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Groundwater can saturate soil above the water table
within the capillary fringe associated with the pore
size of the parent soil. External evaporation has
been viewed as a mechanism for enhancing upward
flow, potentially creating problems of salt heave
beneath roads and foundations if the groundwater
is saline, analogous to concerns with efflorescence
in masonry. The role of internal evaporation in
promoting crystallization, and especially in altering
the transport process of the pore fluid, has been
recognized but is only partially understood. The
purpose of this paper is to examine evidence for
the upward percolation of brine accompanying salt
crystallization inside a porous granular material. A
series of experiments are described using vertical
flow columns packed with dry sand above a
reservoir of saline fluid, to explore whether salt
transport could take place by autogenous wicking
above the initial capillary fringe. The conditions
inside the columns were monitored at specific
elevations with sensors measuring bulk electrical
conductivity, dielectric constant and relative humidity.
Dendritic salt crystallization was observed inside
the sand, accompanying surface heave. Ultimately,
efflorescence on the surface led to the formation of a
salt crust. Some implications for the potential damage
to roads and foundations in arid regions, and to
masonry subject to rising damp, are discussed.

1. Introduction

The existing paradigm for the upward movement of
saline groundwater focuses on the possible raising of the
groundwater table due, for example, to the suppression
of surface evaporation by a newly constructed road
or building [1]. Of course, the capillary fringe of the
parent soil is also taken into account. The matter is
important in tropical regions where sodium chloride,
sodium sulfate or calcium sulfate salts cause damage
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to concrete foundations, and where road pavements can be damaged by haphazard heave caused
by subsurface salt crystallization. Analogous concerns affect masonry structures where salts can
migrate through stonework from mortar layers, or from the foundations, causing efflorescence
on exposed surfaces. Subflorescence, also known as cryptoflorescence referring to internal salt
crystallization, is associated in the literature with the surface of masonry having been sealed, and
it is blamed for damage due to spalling following internal crystallization [2]. The role of internal
evaporation in promoting crystallization, thereby altering the transport process of the pore fluid,
is poorly understood.

Capillary transport is driven by the potential pressure gradient from the source to a receding
wetting front, described with a diffusion equation in terms of sorptivity involving parameters
such as the permeability of the wetting material, its porosity and initial degree of saturation.
The essential boundary conditions to the flow are the superficial rate of evaporation and the
associated suction at the wetting front, which itself is a function of the pore size distribution,
the surface tension of the fluid, and it’s wetting angle on the grains. Culligan et al. [3] consider
the one-dimensional infiltration of a liquid into dry soil, and create a mathematical model
that recognizes the variability of soil permeability with the degree of saturation of the sand.
Hall et al. [4] use a similar model for rising damp in a wall under various environmental
conditions, and note that predictions of the magnitude of flow quantity should be useful in
predicting damage due salt crystallization. Some advances were made in models presented by
Scherer [5] of internal crystal growth during the hydration of concrete and by Le et al. [6], who
hypothesized the wicking action of solute films through internal crystallization. However, a lack
of physical evidence regarding the process of crystallization in coarse porous materials subject
to the capillary uptake of saline fluid, driven by evaporation, has obstructed understanding
of the consequential damage to shallow foundations and services in arid soils, and to
masonry walls.

(a) Salt migration on non-porous surfaces

There is, however, a better understanding of upward salt migration on non-porous materials.
If an initially dry solid is stood in a shallow tray of concentrated brine, salt will eventually
begin to migrate up the side of the object, first as a translucent layer of fine crystals and later
forming an outer skin of crystals in the form of dendritic outgrowths. This phenomenon was
initially referred to as creep [7,8] but here it will be termed autogenous wicking. The process
begins with evaporation causing the brine solution to become supersaturated, followed by the
nucleation of crystals at the brine meniscus. Further crystals develop from the solute films that
bound the crystals [9,10]. The repeated formation of crystals creates a fine-grained microporous
medium which enhances the upward movement of solute by capillary action, thus advancing
the crystallizing front in the fashion of a wick. The process was found [11] to continue while the
dendrite remained connected to the brine pool, and if the relative humidity of the surrounding
air remains below the point of deliquescence (DRH approx. 75% for crystals larger than 1 um) so
that evaporation can continue from the tips of the extremities of the dendrites. Figure 1 shows
salt wicking up a glass stirring rod as an initial film of semi-transparent crystallites (2) which
later develop secondary and tertiary dendritic outgrowths (b). In additional demonstrations we
were also able to reproduce salt self-wicking within a pack of 16 mm glass beads (c), so something
similar was expected among grains of sand.

