm) is high and so the HC. The

same author reports that the disintegration of aggregates

into silt-size aggregates (\50 lm) results in a decrease of

HC of the soil. Also Levy et al. (2005) report that aggre-

gates slaking and subsequent change in pore size distri-

bution (PoSD) may reduce the hydraulic conductivity,

infiltration rate and lead to runoff and erosion.

All the changes of the physical properties due to sali-

nization basically derive from the change in the soil

structure and, specifically, in a re-arrangement of the por-

ous space. In this respect, image analysis of the pore net-

work was recently applied to compare the effects of

different irrigation treatments on pore size geometry

(Tedeschi et al. 2002). Moreover, it can be applied to

compare pore-size distributions derived from the WRC

(Basile et al. 2007), to infer effective hydraulic properties

(Vogel and Roth 1998, 2001), and linking tortuosity

parameters (Vervoort and Cattle 2003) to pore space

geometry and pore-size distribution.

Finally, measuring hydraulic properties in saline soils

with standard methods is difficult but this can be partially

overcome using tension disc infiltrometer method (Angulo-

Jaramillo et al. 2000). It is being widely used for in situ

measurement of unsaturated soil hydraulic conductivity at

water pressure heads near saturation and also to detect

changes in porous space (Ankeny et al. 1991; Perroux and

White 1988; Angulo-Jaramillo et al. 2000). The tension

disc infiltrometer method should theoretically also be

applicable in saline soil, where other methods can fail, but

rare applications have been found in the literature (Mennee

et al. 2001; Ghiberto et al. 2007).

Literature reviewed above generally addresses the

dependence of a single soil physical property on soil

salinity, while no study provided evidences from concur-

rent measurements of multiple soil physical properties

under saline and non-saline conditions. Only a preliminary

study (Huang et al. 2010) reports the application of some

different techniques applied on saline and non-saline soils

to attempt, on part, the observation of changes in soil

physical characteristics.

Summarizing, the application of saline water was asso-

ciated with: (1) reduction of connectivity of the pore space

because of dispersion and migration of colloids particles

with subsequent clogging of macrospores and reduction in

HC; (2) larger fraction of pore space represented by smaller

pores, due to the re-arrangement of clay particles, with

subsequent modification of the WRC; (3) lower cohesion of

soil aggregates due to the dispersion effects operated by the

salt presence.

Our hypothesis and research question is whether such

processes are observable by measuring specific soil phys-

ical properties and their level of interaction. Specifically,

(1) unsaturated HC and PoSD to establish whether a
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modification in the fraction of pore space accounted by

large pores does occur and over which pore size range; (2)

WRC to establish whether an increase of pore space at

smaller pore size does occur and over which pore size

range; (3) IASW to establish the cohesion of soil particles

does occur.

In addition to the better understanding of the soil

physical processes induced by saline water irrigation, the

aim of this study is, therefore, to address the research

question above by evaluating whether such changes do

indeed occur simultaneously and to assess whether all

observed changes were consistent with each other. For this

purpose the comparison of the results between the different

techniques applied refers, whenever possible, to measure-

ments performed on the same soil sample.

Materials and methods

Experimental site

The study was performed at the CNR-ISAFOM experi-

mental farm (43 ha) located in the Volturno river plain at

25 m a.s.l., 14�120 long. E and 41�070N [Vitulazio (CE),

southern Italy]. Mean annual precipitation is 584 mm dis-

tributed over 81 rainy days, and mean annual air temper-

ature is 17.2�C. Alluvial processes formed the sedimentary

soils of the farm and the soil where the experiment was

performed was classified as Vertic Haplustept (Soil Survey

Staff 2010). Moreover, the texture of the soil is light clay

according to the International Union of Soil Science

(IUSS) (see Table 1). The main chemical characteristics of

the top layer were the following: CEC 27.5 cmol(?) kg-1;

Ca 25.3 cmol(?) kg-1; Mg 1.4 cmol(?) kg-1; K

0.5 cmol(?) kg-1; Na 0.3 cmol(?) kg-1; total carbonate

2.9%.

From 1995 till 2001 in an area of about 1 ha, belonging

to the experimental farm, a randomized experiment, with

four replications to evaluate the effects that three levels of

saline water had on crop production and on the soil

chemical–physical characteristics, was designed (d’Andria

et al. 1997; Tedeschi and Dell’Aquila 2005). The levels

of salinity tested were: a treatment irrigated by well

water, not-saline and three treatments obtained by add-

ing to the not-saline water 0.25, 0.5 and 1% of NaCl.

