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Abstract
Compaction and salinization of soils reduce croplands fertility, affect natural ecosystems, and
are major concerns worldwide. Soil compaction compromises soil structure and affects the
soil’s hydraulic properties. It therefore may have a significant impact on evaporation and
15

solute transport processes in the soil. In this work, we investigated the combined processes
of soil compaction, bare soil evaporation, and salt precipitation. X-ray computed micro
tomography techniques were used to study the geometrical soil pore and grain parameters
influenced by compaction. The impact of compaction on evaporation and salt precipitation
was studied using column experiments. We found that compaction reduced the average grain
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size and increased the number of grains, due to the crushing of the grains and their
translocation within the compacted soil profile. Changes in pore and grain geometry and size
were heterogeneously distributed throughout the soil profile, with changes most apparent
near the source of compaction, at the soil surface. The column experiments showed that the
presence of small pores in the upper layer of the compacted soil profile leads to higher
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evaporation rates and salt precipitation, due to the compromised hydraulic connectivity to
the soil surface and the prolongation of the first stage of evaporation.
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1. Introduction
30

Soil compaction is a major cause of soil degradation in agricultural environments (Akker and
Canarache, 2001; Hamza and Anderson, 2005; Pagliai et al., 2003). It is associated with the
increase of soil bulk density and decrease of porosity (Mossadeghi-Björklund et al., 2016). Soil
compaction at different intensities may occur due to natural processes such as the impact of
raindrops, natural soil-forming processes, animal treading, and to processes linked to human
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activities, especially in agricultural environments, such as intense vehicular traffic over the
fields (Assouline, 2004; Pagliai et al., 2003; Shah et al., 2017; Mossadeghi‐Björklund et al.,
2018). Passing of heavy machinery and vehicles over the fields leads to compaction as a result
of pure static stresses, wheel slip and dynamic forces, caused by vibration of the engine and
the attached implements (Horn et al., 1995). Barik et al. (2014) found significant variability in
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the spatial distribution of the aggregate stability, bulk density, total porosity, penetration
resistance, and moisture content values, following traffic operation over arable lands. Pores
nearby the location of compression are strongly affected, whereas those located further away
from the source of compaction are less affected (Schlüter and Vogel, 2016; Keller et al., 2019).
Thus, compaction resulting from traffic generally presents a sigmoidal distribution with depth
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of the soil bulk density, where the denser part is close to the surface (Reicosky et al., 1981;
Horton et al., 1994; Dejong-Hughes et al., 2001; Assouline, 2004; Bresson et al., 2004; Augeard
et al., 2007).
To overcome soil compaction in arable lands and to loosen up the soil upper layer, soil tillage
is implemented, producing favorable conditions for seed germination and crop root
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development. Soil tillage reduces soil bulk density, increases porosity, homogenizes soilwetting processes and improves soil aeration in the root zone (Rasmussen, 1999; El Titi, 2003;
Assouline et al., 2014; de Almeida et al., 2018). On the other hand, under certain conditions,
tillage may accelerate processes of soil erosion and compaction of the soil at the lower
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boundary of the tilled zone (de Almeida et al., 2018). Therefore – minimizing tillage and better
55

understanding of the nature of soil compaction is important.
1.1. Soil compaction at the micro-scale
At the microscale, stresses in soil do not propagate homogeneously but rather through
preferential paths – in all directions (Nawaz et al., 2013). Consequently, soil deformation
occurs at specific sites, where the stresses and strains are maximal. These areas, known also
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as shear bands, are those that undergo structural deformation, while soil volumes in between
the stress chains may preserve their original structure and porosity (Nawaz et al., 2013;
Naveed et al., 2016). The heterogeneous effect of compaction on the physical properties of
the soil leads to an uneven spatial distribution of the soil’s hydraulic properties that in turn
induce anisotropy and affect water flow and solute transport processes in the soil profile
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(Assouline, 2006a; b; Assouline and Or, 2006; Alaoui et al., 2018).
Soil compaction affects the pore network in the soil profile, with respect to: (i) pore-size
distribution; (ii) pore geometry and morphology; and (iii) pore connectivity (Horn et al., 1995;
Mossadeghi-Björklund et al., 2016). Consequently, water-related soil properties are
significantly altered (Horn et al., 1995; Assouline, 2006a; b). These changes affect unsaturated
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soil hydraulic properties and reduce saturated soil hydraulic conductivity, thus increasing
surface runoff and soil erosion by water (Soane and van Ouwerkerk, 1995; Alaoui et al., 2011;
Keller et al., 2013; Shah et al., 2017). In addition, soil aeration is reduced and the
heterogeneous changes of the soil’s physical and hydrological properties, may lead to the
formation of preferential water flow paths in the soil (Soane and van Ouwerkerk, 1995; Alaoui
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et al., 2011; Keller et al., 2013). Consequently, solute transport and accumulation in the soil
may be affected, impacting nutrient availability to plants (Horn et al., 1995; Lipiec and
Stępniewski , 1995; Hendrickx and Flury, 2001; Mossadeghi-Björklund et al., 2016). The
above-mentioned changes of the soil properties, due to compaction, usually occur at the top
3
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30 cm of the soil profile (Horn et al., 1995; Keller et al., 2019). These changes in the soil
80

structure of the upper soil layer impacts on the soil water balance in general, and on
infiltration and evaporation processes in particular (Sillon et al., 2003; Assouline et al., 2007,
2014; Shokri et al., 2010).
1.2. Bare soil evaporation
Evaporation plays a central role in the hydrologic cycle and surface energy balance (Bergstad
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et al., 2018) as it is the main process of soil-water transfer to the atmosphere (Hillel, 1980;
Brutsaert, 2005). The evaporation in porous media is affected by and involves complex and
highly dynamic interactions between boundary conditions, liquid flow and vapor diffusion
(Lehmann et al., 2008; Or et al., 2013; Assouline et al., 2014; Kamai and Assouline, 2018;
Assouline and Kamai, 2019). The evaporation process from bare soils consists of two stages:

