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Abstract:

This study investigates the drying-induced microstructure evolution of compacted silt with
different salinities, using mercury intrusion porosimetry (MIP) and environmental scanning
electron microscope (ESEM). The pore size distribution (PSD) of specimens compacted near
optimum (w = 17%) exhibited bi-modal characteristics. Upon drying (w = 8%), the PSD
changed to tri-modal pattern with appearance of a new nano-pore population. This suggested
the development of nano-fissures which could occur in the clay fraction and at the interface
between clay particles and silt/sand grains due to the clay shrinkage. With further drying (w =
3%), the nano-pores disappeared and the PSD recovered to bi-modal characteristics, suggesting
that the created nano-fissures were enlarged until they became micro-fissures. The salinity
seemed to decrease the frequency of the drying-induced micro-pores due to the enhanced
mechanical strength of salted soil by the soil aggregation resulting from the compression of
diffuse double layer and a possible cementation effect produced by precipitated salt. However,
the salinity effect was relatively low, due to (i) the low clay fraction (15.7%) and the low activity
clay minerals (illite, chlorite and kaolinite), (ii) the low specific surface area (24 m?/g) which
limited the salinity effect on diffuse double layer.
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1. Introduction

Upon drying, water evaporation results in soil shrinkage and modifies soil fabric, which can
greatly affect the soil hydro-mechanical behaviour and cause damage to infrastructures such as
embankments, dikes, slopes, landfill liners, waste barriers etc. (Morris et al., 1992; Miller et al.,
1998; Yesiller et al., 2000; Albrecht & Benson, 2001; Tay et al., 2001; Miller & Rifai, 2004; Li
& Zhang, 2011; Tang et al., 2012). Therefore, understanding the microstructure evolution
during drying is essential for the assessment of sustainability of geotechnical constructions in

which soils are subjected to the effect of climate changes.

MIP and ESEM have been widely applied to investigate the soil microstructure. These
techniques allow identifying and quantifying the changes in micro-fabrics under the effect of
suction (Simms & Yanful, 2001, 2002; Boso et al., 2005; Romero et al., 2011; Burton et al.,
2015; Liu et al., 2016a, 2016b; Menaceur et al., 2016; Sun & Cui, 2018). Liu et al. (2016a)
pointed out that three modes of pore size evolution existed during drying for reconstituted
clayey soil. The first and second modes involved soils which exhibited initial uni-modal PSD -
a significant decrease of peak pore frequency but without variations of modal size for the first
mode; a decrease of the modal size by almost two orders of magnitude but without significant
reduction in peak magnitude for the second mode. A third mode corresponded to a bi-modal
PSD where drying resulted in a reduction of macro-pore (or inter-aggregate pore) volume and
thus an increase of micro-pore (or intra-aggregate pore) volume in which the macro-pores and
micro-pores were delimitated at entrance pore diameter of 0.22 pum. Zhang et al. (2017)
conducted MIP tests on dried low plasticity soil slurries and reported that the uni-modal PSD
curves first experienced a shift of the peak pore modal size to a lower value without much
reduction of magnitude. But with further drying, the uni-modal PSD curves changed to a bi-
modal pattern. Sun & Cui (2018) reported that upon drying, the soil PSD curves shifted first to
a smaller diameter. Then, micro-fissures started to develop in the clay fraction and at the
interface between silt grain and clay particles when the silt slurry reached the water content at
air entry value. With further drying, the micro-fissures became larger and larger and finally
shifted to larger pore population. This kind of micro-fissures was observed on soil slurries

during drying on SEM micrographs by Bruand & Prost (1987) and Wei et al. (2013).

However, the desiccation cracks occurred not only for soil slurries (Péron et al., 2009; Tang et
al., 2011a; Zhang et al., 2019), but also for compacted soils (Simms & Yanful, 2004; Romero

et al., 2011). For compacted soils, it has been commonly admitted that, as the water content



decreased, the reduction of macro-pores was accompanied by an increase of micro-pores, which
was mainly attributed to the clay shrinkage that transformed some macro-pores to micro-pores
(Simms & Yanful, 2001, 2002; Cuisinier & Laloui, 2004; Koliji et al., 2006; Romero et al.,
2011).