The experimental set-up was the same throughout the

7 years and the saline treatments were repeated each

year on the same plots. Each plot had a size of about

150 m2.

At the end of the experimental trials (September 2001),

until May 2002, the soil was under rainfall condition and

over this time about 408 mm occurred. Table 1 reports the

main soil characteristics of the layer 0.0–0.2 m, for the

saline (S) and not saline treatments (NS) where the mea-

surements were carried out.

Field measurements and sampling

Measurements and sampling were performed in June 2002

on the plots subjected to the two extreme treatments: the

NS irrigated by not saline water (ECw = 0.9 dS m-1) and

the S irrigated with water added with 1% of NaCl

(ECw = 15 dS m-1). Following, the replicates have been

denoted with the under script 1 and 2.

Infiltration measurements were performed in duplicate,

on both sites of NS and S, by tension disc infiltrometer

(Ankeny et al. 1991) for near-saturation hydraulic con-

ductivity determination. The apparatus has a 20-cm

diameter disc with a highly permeable nylon membrane

to be placed in contact with the soil. The instrument has

also a tower-reservoir of water for measuring infiltrating

water and a Mariotte’s bottle system imposing the

pressure head. Cumulative infiltration I(t) was recorded

until the steady-state infiltration rate was reached at five

soil water pressure heads: -12, -9, -6, -3, and

-1 cm.

Hydraulic conductivity was estimated from Wooding’s

solution (1968) for steady-state flow from a shallow

Table 1 Soil characteristics for the layer 0.0–0.2 m of the soils, classified as light clay according to International Union of Soil Science (IUSS),

where the measurements were carried out

Treatments Sand (g kg-1) Silt (g kg-1) Clay (g kg-1) pH (–) OM (%) ECea (dS m-1) ESP (%)

NS1 305.0 (38) 378.3 (49) 316.7 (32) 7.2 (0.01) 1.7 (0.08) 0.95 (0.09) 1.6 (0.40)

NS2 391.7 (2.9) 263.3 (2.9) 345.0 (5) 7.1 (0.03) 2.1 (0.15) 0.81 (0.06) 1.2 (0.30)

S1 368.0 (16) 286.0 (13) 326.0 (2.9) 7.2 (0.03) 1.6 (0.11) 5.00 (0.75) 19.0 (1.14)

S2 363.3 (37) 291.7 (36) 345.0 (5) 7.2 (0.02) 1.4 (0.08) 4.20 (0.35) 16.0 (1.35)

NS is the not saline soil and S is the saline soil; the subscription, 1 and 2 indicates the replicate. The pH, organic matter (OM), electrical

conductivity of the saturated paste (ECe) and percentage of the exchangeable sodium (ESP) are reported. In table the standard deviation is

reported between brackets in italic for each parameters
a ECe of the saturated paste was determined according to Rhoades (1996)
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circular pond. It assumes that flow is described by Darcy’s

equation and that soil is uniform with initial water

potential hn and volumetric water content hn. The soil is

dry initially with hn tending to -? and hydraulic con-

ductivity K(h0) is given by the quasi-linear Gardner model

(Gardner 1958):

Kðh0Þ ¼ Kfs expða h0Þ ð1Þ

where K(h0) is the unsaturated conductivity at a given

pressure head h0, Kfs is the field-saturated hydraulic con-

ductivity and a is the exponential slope. Analysis of tension

disc infiltrometer data was made following the multiple

head approach that requires two or more steady-state flow

values for a single disc radius at different pressure heads to

obtain a piecewise relationship K(h0) (Coppola et al. 2009).

Finally, assuming the slope of the curve to be constant

from the last measured value and the saturated hydraulic

conductivity, Ks is calculated from Eq. 1 (Jarvis and

Messing 1995). Details about the technique can be found in

the review of Angulo-Jaramillo et al. (2000).

At the end of the measurement and exactly below the

position where the disc of the tensiometer was placed,

undisturbed soil samples were collected in aluminium

cylinders (600 cm3; height 12 cm and [ 8 cm) for mea-

suring the pore-size distribution by image analysis and in

steel cylinders of about 600 cm3 (height 12 cm and [

8 cm) and 270 cm3 (height 7 cm and [ 7 cm) for water

retention and bulk density measurements. Moreover, bulk

soil was collected for texture and aggregate stability

analysis.