90

stage 1 (S1); and stage 2 (S2). S1 evaporation takes place at the soil surface, and a hydraulic
connection is maintained throughout the entire soil profile (Lehmann et al., 2008; Nachshon
et al., 2011a; b; Bergstad et al., 2018; Assouline and Narkis, 2019). This stage is characterized
by a high and relatively constant evaporation rate affected by soil surface properties and
atmospheric conditions (Hillel, 1980). S2 begins when a characteristic capillary head, c, is
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reached at the soil surface that induces a loss of the hydraulic connection between the soil
profile and the surface (Prat, 2002; Lehmann et al., 2008). Consequently, the evaporation
front migrates downward, water vapor moves prominently by diffusion from the evaporation
front to the soil surface and to the atmosphere, and the evaporation rate is drastically reduced
(Lehmann et al., 2008; Nachshon et al., 2011b; Or et al., 2013; Kamai and Assouline, 2018).
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1.3. Evaporation and soil salinization
Evaporation and soil salinization are tightly connected processes, especially in cultivated
fields. Soil salinization in cultivated fields is a common feature resulting from low-quality
irrigation water, fertilization, and saline and shallow groundwater resulting from inadequate
4
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irrigation and drainage practices (Yakirevich et al., 2013; Berezniak et al., 2018; Nachshon,
105

2018; Hopmans et al., 2021).
The presence of salts in the soil pore water reduces the osmotic potential of the solution and
the equilibrium water vapor pressure (Nassar and Horton, 1997). Consequently, evaporation
rates from a saline soil are expected to be lower compared to solute-free conditions. During
evaporation, the concentration of the dissolved ions increases in the pore solution, until
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saturation is reached and salt precipitation begins (Nachshon et al., 2011a). Salt precipitation
at the soil surface occurs manly during S1, where the evaporation rate is maximal and solutes
are continuously transported to the evaporation front at the soil surface by capillary flow. As
the salt begins to precipitate and expands over the soil surface, the evaporation rate is
affected by the pore-scale dynamics of the precipitated salt (Bergstad et al., 2017, 2018), and
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the consequent changes to liquid and vapor flow processes through the salt crust. The
presence of porous media heterogeneities (Lehmann and Or, 2009; Nachshon et al., 2011b),
solute concentration of the pore water (Rad and Shokri, 2012; Shokri-Kuehni et al., 2017), soil
surface properties (Nachshon et al., 2011a) and salt type (Shokri-Kuehni et al., 2017) may
affect the dynamics of the salt precipitation layer and its influence on evaporation (Bergstad
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et al., 2018). The precipitated salt layer over the soil surface may increase evaporation if it is
hydraulically connected to the solution in the pores below. In this case, the precipitated salt,
that usually has a higher surface area compared to the underlying bare soil, pumps water
upward due to its higher capillary suction, and the water evaporates at the surface of the
precipitated salt crust (Shokri-Kuehni et al., 2017). On the other hand, if the precipitated salt
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layer is hydraulically disconnected from the solution in the pores, it acts as a barrier that
reduces vapor diffusion from the soil to the atmosphere, and cumulative evaporation and
evaporation rates will be reduced (Nachshon et al., 2011b).

5
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Previous studies have shown that changes in soil structure affect evaporation processes
(Nassar and Horton, 1999; Sillon et al., 2003; Shokri et al., 2010; Assouline et al., 2014;
130

Assouline and Narkis, 2019) as well as the nature and location of salt precipitation in the
presence of saline solution (Nachshon et al., 2011b; a; Bergstad et al., 2017). The drying
patterns and dynamics are greatly influenced by the presence of textural discontinuities that
may result in preferential drying and promotion of capillary exchange between different
regions in the soil (Lehmann and Or, 2009; Bergstad et al., 2017). As aforementioned, soil
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compaction affects soil structural and textural properties, mainly at the soil surface, where
evaporation and salt precipitation are prominent.
1.4. Evaporation and soil compaction
Studies on the effect of soil compaction on evaporation, in general, and its relation to salt
precipitation in particular, are scarce. Nassar and Horton (1999) examined salinity and
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compaction effects on soil water evaporation from bare soils, focusing on water and solute
distributions in the soil. They showed that compaction increases cumulative evaporation, due
to increased matric suction of the compacted soil, resulting in the increase of the soil water
holding capacity and unsaturated hydraulic conductivity. Consequently, water flows more
efficiently from deep parts of the soil profile to the soil surface, where evaporation is maximal,
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at S1 evaporation. In their study, Nassar and Horton (1999) deliberately compacted the soil
samples in a homogeneous manner, ignoring the heterogeneous nature of soil compaction.
Moreover, while the authors examined the impact of compaction and evaporation on solute
distribution in the soil profile, and its impact on the solution osmotic potential, they did not
consider the interactions between soil compaction, evaporation, and salt precipitation.
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Sillon et al. (2003), using indirect measurements under non-saline field conditions, also
pointed at higher evaporation from compacted soils. The authors showed that for compacted
soils, soil drying occurred from bottom to top, in opposition to regular evaporative conditions,
6
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where the drying (evaporation) front recedes from the surface downward. In agreement with
Nassar and Horton (1999), this was explained by the high capillary suction of the compacted
155

soil that enabled pumping of water from the lower parts of the soil profile to the soil surface,
where evaporation takes place. Assouline and Narkis (2019) used a constructed multilayered
porous media, where the top layer had the highest bulk density, smallest grains, and smallest
pores, and where the bulk density gradually decreased, while grains and pore sizes gradually
increased in the underlying layers. They have measured evaporation from this structure and
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from a structure where the order of the layers was reversed. It was shown that the soil
structure where the top layer had the highest bulk density extended the S1 duration and
increased the cumulative evaporation in comparison to the reversed structure. The concept
of the characteristic length was applied to explain these results, providing a physically-based
support to the observations of Sillon et al. (2003).
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The main objective of the work presented herein is to understand the impact of soil
compaction on soil evaporation, solute distribution and salt precipitation, and their
interactions, along the soil profile. Relying on previous works (Nassar and Horton, 1999; Sillon
et al., 2003; Assouline and Narkis, 2019), we conducted a series of experiments to fill up the
knowledge gaps regarding the complex interactions between the heterogeneous structural
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nature of compacted soils, evaporation, and salt dynamics.