(b) Salt migration at porous surfaces

Previous studies of salt migration in porous media have largely been confined to near-surface
effects through water evaporation from drying granular media leading to efflorescence [12,13]
or to near-surface subflorescence [14]. Grain size heterogeneity and changes in porosity have
been found to control efflorescence textures which govern the drying kinetics of saturated porous
media [15,16].
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Figure 1. Salt wicking above a brine pool (a) covering a glass rod, (b) formation of dendrites, (c) salt precipitation on 16 mm
diameter glass beads. Figure 1b,c adapted from [11].

(c) Saltmigration in granular media

Broader studies of salt migration (including [17,18]) make reference to pre-wetted unsaturated
soils rather than initially dry soils, so that salt transport could have been due to capillarity in
the parent medium rather than self-wicking. Prior to the planning of instrumented experiments
on salt transport through dry sand, an exploratory test was performed on a column of
initially dry glass ballotini standing in a shallow basin of brine. Solute first migrated above
the saturated capillary fringe, shown as arrow A in figure 24, and then towards the surface
causing subflorescence followed by efflorescence shown by arrow B. The upward path appears
tree-like or dendritic (figure 2b,c [11]), resembling the shapes formed by salt on the glass rod
(figure 1b). This observation of autogenous wicking above the saturated capillary fringe raises
the question of how this mechanism modifies the conventional mechanism of capillary rise into
dry media [19], what internal moisture and humidity distributions are associated with it, and
when significant boundary displacements may be anticipated. The processes which led to similar
dendritic structures of halite preserved in sedimentary rocks, as reported by Llewellyn [20] and
Southgate [21], as well as models representing salt crystallization in masonry accompanying
changes in humidity and moisture flow [22] may all have relevance here.

A variety of sensing technologies was considered.

Salt transport and the effects of crystallization, in porous sedimentary rocks, have been studied
using magnetic resonance imaging and optical microscopy [23], neutron radiography and X-ray
micro-tomography [24]. Salt wicking gives rise to interstitial fluid as liquid bridges between
crystallites and films at crystal boundaries, and electrical conductivity measurements were able
to prove connectivity between migrating salt and its source brine [11]. In porous media, the
presence of salt might similarly be detected by the measurement of changes in dielectric constant
and bulk electrical conductivity by time domain reflectometry (TDR) techniques. Subflorescence
and efflorescence resulting from crystallization of salt can be visually observed as an increase
in surface height but precise monitoring of salt crystallization in porous rock has also been
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(b) (c)

Figure 2. Dendritic migration of salt into dry glass ballotini (600—425 ttm). (a) Showing dendrite above the capillary fringe (A)
with raised surface capped by salt (B), (b) close-up of dendrite, (c) outline of dendrite accentuated.

undertaken using dilatometers [25]. The migration of salt in initially clean porous media can also
be tracked through variations in relative humidity since water vapour is released at the point of
salt crystallization from a fluid film [26,27]. An increase in evaporation rate within porous media
has also been associated with subflorescence [14]. The points of salt crystal deliquescence and
desiccation are controlled by the water vapour pressure within the pores, and the temperature,
which makes relative humidity an important parameter to monitor for salt in its migratory phase
and the states in which it may exist.

This paper describes a series of experiments performed in vertical flow columns packed
with dry sand above a pool of saline (NaCl) fluid, to explore whether salt transport could be
explained solely by the capillarity of the sand or whether additional salt wicking occurred.
Extending the work of Sghaier et al. [14] on porous rock, it was intended to track salt rise
from its source in groundwater and to link subflorescence to observations of heave. Boundary
conditions were established to ensure that each test was performed in a controlled manner. These
comprised constant solute concentration and a maintained elevation in the pool at the base of
the column, and the exposed sand at the top of the column being subjected to a steady flow of
dry air. The tests were performed in an incubator under a constant temperature of 35°C. The
internal conditions were monitored at specific elevations with sensors measuring bulk electrical
conductivity, dielectric constant and relative humidity.