As far as the salted soils are concerned, inhibition of macro-crack development could be caused
by the cementation effect of salt crystals (Zhang et al., 2016) and by the enhanced mechanical
strength of soil aggregation resulting from the shrinkage of diffuse double layer (He et al., 2016;
Zhang et al., 2019). Zhang et al. (2017) investigated the microstructure of silt slurries upon
drying and reported that the sodium chloride (NaCl) solution led to a noticeable reduction of
total porosity, and an increase in predominant pore entrance diameter. Liu et al. (2016b)
performed MIP and SEM tests on oven-dried and freeze-dried compacted specimens which
were initially immersed in distilled water or salt solutions. They observed that the total void
ratio and the volume of macro-pores decreased as salt concentration increased due to the
crystallization of salts: the higher the salt concentration, the more the precipitated salts and the

more the pores filled by salt crystals.

The above mentioned studies showed that many studies have focused on the desiccation
cracking and the drying-induced microstructure evolutions of slurries and compacted soils.
Even though a few studies were devoted to the salinity effect on the microstructure changes of
soil slurries during drying, there is a lack of studies that link the salinity effect on the
microstructure evolutions of compacted silt upon drying. In this study, drying tests were
conducted on a compacted silt with three different soil salinities. The microstructure of as-
compacted specimens and dried specimens were analysed by means of MIP and ESEM.
Emphasis was put on the role of clays (clay fraction and clay mineralogy) while analysing the

combined effects of drying and salinity.

2. Materials and methods
2.1 Materials

The soil studied was taken from Les Salins de Giraud in southern France. It is the same soil
used for the dike construction at Les Saline de Giraud. The geotechnical properties are
presented in Table 1. As shown in Fig. 1, this soil contains 17% clay-size particles (< 0.002
mm), 63% silt (0.002 ~ 0.075 mm) and 20% fine sand (0.075 ~ 2 mm). According to the Unified



Soil Classification System (ASTM D2487-00, 2000), this soil is a sandy silt.

Table 1. Characteristics of the tested soil.

Property Value
Liquid limit, wi (%) 29
Plastic limit, wy (%) 19
Plasticity Index, I, 10
Specific gravity, Gs 2.71
Specific surface area (Spot test of 24
MB) (m?/g)
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Fig. 1. Grain size distribution of the tested soil.

Mineralogical analysis shows that the main minerals of soil are 39% quartz, 35% calcite, 9.5%
feldspars, 0.8% halite NaCl, and 15.7% clay minerals including 10.8% illite, 3.6% chlorite and
1.3% kaolinite. As reported by Ying et al. (2020a), the soil salinity (»°) of natural soil, defined
as the mass ratio of salt to soil, is 2.1%o (g of salt/kg of dry soil). The main ion species of soil
pore water are CI', Na*, K*, Ca?*, and Mg?* (Ying et al., 2020a), which are similar to the salt
composition of synthetic sea water according to the French standard (AFNOR  NF P 18-837,
1993), as shown in Table 2. Thus, for practical reasons, the five main salts of synthetic sea
water were used to prepare the salted soil from initial natural soil. The target soil salinity of
salted soil was 6.76%o (g of salt/kg of dry soil), which corresponded to the near seawater salinity
of r =34%o (g of salt/kg of salty water) when the water content of soil was fixed at 20%. More
details about the salted soil preparation can be found in Ying et al. (2020a).



Table 2. Salt composition of synthetic sea water.

Salts NaCl MgCl,-6H,O MgSO4-7H,O0  CaS04:2H,O  KHCO3
Concentration
30.0 6.0 5.0 15 0.2
(g/L)

To decrease the salinity of soil, a leaching equipment was used and deionized water was flushed
through natural soil from bottom to top. When the electrical conductivity of leaching water was
close to that of deionized water, the leaching process ended. The soil salinity after leaching was
0.05%o (g of salt/kg of dry soil), which could be regarded as zero. Afterwards, The natural saline
soil (r’=2.10%o), salted soil (»" = 6.76%o) and leached soil ("= 0.05%0) were air-dried, ground
and passed through 0.4 mm sieve.