2. Conceptual model
Based on the studies detailed above, we hypothesize that compaction results in a layered
structure where soil bulk density is maximal at the soil surface and gradually decreases
175

downward (Figure 1A). Consequently, capillary suction, water holding capacity and
unsaturated hydraulic conductivity of the upper layer of the soil profile increase, as well as its
characteristic capillary length, thus increasing the duration of S1 (Lehmann et al., 2008). Under
7
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non-compacted conditions, the evaporation front of a drying porous medium moves from the
soil surface downward at the transition from S1 to S2 (Figure 1B(1)). However, in a compacted
180

soil profile, the larger matric potential (c) value of the upper soil layer leads to a reverse
process, where a continuous flow of water is sustained from the deeper layer of the soil profile
to the soil surface, extending the duration of S1 and allowing more water to evaporate.
Consequently, the deeper soil layers dry out first, while the upper layers remain at relatively
high levels of water content (Figure 1B(2)).
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Under saline conditions, where the pores are filled with a salty solution, evaporation will lead
to solute precipitation at the soil surface, and to the formation of an efflorescence salt crust,
at least in the case of NaCl (Nachshon and Weisbrod, 2015; Piotrowski et al., 2020). In noncompacted conditions, the precipitated salt crust reduces evaporation as it acts as a barrier
that reduces water vapor diffusivity from the evaporation front to the soil surface and to the
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atmosphere (Figure 1B(1)). On the other hand, in the compacted soil condition, it is
hypothesized that a hydraulic connection will be maintained between the soil profile and the
surface of the salt crust (Figure 1B(2)), where evaporation will take place. Therefore, we
hypothesize that even though more salt is expected to accumulate on the surface of the
compacted soil, its impact on evaporation will be moderate compared to non-compacted

195

conditions.

8

https://doi.org/10.5194/hess-2021-298
Preprint. Discussion started: 28 June 2021
c Author(s) 2021. CC BY 4.0 License.

200
Figure 1: Conceptual model of evaporation and salt precipitation under compacted and noncompacted conditions; (A) initial saturated conditions for neutral (non-compacted) and
compacted soils; (B) Water evaporation process in neutral and compacted soils, with the
presence of a precipitated salt crust (yellow layer).
205
These hypotheses were tested herein by means of high-resolution micro CT to characterize,
at the micro scale, the impact of compaction on soil pores and grains properties, and column
experiments to study the impact of compaction, at the macro-scale, on evaporation and salt
precipitation.
210
3. Materials and method
This study relies on three parts: (i) exploration of the impact of compaction on soil physical
properties at the micro and macro scales; (ii) numerical simulation of evaporation from a
layered domain, mimicking compacted and loose porous media, with and without the

9
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presence of a precipitated salt crust; and (iii) validation of the conceptual model presented in
Figure 1 by means of evaporation experiments.
3.1. Micro scale changes of pores and grains physical properties due to compaction
Imaging of sand samples before and after compaction was conducted in a non-destructive
manner using a high-resolution μCT (SKYSCAN 1172, Bruker, Kontich, Belgium), in order to

220

observe the impact of compaction on the sand physical structure, pores and grains
dimensions, and spatial arrangement. The X-ray source voltage was 80 kV, and the electrical
current, 10 mAs. The scan was done with aluminum and copper filters, with image rotation of
0.2°. Images with voxel resolution of 4.42 μm were reconstructed by the software 'NRecon'
(Bruker, Kontich, Belgium). Image analyses were carried out using designated MATLAB codes.

225

Polyvinyl chloride (PVC) tubes, 3-cm-long and 1.6-cm in diameter, open at the top and sealed
at the bottom, were filled with quarry coarse sand (quartz), with typical grain diameter of
~500 μm (sand characteristics can be found in Nachshon, 2016). The columns were scanned
before and following mechanical compaction, in order to detect the impact of compaction on
microscale changes of the sand properties, as a function of depth and distance from the source

230

of compression. Compaction was achieved using a PVC shaft that fits exactly the inner
diameter of the column. The shaft was slowly pushed downward to compress the sand
samples, using a hand-operated press, achieving a one-dimensional confined compression.
The samples were compressed down to a decrease of the total length of the sand sample by
2 mm, corresponding to an increase of 10% of the packing bulk density of the samples.
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The images from the μCT scans were used to analyze grain and pore sizes at the top 7 mm of
the sand samples and at depth of 9-18 mm. Hereafter, the top and lower levels of the
compacted samples will be referred to as 'TC' and 'LC', respectively, and the non-compacted
control will be referred to as 'UN'. The TC and LC results were used to compare the impact of
compaction at the top and the lower layers of the sample. Each μCT scan generates hundreds
10
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of images of 2D slices of the sample, with a 4.42 μm distance between adjacent slices. For
each scan, five 2D images, out of the hundreds of images, were chosen randomly, processed,
and analyzed by a MATLAB code. Grayscale calculations were based on Otsu's method, which
selects the threshold to minimize the interclass variance (Otsu, 1979). Morphological
operations were done to clean image noises. Grain counting and grain area calculations were
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done using the MATLAB function 'regionprops'. A distance heat map was generated using the
Euclidean distance transform, 'bwdist' and the MATLAB function 'bwskel'. Pore sizes were
obtained by calculating the average maximal pore distance from the closest grain edge along
the pores and throats. Grain distribution map was generated by counting the center of each
grain.

250

3.2. Macro scale changes at the soil profile due to compaction
While the μCT experiments described above were used to study the effect of compaction at
the pore scale, a transparent 10 cm long and 5 cm in diameter PVC column was used to
examine the effect of compaction at the macro scale. The same coarse sand as detailed above
was used in this experiment. To allow visual observation of changes in the compacted sand

255

column, 10% of the sand (by weight) was colored with a standard red spray paint. The colored
sand was thoroughly mixed with the regular sand, before packing the column.
As described previously, the sand in the column was compacted by decreasing the total length
of the sand sample by 5 mm, using a uniform hammer beating on a circular shaft, with the
same diameter as the inner diameter of the PVC column. The bulk density of the sand sample

260

was reduced by ~5% following compaction.
Pictures of the sand column profile were taken before and after compaction by a single lens
reflex camera (Canon - EOS60D, Japan), with an EFS18-200 mm lens (Japan). Compaction was
evaluated by analyzing the images that captured the movement of the colored sand grains
and measuring the translocation of the same colored grains before and after compaction.
11
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3.3. Numerical model
A preliminary analysis, to estimate the general impact of soil compaction on evaporation,
with and without the presence of a precipitated salt crust, was carried out based on
simulations using HYDRUS-1D (Šimůnek et al., 2013), for a compacted domain and a neutral
(non-compacted) domain. Under the assumption that compacted soil is most affected at the
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soil surface, where compression forces are maximal, the simulated compacted domain was
composed of five discrete layers, 2 cm each, where the most upper layer had the highest
bulk density, smallest grain diameter, lowest saturated hydraulic conductivity and highest air
entry pressure. Underlying layers were gradually comprised of bigger particles, lower bulk
density, higher hydraulic conductivity and lower air entry pressure, as detailed in Table 1.