2. Experimental techniques

(a) Materials

The groundwater used in the flow column experiments consisted of 350 g of sodium chloride
reagent (Sigma Aldrich™ >99.8% purity) dissolved in 1litre of deionized water. This relates to a
concentration of 5.98 M where 6.2 M is the concentration of aqueous sodium chloride at saturation.

The granular medium used in the flow column was a subrounded, natural silica sand supplied
by the David Ball Group Ltd (Cambridge, UK), graded as Fraction D with grain sizes between 0.40
and 0.15mm. The particle size range chosen should sustain a saturated capillary fringe height of
63 = 10 mm for 6 M sodium chloride brine at 35°C, as explained below. This estimate was based
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upon an equivalent capillary tube using the Young-Laplace equation:

he— ZT.cosel 21)
Pw-8T
where /i is the capillary height, T is the surface tension, 6 is the equilibrium or static contact angle
between substrate and fluid, p is the density of the fluid, g is the acceleration due to gravity and
r is the equivalent pore radius. This equivalent radius was estimated by separate capillary rise
experiments in the same sand but with pure water.

The justification of values used to transform the capillary height from water to brine are
based upon published data and independent tests of surface tension and contact angle. Sadeghi
et al. [28] measured the surface tension of brine at sodium chloride concentrations up to 3M and
at temperatures between 30°C and 60°C and showed a reduction of 0.2 mNm~! per 1°C which
matched independent checks of surface tension using 5M sodium chloride at 25°C and 30°C.
Ozdemir et al. [29] measured the surface tension of 6 M brine as 81 mNm™! at 20°C and so a
value of 78 mN m~! should be appropriate at 35°C.

Sghaier et al. [30] measured the static contact angle of aqueous sodium chloride at 20°C and at
various concentrations by the sessile drop method on chemically cleaned glass microscope slides.
The contact angle was found to increase with concentration at constant temperature. For water on
treated glass plate, static contact angles were found to increase slightly with temperature [31] but
specifically for sodium chloride at constant concentration but elevated temperatures, published
data appear to be absent. Independent tests were therefore carried out on chemically cleaned glass
plate using the Wilhemy balance method to measure the dynamic contact angle at 25°C, 30°C and
35°C in 5M sodium chloride solution. The Wilhemy balance is an indirect force measurement of
the effects of fluid on a vertically inserted glass plate. As the plate remains in contact with the fluid
at constant concentration this allows better temperature control than the sessile drop method. At
an insertion rate of 0.1mms~! to a depth of 5mm, no temperature effects were found on the
advancing contact angle. This could suggest that the static contact angle of 50°, extrapolated from
the data presented by Sghaier et al. [30], for 6 M aqueous sodium chloride could also be applied at
35°C. Laboratory analysis with a 5M solution of sodium chloride between 25°C and 35°C showed
the density of aqueous sodium chloride to reduce by 0.01 gcm™2 over a 15°C increment. A value
of 1.182 g cm~3 has been taken as the density of 6 M sodium chloride at 35°C.

Water content measurements in columns of Fraction D sand which had been allowed to achieve
a stable capillary rise of pure water at 20°C were obtained by weighing soil slices taken at 30 mm
intervals at the end of the experiment, and by inferring water contents during the experiments
from dielectric constant measurements obtained by TDR probes. The saturated capillary height
of pure water was thereby estimated to be 105 mm (£15 mm). This corresponds to an equivalent
pore diameter in equation (2.1) of between 0.25 and 0.33 mm. The effective pore diameter of soil
is often assumed to be the diameter of particles representing the 10% fine fraction (or Dyg) [32].
The Dy value for Fraction D sand based upon sieve analysis is approximately 0.20 mm, which
is seen to slightly under-predict the Young-Laplace pore diameter in this case. Transforming
the observed heights for water at 20°C to brine at 35°C, using the parameter values deduced
from the foregoing references, the estimated height of the saturated capillary zone of brine,
in the absence of evaporative internal salt crystallization, is 63 & 10 mm. The corresponding
depths of the saturated capillary fringe below the surface of the sand are given in table 1 for
each experiment.

(b) Flow column

The flow columns used in the experiments were 300 mm high x 100 mm internal diameter and
composed of transparent cast acrylic. A 50 mm long x 140 mm OD section of acrylic tube referred
to as the ‘top cap” was mounted on a stainless steel flange of the same outer diameter and an
internal diameter of 100 mm. The flange was attached to the flow column by placing screws
through the column walls. A clear acrylic disc of 140 mm outer diameter was attached to the top
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Figure 3. The flow column: (a) general arrangement (dimensions are given in millimetres) (not to scale); (b) typical plan view
of sensor arrangement and (c) two instrumented columns within an incubator.