2.2 Test methods

Figure 2 presents the proctor compaction curves of soils with different soil salinities, which
were determined from standard proctor compaction test (AFNOR NF P 94-093, 1999). The
maximum dry density of soil without salt (»’ = 0.05%0) was 1.72 Mg/m®, which decreased to
1.68 Mg/m? for soils with soil salinities of 2.10%o and 6.76%o. The dry density of 1.63 Mg/m?
was considered which corresponded to the compactness of 95 ~ 97% that met the requirements
of dike construction at Les Salins de Giraud. The dry soil powder was humidified by deionized
water to reach the water content of 17% (near optimum value) and then conserved for 24 h for
salt and water homogenization. Static compaction was performed to prepare samples of 50 mm
diameter and 20 mm height. Note that the water content (w, Eg. 1) computed from the
conventional method was applied to leached soil with negligible soil salinity, while for the soil
with soil salinities of 2.10%0 and 6.76%., the water content value (w’, Eqg. 2) was calculated by

taking the dissolved salt into account (Ying et al., 2020a):

yom-m_m, (1)

my, _m,+m, m-m,

= @)

m, —rm

where m is the mass of wet soil, ms is the mass of dry soil particles, my is the mass of water;
Msw 1S the mass of salty water (water and salt), mq is the mass of dry solid (soil particles and salt
after oven-drying) and r is the water salinity which can be obtained from soil salinity () by
Eq. 3 (Ying et al., 2020a):



r=r (3)

After compaction, the specimens were air-dried from as-compacted state to different target
water contents of around 8% and 3%. During drying, the water content of specimens was

controlled by weighing the mass of specimens (m) (Tang et al., 2011b):

We (1+r¥v0)m 1 4)

where wo and mo are respectively the initial water content and initial mass of specimens after

compaction.
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Fig. 2. Proctor compaction curves of soil with different salinities.

In order to avoid macro-cracks, the specimens were exposed to air for 2 h and then wrapped in
plastic film for 1 h. The matric suction and total suction were measured by contact filter paper
method and chilled-mirror dew-point hygrometer respectively prior to microstructure
investigation. The suction variations during drying are plotted in Fig. 3. It appears that salinity
had slight effect on the matric suction, while the total suction increased significantly with
increasing soil salinity. The osmotic suction which is the difference between total and matric
suctions increased with salinity increase, as expected. The soil microstructure was investigated
by both MIP and ESEM. The specimens were freeze-dried prior to microstructure observations
following the procedure proposed by Delage & Lefevbre (1984).
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Fig. 3. Suctions variations during drying.

The mercury intrusion procedure corresponds to a desorption or drying process (Sun & Culi,
2020). Thereby, the pores which are not intruded by mercury should be regarded as filled by
water. Thus, the water content and the degree of saturation of soil specimens can be obtained
as follows (Romero, 1999; Romero et al., 1999):

w= (1_Srm)(wsat _Wr)+Wr (5)

S, =(1-S, )+ V‘CV S, (6)

sat

where Sym is the saturation degree of mercury; wsat is the water content at saturation; wy is the
residual water content.

Based on the MIP results and the hypothesis that the water is contained in small pores (Wan et
al., 1995; Romero et al., 2011), the maximum diameter of water-saturated pores can be obtained
according to the real water content of specimens and the relationship between entrance pore

diameter and water content or degree of saturation calculated by Egs. 5 and 6.

3. Results
3.1 Microstructural evolution during drying

The cumulative mercury intrusion curves and density function curves of the tested specimens
from MIP measurements are presented in Fig. 4 for 0.05%o, 2.10%0 and 6.76%o soil salinities,
respectively. In these figures, each curve corresponds to one target water content during drying.
The initial void ratio is the global one determined from the specimen dimension measured by

calliper after compaction (w ~ 17%) and air-drying (w ~ 8% and 3%). It can be seen that drying



had negligible effect on initial void ratio. The total intruded void ratios of specimens after
drying (w ~ 8% and 3%) were slightly lower than those of as-compacted specimens (w ~ 17%).
This slight difference was attributed to the heterogeneity of the specimen rather than the drying-
induced shrinkage: the dry density of a specific small piece of specimen taken for MIP test
might differ slightly from the target dry density of the whole specimen (Delage et al., 1996). In
Figs. 4(a), (c) and (e), the dash line represents the maximum diameter of water-saturated pores.
The water ratio (ew) of specimen, defined as the void ratio corresponding to the water-saturated
pores, is also indicated. As expected, the maximum diameter of water-saturated pores and the
corresponding water ratio decreased with drying.