275

For the neutral domain, the same particles that were selected to compose the discrete layers
of the compacted domain were homogeneously mixed and its hydraulic properties are
detailed in Table 1 also.
The sizes of the particles at the different modeled layers were determined upon real physical
sizes of glass beads that were used in the column experiments that will be presented in the
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next section. Saturation water content, s, was determined experimentally by measuring the
volume of water needed to saturate the different glass beads that were packed in a known
volume. Residual water content, r was taken as zero, since full drying of glass beads can be
reached by evaporation. The van Genuchten parameter α was determined according to
Benson et al. (2014) that correlated α to particles diameter. The van-Genuchten n parameter

285

is affected by the degree of grain uniformity in the domain (Wang et al., 2017), where high
n values indicate on high uniformity. Therefore, n was taken as 3 for the uniform layers, as it
was the highest n value permitted by HYDRUS, and for the homogeneously mixed domain, n
was arbitrarily chosen to be equal to 1.25 as the medium was composed of particles with
various sizes. Hydraulic conductivity at saturation, Ks [cm/d], was determined by the Kozeny-
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Carman equation (Kozeny, 1927; Carman, 1937), as demonstrated by Weisbrod et al. (2013)
12

https://doi.org/10.5194/hess-2021-298
Preprint. Discussion started: 28 June 2021
c Author(s) 2021. CC BY 4.0 License.

Table 1: Hydraulic parameters for the HYDRUS-1D modeled glass beads.
Modeled
domain

Depth
(mm)

Particles
diameter
(mm)

Residual
water
content

Saturation
water
content

Qr (-)

Qs (-)

α (1/cm)

n (-)

Van-Genuchten
parameters

Hydraulic
conductivity
Ks (cm/d)

0-20

0.049 – 0.053

0

0.395333

0.010133

3

232.5494

20-40

0.090 – 0.106

0

0.36

0.015199

3

578.7839

40-60

0.180 – 0.212

0

0.380667

0.035464

3

2922.904

60-80

0.400 – 0.500

0

0.296667

0.070928

3

5654.909

80-100

1.000 – 1.300

0

0.415

0.151988

3

146131.9

0-100

Homogeneous
mixing of all
beads

0

0.283333

0.050663

1.25

3537.92

Compacted

Noncompacted
295

The modeled domains had a depth of 10 cm and the upper boundary condition was set as
atmospheric boundary, with potential evaporation of 0.65 cm/d (based on the data obtained
in the laboratory glass-beads evaporation experiment, which will be detailed below). Lower
boundary was set as zero flux and initial condition was set as full saturation throughout the
300

entire column. Since HYDRUS solves the Richards equation, its results are valid only during
S1 where evaporation is occurring at the soil surface and there is a hydraulic continuity along
the soil profile. Therefore, simulations were ceased once S1 was ended and the transition to
S2 begun.

13

https://doi.org/10.5194/hess-2021-298
Preprint. Discussion started: 28 June 2021
c Author(s) 2021. CC BY 4.0 License.

The simulations were used to observe changes of the soil profile wetness and to compute
305

cumulative evaporation for the compacted and neutral setups, with and without the
presence of a salt crust. The salt crust was simulated by adding a 2 mm layer on top of the
modeled domains (this thickness is similar to the observed one corresponding to the
depositing salt layers during the experiments presented below). This layer was added after
two days of evaporation, as it is experimentally known that the appearance of the salt crust

310

is not instantaneous with the onset of evaporation. The hydraulic properties of a salt layer
are unknown, excluding permeability, k, which was recently examined, and found to be at
the order of 4 × 10-12 m2, for NaCl (Nachshon and Weisbrod, 2015; Piotrowski et al., 2020).
The permeability was used to calculate the saturated hydraulic conductivity of the salt, by
the relation between Ks and k (Kasenow, 2002):

315

𝐾𝑠 =

𝑘∙𝜌∙𝑔
𝜇

(1)

where µ [kg/ms] is the dynamic viscosity; ρ [kg/m3] is the liquid density; and g [m/s2] is gravity
acceleration. For water, ρ = 1000 [kg/m3], and µ ~ 0.0009 [kg/ms] (at 25°c). g = 9.8 [m/s2],
and for the NaCl permeability of 4 × 10-12 [m2] Ks is equal to 4.35556 × 10-5 [m/s] = 376.32
[cm/d]. Since no further information is available about the salt hydraulic properties, the van320

Genuchten parameters of the salt layer were taken to be equal to loamy-sand soil, from the
HYDRUS-1D library, due to the similar hydraulic conductivity that this soil (350.2 cm/d) has
to the salt layer. Important to emphasize is that the model examined only the physical impact
that a salt crust has on water flow process during S1 and did not account for the chemical
aspects of high salinity and the reduction of the solution osmotic potential.

325

3.4. Impact of compaction on evaporation and salt precipitation
The evaporation experiments were conducted on rectangular glass columns, 10 cm high, 5 cm
width, and 2.5 cm aperture. The neutral and compacted columns were packed with glass
beads of different sizes and different arrangements, as detailed in Table 1. In this set of
14
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experiments, a setup of tilled soil was examined also and for this purpose the tilled setup was
330

constructed in a reverse order of the compacted setup, with the largest glass beads at the top
of the profile and the smallest beads at the bottom.
The three different setups were saturated with distilled water (DI) or with a 10% (by weight)
NaCl solution. All the evaporation experiments were carried out in two replicates. The
packed columns were positioned on high resolution electronic scales (±0.01 gr, Adam;

335

Shekel, Israel) in order to record mass changes, thus monitoring the cumulative water loss
to evaporation. Small fans (Y.S. TECH, DC BRUSHLESS FAN, FD128020HB, DC12V, 0.15V) were
installed ~3 cm above the upper soil surfaces of the samples, pulling air upward. Along the
process of evaporation, photos of the columns profiles were taken with a camera (UEye,
Germany) at a rate of 6 pictures per minute. Total duration of evaporation for each setup

340

was about 12.5 days (~303 hours).