Table 1. Properties of each test prior to and just after adding groundwater.

dry density porosity Brine level estimated capillary solute conductivity
experiment (gm™) (mm)? fringe depth (mm)? (mScm~)

3Below top of flow column.

of the top cap with an air diffuser placed at the centre—the diffuser would allow dry compressed
air to be distributed evenly at the top of the column. An outlet for air was placed at the base
of the top cap. A plastic microporous filter of 4 mm thickness and 100 mm outer diameter was
placed above the base of the flow column by wall mounted support and holes drilled into the
walls at and below the filter to allow air escape when the column was stood in a tray of water or
solute. Sensors were sealed into “T’-shaped sockets so that they could be mounted at the side of
the column and be embedded in the sand. Holes to accommodate the sockets were cut through
the flow column walls at a distance of 15, 35, 70, 100 and 130 mm from the top of the flow column,
below the top cap. Each hole was 18 mm diameter with a 25 mm countersunk on the outside of
the column to fit the sockets and ensure a good seal. The flow column used in the experiments is
presented in figure 3.
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Figure 4. Calibrations for 50 mm long TDR probes: (a) dielectric constant versus with volumetric water content and
(b) electrolyte electrical conductivity versus bulk electrical conductivity. (Online version in colour.)

(c) Time domain reflectometer

The presence of and change in polarizing fluids within the sand was sensed using TDR with
three-rod probes. TDR is a common method for measuring changes in dielectric constant using
the technique of electromagnetic wave propagation through solid metal rods acting as wave
guides which are surrounded by the dielectric medium under test. The waves travel to the end
of the waveguide and are reflected back. The additional delay before the electromagnetic wave
returns depends upon the dielectric contrast at the end of the wave guide and this is sampled in
TDR measurement. A Campbell Scientific® TDR100 was used, which combines a fast time pulse
generator with a pulse length of 14 us with a combined timed response (pulse generator and
sampling circuit) of less than 300 ps. The system allows the user to select the waveform sampling
resolution, which depends on the cable length and average velocity along with the length of
conductor to be sampled and the signal resolution, soil properties and length of the probes. The
TDR100 is connected to a multiplexer (SDMX50), also supplied by Campbell Scientific, allowing
up to eight separate measurements.

Three-rod probes of 50 mm length, 1.44 mm diameter and composed of 316 grade stainless steel
were fabricated according to the method described by Robinson et al. [33]. The probes were then
calibrated to measure the offset between the changes in dielectric constant between the coaxial
cable and the junction of the probes. An empirical relationship between dielectric constant and
volumetric water constant was then determined using Fraction D sand compacted to a uniform
porosity and saturated with deionized water before being allowed to drain naturally. Dielectric
constant measurements were taken along with water loss determined by weighing, as presented
in figure 44, and compared with the work of Topp et al. [34].

TDR can also be used to measure the conductivity of the medium as the amplitude of the
reflective signal is dependent on the conduction between the probes. The magnitude of the
reflected signal then depends upon the concentration of ions within the pore water. This inherent
property is used to measure bulk electrical conductivity in the vicinity of the probe rather than
at a single point of contact (in the case of specific electrical conductivity). To correct for signal
loss in the cables and across the multiplexer, the probes were calibrated according to the method
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Figure 5. (a) Details of apparatus to measure dielectric permittivity, bulk electrical conductivity and volumetric water content;
(b) test being carried out. (Online version in colour.)

presented by Castiglione et al. [35]. This involved measuring the signal reflection coefficients
in open air and shorted in a brine at 284 mS cm™!, to obtain the maximum and minimum
conductivity respectively. The probe constant, which was unique for each probe, was obtained
by immersing the probes in varying electrolyte concentrations and measuring the corresponding
bulk electrical conductivity. Figure 4b presents the relationship between measured probe bulk
electrical conductivity and conductivity of the electrolyte used to saturate the soil.

The use of TDR for measuring dielectric constant and bulk electrical conductivity has,
according to the literature, been confined to soil that contains low salinity pore water. In a
highly conductive medium the TDR pulse is attenuated and thus without probe and/or technique
modification dielectric constant readings become unreliable [33]. However, dielectric changes can
be qualitatively assessed along with bulk electrical conductivity measurements to show changes
in soil in the presence of polarizing fluids.