Laboratory analysis

Texture and IASW

The texture was determined by the pipette method after the

removal of soluble salts and organic matter (Gee and

Bauder 1986). The aggregate stability in water was mea-

sured by an apparatus at vertical oscillation developed at

the ISAFOM (Dell’Aquila 2007). For both determinations

the analysis was performed on three replicates for each

treatments. On bulk soil collected at 0.0–0.2 m depth the

aggregate stability measurements were performed on 10 g

of soil aggregates which had a diameter in the 1–2 mm

range. Aggregates were non-wetted and shaken at a speed

of 30 cycles per minute with a sieve stroke length of 3 cm.

The index of aggregate stability, IASW, defined by the

following equation:

IASW ¼ 100 � 1� W4

W48

� �
ð2Þ

was calculated from the weight of the aggregates dispersed

in water after shaking for 4 (W4) and 48 (W48) minutes.

Water retention curve

The undisturbed soil samples were slowly saturated from

the bottom in the laboratory. Three tensiometers were

installed at three different depths in the NS samples of

about 600 cm3 and placed on a load cell; starting from

saturation and during a 1-dimensional transient upward

flow, the pressure head and weight of the sample were

automatically recorded at these depths until air was

observed in the circuit of the uppermost tensiometer. After

that, the soil sample was dismantled and placed for 24 h in

the oven at 105�C to determine the water content from the

weight data set (Basile et al. 2006).

An iterative method was applied to obtain the WRC

(Tamari et al. 1993; Coppola et al. 2009). We used the

well-known van Genuchten (1980) relationship:

SeðhÞ¼
hðhÞ � hr

hs � hr

¼ ð1þ jahjnÞ�m ð3Þ

where Se[–] is the effective fluid saturation, h(L3 L-3) is

the volumetric water content with hr and hs being the

residual and the saturated water content, respectively. We

started with a guessed WRC, obtained by an initial estimate

of fitting parameters of van Genuchten relationship to

convert pressure head data at anyone time into estimated

water contents at the tensiometer depths. Average water

content of the soil sample was then calculated and com-

pared with the average measured water content obtained

from the sample weight. If significant differences between

calculated and measured average water content were

observed, a new parameter set was estimated. The WRC

was optimized using an iterative procedure, by minimizing

the squared differences between calculated and measured

average water content. After convergence of the algorithm,

water contents at the tensiometer depths were calculated

from the measured pressure heads and the estimated WRC.

On the smaller sample of about 200 cm3, the soil WRC

h(h) was determined for the S soil samples by means of the

tension table (Dane and Hopmans 2002). Nine points of the

curve ranging between near saturation and -300 cm of

potential were measured.

Pore size distribution by soil image analysis

Undisturbed cylindrical samples of soil were impregnated

with fluorescent resin via saturation from the bottom. After

resin hardening, square cuboid shaped soil blocks were cut

from each one and the four vertical rectangular faces were

polished and then lit with UV (365 nm) lamps (Mele et al.

2000). Then digital images of eight vertical sections (width

4.7 cm, depth 7.2 cm) for each treatment at a pixel reso-

lution of 18 lm were acquired using a Nikon D200 digital

SLR camera. Images were binarised by simple threshold
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method using Corel X3 software (http://www.adobe.com)

and used to perform image analysis of the pores. In Fig. 1

on the left side is shown the block after the UV lamps

treatment and on the right side the sequence of the four

vertical sections after binarisation.

The pore-size distribution analysis was based on the

‘opening’ algorithm of mathematical morphology (Serra

1982; Horgan 1998) using a code written in C language

developed by Moreau (1997) and updated by Mele et al.

(1999). The software works by applying successively, on

the pixels representing the porous phase, the operator of

‘opening’ with a sphere (circle in 2D) of increasing radius

as ‘structuring element’. The resulting effect is that of a

series of virtual spheres with an increasing diameter

which run throughout the entire pore network and fill

voids with space between opposite walls smaller than or

equal to the current diameter. At each increase in diam-

eter the difference between the initial porosity and the

residual one, resulting after filling the pores with the

current sphere (circle), is calculated. The overall result is

the partition of the pore space according to the wall

distance. In Fig. 2 on the left-side is shown an example of

a small part of soils where different colours correspond to

different diameters of the virtual circle. On the right side

the corresponding frequency histogram of pore-size clas-

ses is also shown.