4. Results and Discussion
Experimental results are organized and presented first, for the micro-scale, and then for the
macro scale; considering the physical changes that the sand underwent due to compaction.
345

Following that, the results representing the impact of compaction on the combined processes
of evaporation and salt precipitation will be discussed.
4.1. Micro-scale effects of compaction
The impact of compaction on changes in grain and pore geometry, size and distribution, at the
micro scale, were examined by producing 2D images (slices) of the sand domain using the μCT.

350

Figure 2 presents a qualitative description of the changes in pore and sand grain properties
following compaction at the top layer of the sample and at its bottom. Figure 2a presents
representative images from: (i) an uncompacted sample (UN) at depth of 0-7 mm (Figure 2a');
(ii) the lower part of the compacted sample (LC; depth of 9-18 mm) (Figure 2a''); and (iii) the
15
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top part of the compacted sample (TC; depth of 0-7 mm) (Figure 2a'''). In the UN, as well as in
355

the LC domain, the sand grains are relatively round and uniform in size. By comparison, in TC,
there are areas with high proportion of relatively small and more angular grains, a result of
the grains breakage in specific locations (marked by the yellow contours in Figure 2a''').
Naturally, these changes in grain sizes also affect pore sizes and their spatial distribution, as
depicted by the pores opening heat map (Figure 2b).
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In Figure 2c, we represent the changes in grain sizes in the TC sample and the spatial
distribution of these changes, in comparison to the UN and LC data. For this purpose, each 2D
scan, of any state and depth, was divided into a matrix of rectangles, 1.06 mm by 0.73 mm,
each. In each rectangle, the number of sand grains was counted, and the rectangle was
colored in accordance to the number of grains. In the presented images, the main colors for

365

the LC and UN cases are blue and green, indicating about 3-4 grains per rectangle, with low
variation in colors. However, for the TC case, there is a high variation in the color of the
rectangles, with a relatively high number of yellow and red rectangles (>6 grains) adjacent to
green-blue rectangles.
The five randomly selected images of 'UN', 'TC', and 'LC' states were averaged and analyzed

370

to provide a corresponding quantitative analysis of the number of grains per unit area, grain
size (2D area) and pore opening (distance between adjacent grains) (Figure 3). For simplicity,
all of these values were normalized with respect to those corresponding to the UN state. In
agreement with the visual observations, minor differences were measured with respect to the
number of grains between the UN and LC states. However, a significant difference was

375

measured with the TC samples, where the total number of grains, per unit area, was ~50%
higher for TC compared to UN and LC (Figure 3A). Moreover, with respect to changes in grain
sizes, there is no significant difference between UN and LC, but for the TC layer, the average
size of the grains was ~35% lower compared to UN and LC cases. The same trend was
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measured also with respect to pore opening, as the pore average opening of the TC was lower
380

385

by ~10% compared to the two other cases.

Figure 2: (a) μCT grayscale scan; (b) pore opening heat map; and (c) grain number spatial
distribution map, for the uncompacted ('), low ('') and top (''') levels of compacted soil
samples, respectively. Yellow contours in (a''') indicate areas with high levels of grains
breakage. In (b), the blue dots represent the grain centers and the color bar indicates the
distance within the pores from the nearest grain. In (c), the rectangles are colored in
proportion to the number of grains in each one of them.
The analysis of the grain counting within the rectangles (Figure 2c) was also conducted for the

390

five randomly selected images. Analysis of each image was used to generate a histogram
describing how many rectangles contained the different numbers of grains (Figure 3B). For
the UN and LC cases grain density was lower compared to the TC setup, where the former had
on average 2-2.5 grains per rectangle, whereas the latter had 4 grains per rectangle.
Moreover, for the TC layers, in comparison with the LC and UN cases, the histogram shifts to

395

the right, indicating a higher number of rectangles that contain 4 grains or more.
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Figure 3: (A) Average grain number, average grain area and average pore distance of the
uncompacted soil sample (UN), low (LC) and top (TC) levels of compacted soil samples.
Measured values were normalized in respect to UN. (B) Histogram represents grain number
distribution of the uncompacted soil samples, and low and top levels of the compacted soil
samples. In (B), each line is the histogram of a single slice and the colored areas represent
the range of the five measured histograms, for each state.
The presented image analyses, at the micro-scale, indicate the major impact that compaction

405

has on the physical properties of the sand, close to the source of compaction (TC). It seems
that compaction resulted in breakage due to friction of sand grains, leading to an increase in
the grain number and their angularity, and a decrease in their mean size. In the deeper layer
of the sand column (LC), the grains were practically not affected by the compaction and were
similar to the control (UN) with respect to pore and grain sizes, shape and spatial distribution.
18
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Moreover, it was shown that the compacted areas in the top layer were heterogeneously
distributed (Figure 2c, 3B), in agreement with the concept of preferential propagation of the
stress along the 'shear bands' (Nawaz et al., 2013; Naveed et al., 2016).
4.2. Macro-scale effects of compaction
At the macro scale, compaction effects were quantified by following the translocations of the

415

colored sand grains, in the 10-cm-long transparent column. The translocation of the sand
grains, ∆L [mm], was calculated by measuring the distance of selected grains from the
column's bottom at the initial state (𝐿0 ) and following compression (𝐿𝐶 ), according to:
∆𝐿 = 𝐿𝐶 − 𝐿0 .