The assessment was first performed in a test cell containing Fraction D sand compacted to a
porosity of 0.35 in which a TDR probe had been horizontally placed. The cell, shown in figure 5,
was saturated with electrolyte of known electrical conductivity and left to dry by evaporation.
Measurements of dielectric constant and bulk electrical conductivity were periodically taken
along with test cell weight to determine weight loss and average volumetric water content.
Figure 6 presents the data obtained for dielectric constant and bulk electrical conductivity related
to volumetric water content. The data have been limited to a dielectric constant of 20 which
equates to a volumetric water content of 0.35 or full pore saturation for these soils. The empirical
relationship determined by Topp et al. [34] shows that pore fluid up to an electrical conductivity of
22mScem~! will also correspond to full saturation (for these probes, at this porosity). For higher
salinity soils, a dielectric constant of 20 corresponds to lower volumetric water contents. There
are only subtle differences of dielectric constant between levels of salinity above 22mScm™!
using the TDR method. However for bulk electrical conductivity, differences are apparent. The
data shows that up to a volumetric water content of 0.08 (for dielectric constant) and 0.05 (for
bulk electrical conductivity) there is a linear relationship regardless of salt concentration. For
dry soils, the range of dielectric constant is three to five, but the bulk electrical conductivity
is zero.

The data therefore indicate that while the dielectric constant remains below five traces of solute
can provide a conductive path for bulk electrical conductivity measurements. This conductive
path may be in the form of solute films between grains and within salt dendrites. These subtle
differences may be used to show the presence of salt within dry media.
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Figure 6. Dielectric constant (a) and bulk electrical conductivity (b) versus volumetric water content for pore water of elevated
salinity. Horizontal dashed line in (a) denotes upper dielectric constant for mineral soil. (Online version in colour.)

(d) Relative humidity sensors

Relative humidity and temperature chips made by Sensirion© (SHT71) were used in the flow
column experiments to measure the conditions inside the soil above the capillary fringe. The chips
contain a capacitive sensor element for measuring relative humidity and a band-gap sensor for
temperature measurement, both coupled to a 14 bit analogue to digital converter. The accuracy of
the sensor was +3% relative humidity. The sensors were connected to an evaluation kit (EK-H4)
made by Sensirion© which included a four channel multiplexer and logger.

(e) Proximity sensor

To measure changes to the surface height at the top of the column, without contact to the surface
which might alter water vapour and salt movement, a laser proximity sensor (Baumer OADM
1216430/S35A) with a 10 mm maximum sensing range was used. Readings were made using a
logging unit.

(f) Flow column preparation

To maintain boundary conditions both the depth of groundwater and the concentration of the
solute had to remain constant. A torsional induction sensor (Hach Lange™) was installed in the
groundwater pool below the flow column to monitor salt concentration. Both the groundwater
concentration and level were maintained by injections from a separate tank of solute and
administered by a peristaltic pump. Four experiments were undertaken consecutively, each
with the groundwater level and concentration maintained; the properties of each flow column
experiment are presented in table 1.

The sensors were placed strategically to monitor changes taking place within and above the
capillary fringe and to determine the commencement of salt heave due to subflorescence and,
ultimately, efflorescence at the top of the column. The sensor placement below the top of the
column was as follows for all four experiments: TDR probes at 130 mm and 70 mm and relative
humidity sensors at 130 mm, 100 mm and 35 mm, each measured with respect to the sand surface.
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At 15 mm below the top of the column a TDR probe was inserted in experiments 1 and 4, and a
relative humidity sensor in experiments 2 and 3.

To construct the flow models, dry sand was added in layers on a vibrating table around the
sensors installed in the wall of the flow column. The laser proximity distance sensor (Baumer
OADM 1216430/S35A) was attached to the top cap with the laser pointing down, off-centre, onto
the exposed surface of the sand. The top cap was attached to the top of the flow column and air
at 1% relative humidity was allowed to flow over the top of the sand at a rate of 101 min~! and
exit just below the top cap.

The brine was placed in a shallow basin, the flow column added and the experiment housed
in an incubator to maintain a constant 35°C temperature.