The image analysis techniques that we used allowed

correct discrimination of only the pores with a size at least

twice the image resolution (18 lm in this case). Therefore,

the porosity values reported here do not refer to the pores

smaller than 36 lm.

Results and discussion

In Table 1 texture and main chemical characteristics of the

four investigated soil samples are reported. Following, we

first show the separate results for each applied technique

and then the comparison among samples and techniques.

Prior to go in the discussion we have to recall that the

objective of this study was to address whether observed

changes in physical properties were consistent each other,

trying to emphasize the complementarities and the syner-

gies of the different approaches applied. In this sense, the

comparison was made on each site (soil sample) of mea-

surement, for all the four applied techniques:

Structure stability

Irrigation with saline water produced a well-known effect

on the soil structure stability. In fact, although the four soil

samples showed similar texture, organic matter and pH, the

soil stability index, IASW, decreased markedly from NS

(37 ± 3% SD for NS1 and 34 ± 3% SD for NS2) to S

(18.9 ± 0.7 SD for S1 and 18.5% ± 0.8 SD for S2) treat-

ments. Huang et al. (2010) reported similar results for soils

of the NW of China having a higher sand fraction. This

reduction in structure stability expressed by the IASW was

related to the increasing of ESP values as reported in

Table 1. The high levels of ESP for the S treatments, due to

the presence of Na, contribute to increase the clay disper-

sion that causes the clogging of pores (Shainberg and Letey

1984; Quirk and Schofield 1955) with a direct effect on soil

structure. These results show that the addition of NaCl on

the soil under study reaches in clay (about 33%) strongly

contribute to the degradation of the soil structure. This

effect can result in unfavourable agronomic conditions

(e.g., higher risk of water ponding, formation of superficial

crusts that may affect plant emergence). Hence, although

the aggregate stability technique does not offer a simple

and univocal physical meaning, it clearly indicates the salt

concentration as destabilizing factors of the soil structure.

Water retention

Figure 3 shows the experimental h(h) points for NS and S

soil samples. The WRCs of the S soils, for all the pressure

heads investigated, are above those measured on soils

Fig. 1 Example on the not-

saline (NS) soil sample of

square cuboid shaped soil block

cut from undisturbed sample

impregnated with fluorescent

resin then lit with UV lamps and

binary image of the four vertical

sections put side by side

Environ Earth Sci (2012) 66:1797–1807 1801
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irrigated with not-saline water. This finding is in accord to

the results found by few researchers (i.e., Dane and Klute

1977; Varallyay 1981), showing higher retention values in

soil with higher salt content following a primary or sec-

ondary salinization. The WRCs of samples NS1 and NS2

are similar in the drier range while they deviate for pressure

heads higher than -45 cm, resulting in larger water content

close to saturation (about 6%) for NS2. This result is in

agreement with the higher organic matter contents

(Table 1) shown by NS2 versus NS1. On the contrary, S1

and S2 samples do not show relevant differences for all the

investigated range of pressure heads.

Pore-size distribution

In Fig. 4 are shown examples of binary images of two

sections from NS and S treatment, respectively, where

pores are in black. What immediately comes up from a

visual inspection of the two images is the larger size of the

pores ([36 lm) showed by the NS (left) image respects to

the S one (right). With image analysis, we directly mea-

sured the pore-size distribution. Results refer to four ima-

ges for each soil sample. Figure 5 shows, in the lower part

of the graph, the pore-size distributions of the NS (grey)

and S (black) treatments. Moreover, in the upper part of the

graph are the relative percent differences (RPDs) between

the two treatments being:

RPD ¼ PsðiÞ � PNSðiÞ
max½PsðiÞ; PNSðiÞ�

ð4Þ

where i is the ith pore size class and PNS(i) and PS(i) are the

porosity values at ith pore size class for NS2 and S1 sam-

ples, respectively. Each class of pores have an increment of

36 lm, which is also the lower detection limit due to the

resolution of the technique.

The results of the samples NS2 and S1 have been pur-

posely compared in Fig. 5 for their similar texture and

organic matter content, which more reliably allowed cor-

relating the differences due to the saline treatment.

Total porosity ([36 lm) was 21.8% for NS2 and 11.9%

for S1. This porosity reduction (9.9%) was spread over the

entire ranges of pores with the greatest reduction in pore

classes lying in the size range between 700 and 2,000 lm.