(2)

Figure 4 presents ∆𝐿 along the soil profile. Maximal translocation was observed within the
420

upper layer of the soil profile, and it linearly decreases with depth, in agreement with the
results reported by Schlüter and Vogel (2016). However, it is important to remember that
translocation of the grains at each depth is the sum of all compaction processes that occurred
below the point of interest, and that it does not necessarily indicated the degree of
compaction (change of bulk density) at this point. In order to estimate the effect of

425

compaction on the bulk density along the soil profile we estimated the changes in distance
between adjacent grains, ∆𝐷 [mm], in a similar way that it was done for ∆L:
∆𝐷 = 𝐷𝐶 − 𝐷0

(3)

where 𝐷0 and 𝐷C are the measured distances between any adjacent selected grains, before
and following compaction, respectively. Consequently, a negative 𝐷 value indicates
430

compaction and increase in bulk density, and vice versa.
Measurements of ∆𝐷 indicate that compaction was not uniform along the sand profile (Figure
4), showing that certain depths were more severely compacted. At depths of 6, 17, 36, and 60
mm, ∆𝐷 values were positive, indicating reduced bulk density at these specific locations.
19
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Maximal compaction of 𝐷 = -1.3 mm was measured at a depth of 32 mm, followed by D =
435

-1.1 mm at depth of 8 mm. Lower levels of the column were less compacted, excluding depths
of 68 and 82 mm where ∆𝐷 reached values of -1.0 and -0.8 mm, respectively.
This analysis further emphasizes the heterogeneous nature of soil compaction and the shear
band effect. Nevertheless, it is evident that most of the profile underwent compaction, as
most of the ∆𝐷 values are negative, and that maximal compaction was measured in the top

440

parts of the sample, in agreement with the results from the micro-scale study.

Figure 4: (A) photos of the examined sand column 'Before' and 'After' compaction; (B)
measured changes in grains translocation and compaction along the sand column.
445

As seen from the micro and macro scales experiments, compaction induces the formation of
a non-uniform soil profile, with smaller pores, smaller grains, and higher bulk density at the
top levels of the soil profile, compared to the lower part of the profile. This structure is
opposed to typical natural conditions, where the lower soil levels are those with the higher
bulk density (Campbell, 1994; Hernanz et al., 2000). Consequently, important hydrological
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processes such as infiltration and evaporation may be altered due to compaction. These
aspects will be discussed in the following sections.
4.3. Numerical model
The HYDRUS-1D model results showed similar trends to those proposed in the conceptual
model and in the research hypothesis, including the unique pattern of drying from top to

455

bottom, for the layered structure with the fine grains at the top. Figure 5 presents temporal
changes in water content along the modeled domain and cumulative evaporation predicted
by the model, for neutral - homogeneous setup (HO), and compacted setup with the finer
pores and grains at the upper parts of the simulated domain (FU). The simulations were done
for conditions of with and without the salt crust. As detailed above the simulations were

460

ceased at the transition from S1 to S2.
From Figure 5 it is seen that for salt free conditions, the FU setup sustained a longer S1
duration (~130 hours), compared to the HO setup (~72 hours). Consequently, cumulative
evaporation during S1 of the FU setup was more than 40% higher, compared to the HO setup
which shows a cumulative evaporation of ~2cm. The temporal changes in water content gives

465

the physical explanation for that, showing that the FU structure maintains higher water
content levels at the upper soil layers due to the stronger capillary suction of these layers,
which pump water from the lower levels, towards the evaporation front, at the soil surface.
Moreover, it is seen that while the addition of the modeled salt layer had a major impact on
evaporation for the HO setup, its effect on the FU structure was more moderate. For the HO

470

structure, the addition of the salt layer resulted in an immediate transition to S2, with a sharp
decrease in evaporation rate and reduced cumulative evaporation at the end of S1 by ~35%,
compared to the HO salt free setup (Figure 5 A1). The quick transition to S2 indicates that for
the HO conditions, after two days of evaporation and the resulted changes of water saturation
along the profile, the presence of the salt crust resulted in hydraulic discontinuity between
21
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the saturated lower parts and the upper surface of the domain. For the FU structure, however,
less noticeable changes in evaporation rates were observed following the addition of the salt
layer, S1 sustained for additional ~48 hours, with the presence of the salt layer and the
reduction in cumulative evaporation was of ~12% only. This indicates that the added salt layer
did not affect liquid water flow from the soil to the evaporation front, which is now located

480

on top of the added salt layer (Figure 5 B1). The fine media at the top of the FU profile
maintained wetness conditions that enabled liquid water flow from the soil into and through
the salt layer, to replenish evaporation at its upper surface.

485

Figure 5: HYDRUS-1D simulations for temporal changes in water content (heat map) and
cumulative evaporation (red curves). The continuous line corresponds to S1 evaporation,
and dashed line, to the transition into S2 evaporation. The black arrows indicate the time of
the addition of the salt layer to the profile. (A) and (B) indicate on HO and FU setups,
respectively. (1) and (2) indicate the conditions of non-saline, and saline setups,
respectively.
22
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While the numerical simulations strengthen the conceptual model and research hypotheses,
validation of the model and the physical processes presented by the conceptual model is
essential due to the numerical model limitations. These limitations include the lack of precise
and physically based information about the soil hydraulic properties in general and the salt
layer in particular. Moreover, as detailed above, the HYDRUS-1D model is reliable as long as

495

the hydraulic conditions permit to solve the Richards equation, which is not the case when the
system moves into S2 evaporation. Therefore, the following column experiments were
conducted.

4.4. Evaporation and salt precipitation in layered porous media
As aforementioned, the column experiments were filled with glass beads as detailed in Table
500

1, and in a reverse order to mimic loose, e.g., tilled soil. The evaporation process during the
column experiments of the three glass beads configurations saturated with the saline solution
are represented by a set of pictures in Figure 6. It is possible to follow the movement of the
drying front for the neutral homogeneous configuration (HO), and the compacted (FU)
structures, which coincides with the numerical model results. Water flow and drying processes

505

are also observed for the tilled (CU) setup.
For the HO structure, the evaporation front receded from top to bottom, as typically seen in
evaporation of porous media, and a notable efflorescence salt crust was observed (Figure 6A).
Salt precipitation started after ~54 hours of evaporation.
For the FU structure, the soil surface remained moist for the entire duration of the

510

experiment, while the drying front progressed upward, from bottom to top (Figure 6B). The
unique drying pattern of the FU structure, which mimics compacted soil, is a result of the
hydraulic properties of the top layer that had the highest capillary suction along the soil
profile. This structure results in a continuous upward flow of the solution from the coarser
layers at the bottom that have a lower capillary suction. A similar behavior was reported by
23
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Assouline and Narkis (2019) for DI water, where a detailed explanation of the impact of
layered structure on evaporation is given. For the FU setup, under saline conditions,
evaporation resulted in salt precipitation, at the soil surface, after ~54 hours of evaporation,
like in the HO case (Figure 6B).
For the CU structure, air penetration into the coarse upper layer was observed after 14 hours