3. Results

(a) Surface heave

Between the saturated capillary fringe where relative humidity is around the point of salt
deliquescence (between 74% and 76% relative humidity) and the top of the column where
the relative humidity is kept very low (about 1%), salt can precipitate within the sand. Any
precipitation of salt beneath the surface may give rise to a detectable vertical movement at the
surface if the salt crystallization displaces the sand rather than growing inside the pores. The salt-
induced heave for each experiment is presented in figure 7. The differences between experiments
can be attributed to the variability in soil properties and ground water levels shown in table 1.
In experiment 1, the sensor height range was limited to allow the measurement of any negative
displacement which might occur. The point where salt appears at the surface in each experiment
was also recorded.

The commencement of heave and efflorescence is presented for each experiment in table 2. The
data provide convenient markers to correlate with measurements from other sensors.

The first point of heave in experiment 2 at about 25 h is ignored because the rate of heave is not
sustained after the initial rise. This unexplained phenomenon may be associated with anomalous
salt nucleation effects and fluctuation in groundwater during initial capillary rise at the base of
the column.

The flattening off of the displacement in experiments 3 and 4 from 290h and 180 respectively
is associated with changes taking place within the subflorescence zone just beneath the surface of
the sand.

(b) Results within the capillary fringe

TDR probes and relative humidity sensors at 130 mm are close to the estimated capillary fringe
for each experiment in table 1. The rise of fluid by capillary action above the constant solute
level can be observed in figure 8 showing changes in dielectric constant and bulk electrical
conductivity. The point of heave occurs well beyond the attainment of a dielectric constant of
20 in all experiments and is consequently not marked in the figure.

Relative humidity measurements at 130 mm, presented in figure 9, indirectly indicate the
proximity of fluid by registering water vapour in air-filled pores. The reported ranges for
deliquescence relative humidity (DRH) above which crystals absorb water vapour and pass back
into solution, and the efflorescence relative humidity (ERH) at which crystals desiccate and below
which continuous water films cannot be sustained, are presented on the plot as 74-77% and 41—
56%, respectively [36,37], each covering a range of crystal sizes. Between these limits, salt can
exist as a solid with liquid-film boundaries and can therefore form dendrites. The point of heave
initiation in each experiment coincides with the point where relative humidity becomes constant
within the region suitable for dendrite growth. The measured relative humidity at 100 mm depth
(shown in figure 10) shows a delay in the rise of relative humidity associated with nucleation of
salt above the capillary fringe.
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Figure 8. (a,b) Changes in dielectric constant and bulk electrical conductivity
Value in parenthesis is the sensor height in relation to the estimated initial heig

Table 2. Time before heave and salt efflorescence to commence.

experiment

start of heave (hours)

(c) Results in the mid-part of the flow column

at 130 mm below the top of the flow column.
ht of capillary fringe.

efflorescence (hours)

Judging simply from its colour as seen through the PerspeXx, rather than analysis of digital images
to obtain radiance, the sand in the mid-section of the column, between 35 and 70 mm from the
top of the flow column, apparently remained dry. The test data from the TDR probe at 70 mm
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Figure 9. Change in relative humidity at 130 mm below the top of the flow column. Value in parenthesis is the sensor height in
relation to the estimated initial height of capillary fringe.
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Figure 10. Change in relative humidity at 100 mm below the top of the flow column. Value in parenthesis is the sensor height
in relation to the estimated initial height of capillary fringe.

are presented in figure 11. The data have been curtailed at the point where salt effloresces at the
surface in each experiment. The horizontal dashed line on the dielectric constant plot represents
the upper limit for mineral soil which when exceeded indicates that fluid exists within the
pore space.

In tandem with table 2, the data show that up to the point of heave in each experiment the
dielectric constant stays within the mineral range for soil but is slightly conductive as shown
by the non-zero bulk electrical conductivity. From the point of heave to the time when salt first
appeared at the surface, there is a significant increase in both bulk electrical conductivity and
dielectric constant in experiments 1-3 but almost negligible change detected in experiment 4.