More precisely, according to the RPD index, it can be

observed that the percent reduction of pores increases with

pore size and there is an almost complete disappearance of

the pores larger than approximately 2,000 lm (about -

100% of the RPD index). It is worth noting that the general

clogging of those large pores produced, however, new

pores having size of about 2,500 and 3,200 lm. This seems

to confirm the hypothesis stated by Dane and Klute (1977)

on the soil pore redistribution following saline treatment.

Moreover, similar results were found by Tedeschi et al.

(2007) for soils with abundance of smectite-type clay

minerals.

Fig. 2 Exemplification of pore

size distribution (PoSD) by

‘‘successive opening’’

procedure. Pore space is

partitioned according to the

minimum distance between

opposite walls of the solid phase
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Fig. 3 Water retention curve measured on surface soil horizon on soil

irrigated with not-saline (NS1 and NS2) and saline water (S1 and S2)
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The limits in the detectable size-range of pores analyzed

by image analysis, due to the threshold of the image res-

olution, can be overcome by deriving the equivalent pore-

size distribution from the soil WRC. Assuming that the

porous system can be simply described as a bundle of

parallel capillaries and replacing the soil water pressure

head by the pore-diameter according to the bi-univocal

capillarity equation (|h| & 0.3/d, for length unit in cm), the

WRC can be seen as a cumulative distribution function of

‘equivalent pore-size’ (Brutsaert 1966). The resulting

equivalent diameters are those of the bundle of capillary

tubes that behave, in functional terms, as the soil sample.

The procedures adopted are those reported by Durner

(1994), fitting the experimental data by the five-parameters

function of van Genuchten (1980).

The results are shown in Fig. 6 where the vertical line

represents the lower limit of the image analysis measure-

ment. It can be noticed that below such pore size limit, the

S treatment has overall produced an increase of pores not

detectable using image analysis only to quantify changes in

pore structure. A crossover point between both the S curves

and that of the NS2 sample was detected at around

20–30 lm. However, although the two approaches of pore

space quantification are quite different, they overall agree

for pores larger than 36 lm and no crossover point between

NS2 and S (Figs 5, 6) was evident.

Then, measurements of pore-size distribution by water

retention can be used—in the pressure head range where

Fig. 4 Examples of binary

images of vertical soil sections

from not saline (NS) and saline

(S) treatments
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Fig. 5 Pore size distributions measured by image analysis for not-

saline (NS grey) and saline (S black) treatment. The relative percent

differences (RPDs) between the two treatments have been reported on

the right-hand axis
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tion curves on the surface soil horizon of the not-saline (NS) and

saline (S) soil samples
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the capillarity law still apply—to investigate the pore-size

range below the digital image pixel resolution where no

direct measurements by image analysis can be available.

Hydraulic conductivity

Figure 7 shows the unsaturated hydraulic conductivity

curves measured by the tension disc infiltrometer. The NS

curves respect to the S curves show higher values of

hydraulic conductivity for each measured value of pressure

head. S1 and S2 samples do not show relevant differences

for all the investigated range of pressure heads while NS1

and NS2 samples show remarkable differences close to the

saturation only. Finally, all the curves show similar slope

except than that of the sample close to the saturation.

To clarify such a discrepancy between the two NS

samples, the comparison between unsaturated hydraulic

conductivity and PoSD of the two not-saline soil samples

(NS1 and NS2) was also performed. Equivalent pore

diameters were calculated from the pressure head in the

range where hydraulic conductivity was actually measured.

This allowed plotting both the PoSDs (Fig. 8) determined

from image analysis and the hydraulic conductivity as a

function of pore diameter.

In Fig. 8 the unsaturated hydraulic conductivity curves

(right axis) and the absolute porosity (left axis) of the two

NS treatments are reported versus pore-diameters. The two

K[h(d)] curves show a crossover point between the mea-

suring points at 380 and 620 lm with an estimated average

of about 500 lm. Porosity analysis showed that the

crossover point, where the frequency of pores became

higher in soil NS2 than in soil NS1, is located between 540

and 576 lm. Hence, in the above range of h the pore-size

distributions measured by image analysis, validated the

accuracy of the K(h) curves measured by tension disc in-

filtrometer and the related information fully converge.