520

of evaporation and a slow recession of the evaporation front downward was observed over
time (Figure 6C). For the CU case, no notable salt precipitation on the surface was observed.
Measurements and recording of changes in columns masses during the experiment enabled
to compute average cumulative evaporation, of the different setups, as presented in Figure 7.
Maximal values of standard deviation, for each setup, are detailed in Table 2. For the HO, the

525

duration of S1 with DI water was about 46 hours, with a cumulative evaporation of ~14 mm.
Total evaporation after 300 hours for the HO, DI water, was 23 mm. The relatively long S1
duration and high cumulative evaporation for HO, resulted in the formation of a notable
efflorescence salt crust (Figure 6a), with a thickness of about 3.5 mm as estimated from the
images. The saline conditions reduced the duration of S1 by more than 70%, and cumulative

530

evaporation at the transition from S1 to S2 was lowered by more than 50%, compared to
evaporation from initially DI saturated columns.
In agreement with the observed drying pattern (Figure 6b), it was shown that FU S1 was the
longest compared to all other setups (Figure 7). S1 duration for the FU structure was of 66 and
62 hours for the DI and saline conditions, respectively. Cumulative evaporation was also high

535

for the FU setup, with 11 and ~18 mm at the end of S1, for the saline solution and DI
conditions, respectively, and total cumulative evaporation after 300 hours, of 26 mm for the
saline solution, and 28 mm for the DI water. In comparison to the HO with DI water, the
cumulative evaporation of the FU, after 300 hours, was 13% higher (Figure 7). The long
duration of S1 for the FU, the persistence of the evaporation front at the surface of the
24
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column, and the corresponding high cumulative evaporation (Figure 7), led to the
precipitation of a notable efflorescent salt crust (Figure 6B) with a thickness of about 6 mm as
estimated from the images.
While saline conditions for the HO setup led to reduction of more than 50% in total
evaporation and major changes in duration and cumulative evaporation of S1, for the FU

545

setup, the impact of salinity was much less prominent. For the FU, the salinity reduced
cumulative evaporation and the duration of S1 by less than 10%, and cumulative evaporation
at the transition from S1 to S2 was reduced by less than 40% (Figure 7).
Unlike for the HO setup, the evaporation from the CU column showed a transition from S1 to
S2 after ~19 hours of evaporation, and a cumulative evaporation of ~3.5 mm and ~4 mm

550

(Figure 7), for the saline solution and DI water, respectively. These results and the relatively
quick transition into S2, coincide with the receding of the evaporation front downward as seen
in Figure 6c. During S2, evaporation was minimal, due to the low rate of vapor diffusion
through the dry coarse porous medium at the surface, and total cumulative evaporation after
300 hours was 10 mm, for both saline and DI conditions, which is less than half the cumulative

555

evaporation of the HO setup and ~61% lower than the FU. As aforementioned, for the CU
saline conditions, no salt crust was observed because of the low cumulative evaporation, and
the receding evaporation front, that detained the processes of salinity buildup at the soil
surface. The absence of the salt crust at the surface of the CU column explains the observed
negligible difference in evaporation between the saline and DI water setups (Figure 7).

560
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Figure 6: Evaporation and salt precipitation patterns for: (A) CU - with the coarse glass beads
at the upper levels; (B) FU - with the fine glass beads at the upper levels; and (C) HO –
homogeneous domain with the mixed glass beads. Numbers at the bottom indicate time
length of evaporation. Top and bottom of the blue arrows indicate the upper and lower
boundaries of the saturated zones, respectively. The orange circle marks locations of salt
precipitation.
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570
Figure 7: Cumulative evaporation for the coarse up (CU), fine up (FU), and the mixed (HO)
structures, for conditions of DI water (solid lines) and saline solution (dashed lines). Vertical
dotted lines indicate the transition from S1 to S2.
Table 2: Maximal values of standard deviation for cumulative evaporation measurements.
575
HO
FU
CU

DI - Water
5.833
5.928
1.297

Saline solution
3.312
4.957
0.676

4.5. Differences in salinity impact on evaporation
As shown above, the three different setups: HO, FU, and CU, responded differently for the
saline conditions, with the greatest impact observed for the HO, followed by the FU, and the
580

CU that presented minimal changes. Figure 8 presents the relative change in cumulative
evaporation for the different setups, over time. After ~5 hours of evaporation, all setups
presented a reduction of about 30% in cumulative evaporation compared to the DI conditions.
This reduction in evaporation may be a result of increased pore water NaCl concentration near
the evaporation front at the surface of the columns, which results in reduction of the solution

585

osmotic potential and vapor pressure. The 30% reduction coincides with the fact that vapor
pressure of a saturated NaCl solution, at 25 °C is equal to 2.401 kPa, which is ~25% lower than
the vapor pressure of pure water that is equal to 3.169 kPa (Lide, 2007). However, more
27
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interestingly, after these first five hours, the relative impact of salinity on evaporation started
to vary significantly, depending on the soil structural configurations.
590

The HO setup introduced a reduction in evaporation that was much greater than 25%, at the
order of 60%, throughout most of the evaporation process, with a maximal reduction of ~70%
after about 50 hours. Total reduction in cumulative evaporation at the end of the experiment
was around 50% (Figure 8). For the FU setup, the reduction in cumulative evaporation was
maintained at 30-35% for about 100 hours, which is close to the S1 duration of the DI setup

595

(~70 hours). After ~100 hours, the difference between the saline and DI setups for FU was
gradually moderated, along S2, and by the end of the experiment, total cumulative
evaporation of the saline FU setup was only 10% lower compared to the DI state (Figure 8).
For the CU setup, after the initial reduction of ~30% at the first five hours of evaporation, the
difference between the saline and DI conditions decreased, to very low values, and after 150

600

hours of evaporation, no differences were observed (Figure 8).
For both HO and FU setups, the greatest difference in evaporation between the DI and saline
conditions was observed during the time where the DI columns were at S1 and the saline
solution configurations moved into S2. The large difference between the DI and saline
condition for the HO during this time, at the order of 70%, indicates that the reduction of the
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solution vapor pressure is not the only mechanism that reduces evaporation. For the nonsaline condition the S1-S2 transition occurred after ~50 hours, for the HO setup. However, for
the saline condition, S2 started after ~10 hours of evaporation only, with a minor cumulative
evaporation at the order of 2mm.
From the HO-DI setup it is understood that at that time, the saline domain is moist enough to