Relative humidity changes at 35 mm below the top of the sand are presented in figure 12. The
low initial humidity is associated with the dry air stream maintained at the top of the column.
The point of heave is associated with the onset of a strong increase in relative humidity although
the magnitude of relative humidity at the probe differs between experiments 1 and 4, and 2
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Figure 11. (a,b) Change in dielectric constant and bulk electrical conductivity at 70 mm below the top of the flow column. Value
in parenthesis is the sensor height in relation to the estimated initial height of capillary fringe. (Online version in colour.)
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Figure 12. Change in relative humidity at 35 mm below the top of the flow column. Value in parenthesis is the sensor height in
relation to the estimated initial height of capillary fringe.

and 3. In each case, the relative humidity at the onset of heave is consistent with the growth of
dendrites, and the occurrence of efflorescence on the surface marks the approach of deliquescence
just beneath the surface.

(d) Results close to the top of the column

Conditions in the flow column at 15mm below the soil surface were monitored in two
experiments using TDR and two experiments with relative humidity sensors. The results for
dielectric constant and bulk electrical conductivity are presented in figure 13, and for relative
humidity in figure 14. Dielectric constant stays within the expected range for mineral soil
indicating no pore fluid. A change in bulk electrical conductivity, especially in experiment 4, may
however suggest solute films are present. The relative humidity remains low up to 75h due to the
incoming dry air at the surface until just before the onset of heave when it begins to rise. During
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Figure 13. (a,b) Change in dielectric constant and bulk electrical conductivity at 15 mm below the top of the flow column. Value
in parenthesis is the sensor height in relation to the estimated height of capillary fringe. (Online version in colour.)
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Figure 14. Change in relative humidity at 15 mm below the top of the flow column. Value in parenthesis is the sensor height in
relation to the estimated initial height of capillary fringe.

heave, the relative humidity rapidly increases reaching a peak sustained humidity at around the
point where salt deliquescence takes place prior to the appearance of salt at the top of the column.

4. Discussion

The rate and extent of the rise of water above the water table, into initially dry sand, is
dependent on its pore size which controls both the maximum suction at the wetting front and
the permeability of the sand. The initial upward migration of brine initially follows the same
mechanism, albeit with different parameters corresponding to the surface tension, wetting angle
and unit weight of the brine. However, an additional phenomenon then becomes apparent.
Dendrites of salt crystallization begin to grow above the original capillary fringe of the parent
sand. This process, described here as autogenous wicking, is controlled by the width of fluid films
that coat salt crystals formed as water evaporates from the advancing dendrite. Capillarity within
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Figure 15. Relative humidity distribution as a function of sensor elevation for (a) experiment 2 and (b) experiment 3.

the dendrites should be controlled by the size of crystals more than the size of the sand. However,
the exact processes which allow dendrite development are still under discussion [38]. Once a
dendrite has started to grow, upward flow will continue along it in preference to the creation of
independent flow paths nearby, so the advance appears as a percolation process. Similar upward
dendritic growth caused by evaporation-coupled capillarity has been reported by Du et al. [39].

Although autogenous wicking is inherently heterogeneous, the changes in relativity humidity
in the air-filled pores above the saturated capillary fringe benefit from the diffusion of water
vapour, so spot values can be used to infer dendrite growth. The relative humidity around the
dendrite must neither exceed the value required for salt crystals to pass back into solution by
deliquescence nor be inferior to the value required to prevent desiccation of the fluid films that
must connect a growing dendrite to its brine source. A delayed increase in relative humidity
above the zone of capillary saturation demonstrates the advance of dendrites in the vicinity.
This is shown in figure 15 where the relative humidity changes according to sensor elevation
are plotted as isochrones.

Evidence of internal salt crystallization is also provided, in an integrated way, by the
measurement of surface heave. Finally, salt dendrites can be exhumed from the sand above the
capillary fringe at the end of an experiment which has been sufficiently long in duration to
permit their growth (figure 16). Heterogeneity above the saturated zone causes the readings of
other internal sensors to require a more subtle interpretation, however. TDR sensors that do not
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Figure 16. Relict salt dendrite within a flow column containing granular media. (Online version in colour.)

happen to intersect a dendrite may show only marginal increases in bulk electrical conductivity
and dielectric constant, compared with values for dry sand.

Figure 17 presents a conceptual model of salt migration from a shallow solute reservoir
through initially dry porous material until the appearance of salt at the surface. The model shows
a sequence of events that could take place within the flow column as recorded by the sensors.
These comprise three phases according to observable physical changes taking place in the column.
The first phase, in stages (i) and (ii), establishes the capillary fringe and includes the initiation of
salt dendrite growth within the existing pore structure of the sand. The second phase, in stages (iii)
and (iv), features more significant subflorescence with dendrite growth sufficient to displace sand
grains, and therefore promote the initiation of surface heave. In the final phase, stage (v) shows
salt efflorescence taking place.