As shown in Fig. 4(b), the PSD of as-compacted specimens (w = 16.9%) exhibited bi-modal
characteristics with two populations of intra-aggregate pores and inter-aggregate pores. Upon
drying to 8.4% water content, the bi-modal PSD characteristics changed to tri-modal pattern
with the occurrence of nano-pore population at diameters ranging from 0.1 ~ 0.4 um. Besides,
as the water content decreased from 16.9% to 8.4%, the frequency of intra-aggregate pores
decreased and its modal size shifted from 1.1 um to 1.8 um. Drying had negligible effect on the
modal size of inter-aggregate pores, but its frequency increased when the specimens were dried
to 8.4% water content. With further drying to 2.8% water content, the nano-pores disappeared
and the density function curves recovered to bi-modal characteristics. The frequencies of intra-
aggregate pores and inter-aggregate pores increased as compared to those at 8.4% water content.

The same observations can be made on the specimens with soil salinities of 2.10%o and 6.76%o
(Figs. 4(d) and (f)): (i) the density functions of as-compacted specimens (w ~ 17%) exhibited
bi-modal characteristics; (ii) the bi-modal PSD characteristics changed to tri-modal pattern as
the specimens were dried to around 8% water content; (iii) upon further drying to about 3%

water content, the nano-pores disappeared and the PSD retrieved the bi-modal pattern.
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Fig. 4. Cumulative mercury intrusion curves and density function curves of compacted specimens: (a)
and (b) 7" = 0.05%eo; (c) and (d) ’ = 2.10%o; (€) and (f) " = 6.76%o.

3.2 ESEM observation: microstructural changes along drying

Figures 5 show the ESEM micrographs for specimens with 2.10%o soil salinity and water
contents of 17.1%, 8.3% and 3.3%, respectively, providing an complementary insight into the
MIP results. Note that almost similar observations were obtained for the specimens with
different salinities. Thus, only the results of specimens at natural soil salinity (»” = 2.10%o) are

presented here. For each specimen, two magnifications of 600 and 5000% are presented. AsS



shown in Figs. 5(a), (c) and (e), aggregated structures were noticeable, which were mainly
composed of silt/sand skeletons with some fine particles around them. This was in agreement
with the observations reported on compacted Jossigny silt (Delage et al., 1996) and Héricourt
silt (Lemaire et al., 2013). Figure 5(a) also shows that the clay fraction was not distributed
homogeneously among silt/sand grains. Indeed, some grains were coated by the clay matrix,
whereas some others remained quite clean, in agreement with the observations by Mufoz-
Castelblanco et al. (2012) on an unsaturated loess with a clay fraction as low as 16%. The
association of silt/sand skeletons and clay film constituted soil agglomerates (Lemaire et al.,
2013). The inter-aggregate pores corresponding to the porosity between agglomerates were
clearly visible. The diameter of inter-aggregate pores, ranging from 5 pm to 20 um, was in a
good agreement with the size of inter-aggregate pores identified on the density function curves
shown in Fig. 4(d). At a higher magnification (Fig. 5(b)), it appears that the clay particles
formed a film that coated the silt/sand grains. The intra-aggregate pores with a predominant
size around 1 pum, were observed at the surface of these agglomerates, confirming the obtained

modal size of intra-aggregate pores by MIP test.

Comparisons of ESEM micrographs in Figs. 5(a), (c) and (e) suggested that the quantity of
inter-aggregate pores increased with the decrease of water content. This was consistent with the
MIP results showing that the frequency of inter-aggregate pores increased during drying. In the
micrographs with 5000x magnification (Figs. 5(b), (d) and (f)), the enlargement of intra-
aggregate pores with drying was observed, in accordance with the pore size variations identified
on the density function curves - the modal size of intra-aggregate pores increased as water
content decreased from 17.1% to 8.3% and 3.3%. Nevertheless, the drying-induced nano-pores
and the localisation of salt crystals after drying appeared indistinguishable on the ESEM images,

due to the limited resolution of the apparatus.
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Fig. 5. ESEM micrographs of specimens with a 2.1%o soil salinity: (a) and (b) as-compacted state at w
= 17.1%; (c) and (d) after drying at w = 8.3%; (e) and (f) after drying at w = 3.3%.