610

supply water to the upper atmosphere-domain interface and that S1 should be sustained.
Therefore, it is concluded that the transition into S2 after ~10 hours, is likely a result of salt
precipitation and the development of the efflorescent salt crust on top of the HO domain. The
28
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precipitated salt crust acts as a mulching layer that results in hydraulic discontinuity between
the saturated domain and the atmosphere and vapor flow through the salt crust dictates the
615

evaporation rate. This is in agreement with observations from previous studies (Gran et al.,
2011; Nachshon and Weisbrod, 2015), and the numerical simulation.
For the FU setup, the fact that the differences in duration of S1 between the DI and saline
conditions were minor (Figure 7), and the reduction in cumulative evaporation during S1 is at
the order of 30-35%, suggests that the main mechanism that reduced evaporation was the

620

reduction of the solution vapor pressure. The negligible impact of precipitated salt crust, for
the FU setup, suggests that in this case the crust was hydraulically connected to the underlying
media and that liquid water was flowing towards the surface of the salt crust, where the
evaporation front was located. This hydraulic continuity suggests that the unique structure of
the FU state, that mimics compacted soils, enables water from the lower layers of the drying

625

profile to flow upward into and through the salt crust. It is suggested here that the hydraulic
continuity between the precipitated salt crust and the underlying domain was possible for the
FU and not for HO, due to the unique FU structure that keeps the upper layer of the domain
wet.
For the CU setup, it is believed that during S1, the increase of the NaCl solution concentration

630

at the evaporation front led to the observed reduction in evaporation at the order of 30%.
This is in agreement with the vapor pressure reduction of a saturated NaCl solution. However,
during S2 the differences between the DI and saline conditions decreased as vapor diffusivity,
through the porous domain became the factor controlling evaporation, for both cases.
The differences in the impact of salinity on evaporation between the HO and FU setups

635

(Figures 7-8), together with the differences in patterns of drying (Figure 6), support the
research hypothesis that even though more salt accumulation on the surface is expected in
compacted conditions, its impact on evaporation is expected to be moderate compared to
29
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neutral conditions, since the hydraulic connection to the surface persists longer and includes
the salt crust. We suggest that, in the case of a homogeneous soil, the receding evaporation
640

front breaks the hydraulic continuity to the salt crust. The water vapor diffusion process is
therefore slowed down by the addition, on top of the soil surface, of the dry salt crust that
acts as a mulching layer. For the FU setup, the high water content which is maintained at the
soil surface throughout the evaporation process, sustains the hydraulic continuity from the
saturated domain through the salt crust, towards its upper surface.

645

650

Figure 8: Relative difference in cumulative evaporation between saline and non-saline soil
water solution over time, for the loose (CU), homogeneous (HO), and compacted (FU)
setups.
5. Summary and Conclusions
This study investigates the effect of compaction on sand physical properties at the micro and

655

macro scales, and its impact on evaporation combined with salt precipitation processes.
Microscale properties such as the geometrical pore parameters were studied using X-ray
computed micro-tomography (µCT) techniques by scanning sand samples before and after
compaction. Compaction resulted in breakage of sand grains, reduced grain sizes, and pore
30
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average opening, mainly close to the source of compression. The spatial distribution of grain
660

number, for the top levels of the compacted domain, has a higher proportion of areas with
more grain numbers than the non-compacted and the lower levels of the compacted samples.
These results illustrated the non-uniform spatial distribution of the physical changes that the
soil undergoes through compaction. The impact of compaction decreases with depth, away
from the source of compression.
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Macro-scale soil compaction changes were evaluated by analyzing images that captured the
movement of colored sand grains and measuring their translocation before and after
compaction. The highest translocation was at the upper levels of the soil profile, and with
depth, translocation decreased. The distances between adjacent selected grains, before and
following compaction, indicated that compaction is not uniform along the sand profile, with

670

certain levels compacted more than others, strengthening the assumption of the
heterogeneous nature of soil compaction and the shear band effect.
Since compaction affects the particle arrangement along the profile in a non-uniform manner,
with maximal compaction at the relatively high layers of the soil profile, the impact of
compaction on combined evaporation and salt precipitation was observed using layered

675

columns packed with glass beads with increasing size with depth (FU). A reference setup
consisted of a homogeneous column packed with mixed glass beads sizes (HO). In opposition
to the compacted setup, a layered column where the glass beads sizes decreased with depth
represented a tilled soil profile (CU). The cumulative evaporation measurements and the
visual observations pointed to the significant impact of the different configurations on

680

combined processes of evaporation and salt precipitation.
For the HO structure, the evaporation front recedes from top to bottom. The relatively long
S1 duration and high cumulative evaporation for the HO setup resulted in a notable
precipitation of an efflorescence salt crust. The precipitated salt layer resulted in a sharp
31
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decrease in evaporation rate since hydraulic continuity to the surface is ceased, and the slow
685

process of vapor diffusion through the salt layer controls evaporation.
For the FU, the drying front propagated from bottom to top. S1 duration of the FU was long
for the saline and DI water, and the cumulative evaporation was high, which led to prominent
efflorescent salt crust precipitation at the surface. However, in contrast to the HO, even
though a notable salt layer was observed, its impact on evaporation at the FU structure was
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moderated compared to its impact for the HO setup. This is attributed to the stronger capillary
suction of the upper layers, at the FU structure, which pumps water from the underlying levels
upwards, maintaining high saturation at the soil surface, which supports liquid water
continuity from the soil to the evaporation front, at the salt crust upper surface.
For CU setup, a moderate recession of the evaporation front downward occurred over time

695

like in the HO configuration, and loss of hydraulic continuity to the surface was achieved
relatively early. Thus, the cumulative evaporation was low, salt precipitation was minor and
therefore negligible differences in evaporation between saline and non-saline conditions were
observed.
This work sheds new light on the impact that soil compaction, which is a common feature in

700

arable lands, has on bare soil evaporation processes, for saline and non-saline conditions.
Future studies should examine the findings of this study, under field conditions and to
determine whether the observed phenomena occur in the field, where the 3-D expression of
natural compaction will not necessarily create a layered soil profile. However, the insights
gained from this study indicate that one may consider the use of different agricultural

705

practices to control the degree of soil compaction, to the benefit of the water regime in the
root zone.
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