Stage (i) is captured by the TDR probes at 130 mm depth. A rapid increase in both dielectric
constant and bulk electrical conductivity is consistent with the rise of the capillary fringe
containing the solute, as shown in figure 8.

Stage (ii) is represented by an increase in relative humidity at 100 mm depth (shown in
figure 10) in response to the general capillary rise of fluid, before stabilizing. In experiments 1
and 4, the relative humidity reaches the point of deliquescence suggesting that the solute in the
capillary fringe is close to the sensor. In experiments 2 and 3, the equivalent sensor is higher than
the predicted capillary fringe and relative humidity remains between the ERH and DRH upper
limits. The relative humidity is maintained by water vapour release from salt dendrites above the
capillary fringe. Subtle changes in dielectric constant and bulk electrical conductivity at 70 mm
depth (shown in figure 11) and the slight increase in relative humidity in sensors at 35 mm depth
(shown in figure 12) may indicate salt dendrite migration.

Stages (iii) and (iv) show the development of subflorescence where migrating salt dendrites
encounter low relative humidity and salt crystals precipitate. Salt accumulation gives rise to
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Figure 17. Conceptual model showing migration of salt through dry porous media. (Online version in colour.)

particle relocation and compaction, which is observed as surface heave as shown in figure 7.
Below the zone of subflorescence the relative humidity would remain high due to the evaporation
of solute from salt dendrites, shielding the region from the dry air stream at the top of the
column. In experiments 1 and 4 (figure 12), the relative humidity recorded by the RH sensor
at a nominal depth of 35mm is seen to be low when heave is first detected, suggesting that
subflorescence is then occurring below that elevation. By contrast, the relative humidity at first
heave in experiments 2 and 3 is high at that depth indicating that subflorescence had already
progressed above that sensor. In experiments 2 and 3 at the higher elevation, 15mm below the
top of the column, the relative humidity at the point of heave is low suggesting that the zone of
subflorescence has not yet reached that sensor (figure 14).

Stage (v) sees dendrites arriving at the top of the column and creating efflorescence in the
form of a salt crust. Relative humidity readings 15 mm below the top of the column (shown in
figure 14) indicate that the point of efflorescence in the dry air is marked by deliquescence being
reached immediately beneath, implying the availability of free brine below the salt crust. TDR
measurements following the start of heave (figure 13) show slight increases in both dielectric
constant and bulk electrical conductivity though data are confined to experiments 1 and 4 where
no relative humidity measurements were made at this elevation.

5. Conclusion

Rising salt encrustation has previously been observed on non-porous surfaces in contact with
a pool of brine. The mechanism has been termed autogenous wicking, and it depends on
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the nucleation of salt crystals that engender capillary rise, while the solute evaporates from
the growing tips of the resulting dendrites. This paper now reports evidence for a similar
percolation mechanism occurring inside an initially dry granular material, above the capillary
zone that could otherwise be anticipated from knowledge of its effective pore size. The new
transport mechanism was examined in flow column experiments on dry sand, using sensors
to monitor the changing properties of the medium as enhanced capillary rise took place and
salt crystallization occurred. Changes in dielectric constant and bulk electrical conductivity
showed the rise and extent of the solute in the saturated capillary fringe. Measured changes
in relative humidity above the capillary fringe, coupled with surface heave, were consistent
with the growth of salt dendrites above the saturated fringe, causing progressive expansion
due to the internal crystallization. Subtle changes in dielectric constant and bulk electrical
conductivity from probes above the saturated capillary fringe suggested that continuous solute
films are present between grains boundaries in the dendrites, rather than as pore fluid within
the parent sand. The ultimate evolution from the growth of internal dendrites (subflorescence)
to the formation of a salt crust (efflorescence) was also recorded by the sensors. The study casts
doubt on the long-term efficacy of tipping coarse, dry granular material over brine-rich soils in
an attempt to prevent salt rising into road pavements or foundations placed above. Similarly,
the use of coarse-grained masonry on exposed surfaces may not be an antidote to subflorescence
and spalling in an environment with saline groundwater and a dry atmosphere. In each case,
an impermeable membrane may be required, though further research is needed to establish
appropriate conditions.
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