3.3 Salinity effect on the microstructure

Figures 6-8 depict the PSDs of the specimens with different salinities, but at similar water
content. It appears from Figs. 6(a), 7(a) and 8(a) that, at the three tested water contents, the total
mercury intrusion void ratios tended to decrease with increasing soil salinity from 0.05%o to
2.10%0 and 6.76%0. However, the intruded void ratios were slightly different from the
corresponding initial void ratios. Two phenomena could be considered to explain such slight
difference: (i) the heterogeneity of compacted specimens (Delage et al., 1996); (ii) the



precipitation of salt crystals during drying which might fill the pores and reduce the pore
volume (Liu et al., 2016b; Zhang et al., 2017).

Figure 6(b) shows the density function curves of as-compacted specimens (w ~ 17%). With
increasing soil salinity from 0.05%o to 2.10%o., the frequency of intra-aggregate pores increased
and its modal size shifted from 1.1 pm to 0.8 um, while the modal size of inter-aggregate pores
decreased from 12.9 pm to 10.5 pm. Further increase of soil salinity to 6.76%o did not change
the intra-aggregate pores significantly, but decreased the modal size of inter-aggregate pores
from 10.5 um t0 9.6 um.

The density function curves of the specimens dried to water content of around 8% are plotted
in Fig. 7(b). A tri-modal characteristic was identified for all curves. With increasing soil salinity
from 0.05%o to 6.76%o, the peak pore entrance diameter of nano-pores was around 0.3 um, and
the modal size of intra-aggregate pores and inter-aggregate pores decreased slightly from 1.8

pm to 1.5 pm and from 12.9 pm to 9 pum, respectively.

Figure 8(b) depicts the density function curves for the dried specimens at about 3% water
content. It was observed that, as the soil salinity increased, the modal size of intra-aggregate
pores and inter-aggregate pores shifted from 1.8 um to 1.2 um and from 12.9 um to 9.5 um,
respectively. Besides, with increasing soil salinity, the frequency of intra-aggregate pores
decreased, while the frequency of inter-aggregate pores increased.
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Fig. 6. Pore size distributions of as-compacted specimens at around 17% water content: (a) cumulative

mercury intrusion curves; (b) density function curves.
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4. Discussions

4.1 Drying effect on the PSDs

Results from Figs. 4(a), (c) and (e) show that the initial void ratios of as-compacted specimens
and air-dried specimens were quite similar, indicating that drying specimens from around 17%
water content to lower values did not cause significant shrinkage of compacted silt, even though
the PSD was significantly changed. This was consistent with the observations made by

Cuisinier & Laloui (2004) on a compacted silt.

As the microstructure varied significantly during drying (Figs. 4(b), (d) and (f)), it was
suspected that the micro-fissures might build up due to the shrinkage of clay. Sridharan &
Prakash (1998) and Thyagaraj et al. (2017) pointed out that drying induced soil shrinkage



through two forces acting on the soil particles: the capillary suction due to the increasing
curvature of the capillary menisci and the internal resistance of soil particles to come closer to
each other. It appears from Fig. 3 that the matric suction which is related to capillary suction
indeed increased significantly during drying, which would induce a tensile stress acting on the
surrounding particles (Tang et al., 2011a). Once the rising tensile stress exceeded the tensile
strength or the soil shrinkage was constrained by boundary conditions, fissures/cracks would
occur (Péron et al., 2009; Tang et al., 2011a; Romero 2013). As shown in the ESEM images
(Fig. 5), the clay fraction in the tested silt was not uniformly distributed among the silt/sand
grains, suggesting that the variations of PSD of compacted silt upon drying could be directly
related to the differential shrinkage of clay fraction. Moreover, with the well-defined silt/sand

skeleton, the clay shrinkage could not cause significant volume change of soil specimen.