Finally, as last example of convergence between meth-

odologies, Fig. 9 shows a comparison between K(h) curve

and PoSD for NS and S treatments (employing the same

soil samples used for Fig. 5) in the range of h (or corre-

sponding pore diameter d) where hydraulic conductivity

Fig. 7 Unsaturated hydraulic conductivity measured on surface soil

horizon by tension disc infiltrometer on soil irrigated with not-saline

water (circles NS1 and NS2) and with saline water (triangles S1 and

S2)

Fig. 8 Unsaturated hydraulic conductivity (right axis) versus pores

diameter for the not-saline treatments (NS) for the soil sample NS1

(circles) and NS2 (filled circles). Pore-size distributions (left axis) of

treatment NS1 (white) and NS2 (black)

Fig. 9 Unsaturated hydraulic conductivity (right axis) versus pore

diameter assuming |h| & 0.3/d. Pore-size distribution of the not-

saline sample NS2 (grey) and the saline sample S1 (black) for the

same pore range of the hydraulic conductivity data is reported (left
axis)
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was actually measured. The agreement between the meth-

odologies is confirmed by the similar trends, at increasing d,

of the differences in unsaturated hydraulic conductivity

between the not-saline (NS2) and saline (S1) soil samples

and the differences in porosity towards large pore-diameters

(to note that the hydraulic conductivity values on the right-

hand axes are on log-scale). This result is in accord with the

Hagen–Poiseuille equation stating that the mean flow rate in

a capillary is a square function of the pore radius; therefore,

larger pores mainly contribute to the flux density and

hydraulic conductivity (Kutilek and Nielsen 1994).

Conclusion

Most of scientific literature provides examples of obser-

vations of changes in a single soil property under saline and

not-saline conditions. Concurrent measurements of multi-

ple soil physical properties under saline and not-saline

manipulations are rarely reported.

The results have shown that all the measured properties,

independently from the applied technique, have clearly

pointed out a change of the soil physical conditions due to

irrigation with saline water. Halving of the soil stability

index IASW, reduction in near-saturated hydraulic con-

ductivity and porosity reduction in the whole pore-size

range investigated by image analysis are evidences of soil

structure deterioration. In the range of small pore size an

increase in water retention was also detected. More spe-

cifically, results have pointed out:

1. a clogging of macropores under saline condition.

Swelling and dispersion of clay determine the migra-

tion of colloid particles and subsequent macropore

clogging as reported by several authors. The macrop-

ores reduction observed in this case study when

comparing not-saline with saline soil samples is

consistent for all the four variables used to analyze it.

Indeed: (1) a strong reduction of the soil stability index

IASW, (2) an increase in water retention and conse-

quent shifting of the equivalent pore-size distribution

towards smaller pores, (3) a reduction in near-saturated

hydraulic conductivity and (4) a porosity reduction in

the whole pore-size range investigated were observed.

2. the suitability of pore image analysis for direct

measurement of the pore changes. This affording

better interpretation of the mechanisms behind soil

pore-structure worsening due to salinity, which are

generally explained by indirect measurements often

based on mere undemonstrated assumptions. Then, the

pore-size distribution analysis in the range below the

image resolution can be extended through the indirect

estimation obtained by water retention.

3. an excellent convergence, in both saline and not-saline

soil samples, in determining physical properties based

on completely different approaches. For example, in

the case of the two not-saline soils the measured

crossover point of the two hydraulic conductivity

curves matches those estimated from the image

analysis. This consistency between the two measure-

ments suggests the potentiality of the tension infil-

trometer and image analysis methods to overcome

difficulty in obtaining hydraulic property data for

physically based model application. Specifically, the

tension disc infiltrometer technique can be an effective

method to characterize near-saturated hydraulic con-

ductivity also in saline clayed soil, where some largely

applied techniques can fail. The occurrence of water

flow due to the presence of salt gradients is largely

ignored in the application of several methods like the

Wind method (Arya 2002) and the inverse method

(Hopmans et al. 2002). Furthermore, also the widely

applied estimation of hydraulic properties with pedo-

transfer functions is hampered by the modification of

the soil structure induced by the use of saline water.

Moreover, the pore-size distributions obtained by

image analysis can be a reliable method to determine

unsaturated hydraulic conductivity, especially in soils

with some physical (i.e., reduced thickness of the soil

horizon) or chemical (i.e., saline soil) limitation. In

fact, due to the difficult of hydraulic conductivity

measurements, models predicting the K(h) relationship

from the equivalent pore-size distribution inferred

from the water retention function (i.e., Burdine 1953;

Mualem 1976) are widely applied. In this respect, pore

size measurements, especially when using techniques

with very high spatial resolution (i.e. X-ray micro-

tomography) can be in some cases a valid alternative

to the standard technique of K(h) measurement.
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