It appeared from MIP results that the as-compacted specimens (w ~ 17%) exhibited typical bi-
modal pores size distribution characteristics with the almost saturated intra-aggregate pores and
dry inter-aggregate pores (Fig. 6(b)). Upon drying, the water withdrawn into the smaller pores,
leaving the relative larger pores being air-filled (Tarantino & De Col, 2008). Thus, the
shrinkage of clay fraction could occur in the areas where grains/agglomerates changed from
saturated to dry state. Owing to the clay shrinkage, some nano-fissures developed within clay
fraction and at the interface between clay and silt/sand grains, explaining the appearance of
nano-pores identified on the PSD curves shown in Figs. 4(b), (d) and (f). This was consistent
with the observations made by Sun & Cui (2018) on Jossigny silt slurry in which a small bump
appeared on the PSD curves when the slurry was dried to a water content below that at air entry
value and by Romero (2013) on compacted bentonite-sand specimens that the drying-induced
cracks at the contacts between bentonite and sand grains. Meanwhile, the shrinkage of clay
which coated the sand/silt grain surface also led to an increase of the intra-aggregate pore size
of clay fraction (Figs. 4(b), (d) and (f); Fig. 5(d)). Upon subsequent drying to around 3% water
content, the clay fraction continued to shrink, leading to larger nano-fissures. As a result, the
nano-pores disappeared and the frequency of intra-aggregate pores increased. Meanwhile, the
frequency of inter-aggregate pores increased as some intra-aggregate pores enlarged to inter-
aggregate pores during drying (Figs. 4(b), (d) and (f)).

4.2 Salinity effect on the drying-induced microstructure evolutions

Romero (2013) reported that the frequency and modal size of inter-aggregate pores were easily



affected by the dry density, while the intra-aggregate pores frequency and its dominant pore
size were not affected. However, at a given dry density and water content, the modal size of
intra-aggregate pores was found to decrease as the salt concentration increased (Ravi & Rao,
2013; Thyagaraj & Salini, 2015). Thus, as for the as-compacted specimens (W ~ 17%) in
Fig.6(b), the differences in modal size and in frequency of inter-aggregate pores were mainly
attributed to the heterogeneity of compacted specimens. The higher frequency and smaller
modal size of intra-aggregate pores were observed for specimens with 2.10%o and 6.76%o soil
salinities, due to the dissolved salt in water-saturated pores. Indeed, as the salinity increased,
the thickness of diffuse double layer decreased, leading to a reduction of the modal size of intra-
aggregate pores (Sridharan & Jayadeva, 1982; Sridharan & Prakash, 2000; Thyagaraj & Salini,
2015). This salinity effect was visible but insignificant for the compacted silt, given that the
population of intra-aggregate pores had no change with increasing soil salinity from 2.10%o to
6.76%o. This might be attributed to (i) the low clay fraction and its less active clay minerals
(10.8% illite, 3.6% chlorite and 1.3% kaolinite), and (ii) its low specific surface area of only
24m?/g, limiting the development of interactions between clay particles (Ying et al., 2020b).
This was consistent with the observations made by Zhang et al. (2017) on a low-plasticity loess
with silt particles as high as 79.4%.

As shown in Fig. 6(b), for the as-compacted specimens, the modal sizes of intra-aggregate pores
and inter-aggregate pores decreased by 0.3 um and 3.3 um respectively when the soil salinity
increased from 0.05%o to 2.10%0 and 6.76%o, respectively. In the case of specimens at water
content of around 8% and 3% (Figs. 7(b) and 8(b)), the similar differences of 0.3 ~ 0.6 um for
intra-aggregate pore modal size and 3.3 ~ 4 um for inter-aggregate pore modal-size were also
identified as the soil salinity increased from 0.05%o to 2.10%0 and 6.76%o. This indicated that,
as for the specimens after drying (Figs. 7(b) and 8(b)), the slightly larger modal sizes of inter-
aggregate pores and intra-aggregate pores of dried specimens with 0.05%o soil salinity resulted
from the initial larger modal-sizes of these two pore populations (w ~ 17%, as shown in
Fig.6(b)). While drying to the water content of 8% and 3%, the salinity showed insignificant
effect on the nano-pore population (Fig. 7(b)). Nonetheless, a reduction of the frequency of
drying-induced micro-pores was observed when the soil salinity increased from 0.05%o to 2.10%o
and 6.76%o (Fig. 7(b) and 8(b)), suggesting that the salinity seemed to decrease the shrinkage
of clay fraction, attenuating thus the enlargement of pore size. As the salinity increased, the
inter-particle repulsive force decreased and the attractive force remained almost unchanged,

resulting in an increase of the net attractive force and eventually changing the particle



arrangement to aggregated structures and thus improving the mechanical strength (Warkentin
& Yong, 1962). Zhang et al. (2019) worked on a bentonite and reported that the aggregated
structure which was formed in salt solution, led to a reduction of the shrinkage volume and
crack area during drying. Another possibility for lessening the development of fissures might
be the cementation effect of precipitated salt which could bond the soil particles together and
increased the soil resistance to cracking (Zhang et al., 2004; Zhang et al., 2016). Therefore, the
specimens with soil salinities of 2.10%o0 and 6.76%o were expected to have higher mechanical
strength that inhibited the clay shrinkage, leading to a smaller frequency of intra-aggregate
pores, as shown in Figs. 7(b) and 8(b). This salinity effect on drying-induced microstructure
variations was visible but remained quite low owing to the low clay fraction in tested silt. It
was consistent with the results that salinity had insignificant effect on the matric suction even
though the osmotic suction was quite higher for soils with higher salinity (Fig. 3). This was in
agreement with the results obtained by Miller & Nelson (2006) and Zhang et al. (2017): for
silty soil with less active clay fraction, the soil shrinkage during desiccation was predominantly
controlled by matric suction, while the osmotic suction induced by salt solution had
insignificant effect.

It appeared from above discussions that, as for the compacted silt with well-defined silt/sand
skeleton, the clay shrinkage produced some internal nano/micro-fissures but without occurrence
of macro-cracks and significant volume shrinkage during drying. Thus, it can be inferred that
the drying-induced nano/micro-fissures could cause an increase of air permeability. Concerning
the specimens at dried state, the compressibility should be lower than that at as-compacted state,
because the compressibility is mainly controlled by the increased matric suction rather than the
drying-induced nano/micro-fissures. The salinity effect is expected to be slight due to its
insignificant effect on matric suction. Further comprehensive investigations are needed to
clarify the potential effects of the observed evolution of microstructure on the hydro-mechanical
behaviour of the compacted salted silt.

5. Conclusions

In this study, the drying-induced microstructure evolution of a compacted salted silt was
investigated experimentally by using MIP and ESEM techniques. Based on the obtained results,

the following conclusions are drawn:

(1) The PSD of compacted silt changed upon drying without significant variations of total



porosity. During drying, the PSD changed from bi-modal characteristics (w = 17%) to tri-modal
pattern with appearance of a new nano-pore population (W = 8%), and finally retrieved the
double porosity pattern (w ~ 3%). The occurrence of the nano-pore populations was the result
of the development of nano-fissures in the clay fraction and at the interface between clay
particles and silt/sand grains due to the differential clay shrinkage when the specimens were
dried to 8% water content. With further drying, the nano-fissures enlarged to micro-fissures as
the clay fraction continued to shrink with drying to 3% water content, resulting in the
disappearance of nano-pores and an increase of intra-aggregate pore frequency. Meanwhile, the
frequency of inter-aggregate pores increased as some intra-aggregate pores enlarged and shifted
to inter-aggregate pore population.

(2) Upon drying, the salinity showed negligible effect on the drying-induced nano-pores whose
modal size was around 0.3 um for specimens at different salinities. For the specimens at 8%
and 3% water content, the frequency of drying-induced micro-pores decreased slightly with
increasing soil salinity from 0.05%o0 to 2.10%0 and 6.76%.. This could be attributed to the
improved mechanical strength of salted soil due to the soil aggregation and possible
cementation effect of precipitated salt, decreasing the clay shrinkage and attenuating thus the
enlargement of pore size. This salinity effect on drying-induced microstructure was visible but
quite low due to (i) the low clay fraction and its less active clay minerals (10.8% illite, 3.6%
chlorite and 1.3% kaolinite) in silty soil, and (ii) its low specific surface area, limiting salinity

effect on diffuse double layer.
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