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ABSTRACT

In this paper, we present a microscopic experimental investigation of the swelling-shrinkage behaviour of a hard
clay subjected to wetting and drying (W-D) cycles. Three W-D cycles with a range of relative humidity from
20% to 98% were performed on the hard clay sample through varying the temperature and the vapour pressure
in an environmental scanning electron microscope (ESEM). The obtained ESEM images of the material at
different hydric stages were analysed using digital image correlation method, and full-field strains at the
micrometer scale, were quantified. The results show that the deformation of the material when subjected to W-D
cycles is significantly heterogeneous and it is closely related to its microstructure. The different contributions of
clay particles and of inclusions to swelling and shrinkage of the hard clay are revealed: the clay minerals swell,
which is however constrained by the no-swelling inclusions; the interaction between the different phases is
significant. A residual swelling is found at the end of the first W-D cycle. The residual swelling continues to
accumulate during the second cycle but becomes stable for the third cycle. Further microstructural analysis
shows that the irreversible swelling is mainly attributed to the appearance and propagation of microcracks

accompanied with a limited unrecoverable deformation of the clay minerals.
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1. Introduction

Due to seasonal change of weather conditions (e.g. temperature, humidity, wind, rainfall), clayey
materials are often subjected to cyclic wetting and drying (W-D). During these W-D cycles, the
materials swell and shrink (Mitchell and Soga, 2005). The hydric deformation (i.e. swelling and
shrinkage) and the induced deterioration in the hydromechanical properties during W-D cycles may
induce natural hazard (e.g. landslides, desiccation cracking) and severe damage to man-made
structures (e.g., buildings, tunnels) (Meisina, 2004; Tsang et al., 2005; Yang et al., 2012, 2013;
Torres-Suarez et al., 2014; Eid et al., 2015). Therefore, swelling/shrinkage is a major concern in many
domains such as construction of structures in clayey materials.

In the past decades, a significant number of studies (Osipov et al., 1987; Alonso et al., 2005;
Sivakumar et al., 2006; Laribi et al., 2008; Delage et al., 2014) have been conducted to investigate the
deformation and the induced changes in hydromechanical properties of clayey materials during W-D
cycles. The hydromechanical properties (e.g. stiffness, strength, and permeability) vary during wetting
(Aksua et al., 2015, Wang et al., 2015). Some researchers (e.g. Wheeler et al., 2003; Alonso et al.,
2005) studied the cyclic W-D behaviour of the clayey soils and found the irreversible shrinkage
occurs during successive cycles of W-D until finally a reversible elastic response occurs. Wang et al.
(2014a) studied free swelling and shrinkage of Collovo-Oxfordian argillaceous rock and found
cracking emerges during the W-D cycle. Most of the existing studies employ oedometer tests and
triaxial tests to quantify swelling and shrinkage, and we call these studies as macroscopic studies. A
few investigations focus on the swelling and shrinkage mechanism of clay minerals using different
microscopy measurements (e.g. X-ray, mercury intrusion porosimetry, scanning electron microscopy)
(Viola et al., 2005; Koliji et al., 2006; Amorim et al., 2007; Romero and Simms, 2008; Burton et al.,
2015; Ma et al., 2015). Through microscopic investigation, it is acknowledged that swelling of pure
clay minerals occurs via two different regimes: crystalline and osmotic swelling. Crystalline swelling
is driven by adsorption of water molecules in interlayer region, while osmotic swelling is related to
the difference in the solute concentration of clay-water system and involves inter-particle separations

(Delville and Laszlo, 1990; Mitchell and Soga, 2005; Anderson et al., 2010). However, swelling and
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shrinkage are still not well understood for natural clayey material subjected to W-D cycles, because

the material has complex microstructures in comparison with pure clays.

Recently, environmental scanning electron microscope (ESEM) is used to study swelling and
shrinkage of clayey material under controlled humidity (Viola et al., 2005; Montes-H et al., 2003).
ESEM is also combined with image processing such as digital image correlation technique (DIC) by
several researchers (Wang et al., 2013, 2014a, 2015) to determine the swelling of clayey material at
the micrometric scale. Compared with qualitative observation conventionally used with ESEM, the
combination of ESEM and DIC can provide quantitative investigation of the microstructure change of
the tested material when subjected to W-D.

In this paper, we will perform cyclic W-D tests on a hard clay sample in ESEM and quantitatively
explore the microstructure change of the material through analysing the ESEM images by DIC. The
used experimental method will be presented in the second section, and the studied material and the
experimental process will be presented in the third part, followed with the results and discussions on

the swelling and shrinkage of the hard clay subjected to three W-D cycles.

2. Experimental method

Wetting and drying in ESEM

In this study, wetting and drying tests are carried out in an environment scanning electron microscope
(ESEM) equipped with a Peltier module that can control the temperature of the sample deposing on it.
Based on the definition, the relative humidity (RH) can be adjusted by changing water vapour
pressure and temperature. During this test, the temperature is kept at 2°C, and the gas pressure is
varied to obtain target RH. The choice of low temperature is because, for a given RH, low
temperature corresponds to low water vapour pressure so that the images are less degraded. This is
vital for the accuracy of strain measurement using DIC. When the sample reaches the hydric
equilibrium, a zone of interest will be recorded in the backscattered electron model (BSE). BSE image

contains information about chemical composition and exhibits a contrast of phase density, which is
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appropriate for identification of the microstructure of the tested material. More information about this

wetting test method can be found in Wang et al., (2013).

Full-field strains determined by DIC

The obtained high-resolution images of the material at different hydric states are analyzed using
digital image correlation (DIC) technique. DIC, first proposed in the 1980s and has made enormous
development in the past decades, has been widely used in many disciplines such as solid mechanics
and materials sciences (Sutton et al., 2009; Bornert et al., 2011). Once the correlation is determined,
the discrete displacement field is evaluated, and the local strain will be then quantified by averaging
the infinitesimal gradient over a certain zone (Allais et al., 1994). A DIC program was used to
determine the in-plane components of local strains (ex, €y, €xy), as well as their eigenvalues (g; and €,
with &, > g;) (Doumalin and Bornert, 2000). These quantities can also be evaluated for some regions
of interest, for instance, the principal average strains of the global zone E; and E,, respectively. In this
study, the recorded images represent a zone (256 x 221 um?) of the hard clay with a high resolution
(4096 x 3536 pixels) (Fig.1). The physical pixel size of the images is 62.5 nm, and the size of the
correlation subsets (40 x 40 pixels) for DIC analysis is 2.5 um. According to the procedure for local
strains calculation, which uses the displacements of the eight closest neighbouring positions of a given
measurement position, the local gauge length is 80 x 80 pixels (i.e. 5.0 um in real space).

It is worth noting that the accuracy of the strain determined by DIC strongly depends on the quality of
ESEM images which could be degraded due to the high chamber pressure (up to 744 Pa here).
Choosing optimal parameters of image acquisition (e.g. dwell time, spot size, working distance) has
been made to improve the strain accuracy. Finally, the accuracy of global strain is better than 10,

while the accuracy of the local strain is in the order of 10 (Wang et al., 2014b).

3. Material and experimental procedure

Material
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A natural sedimentary hard clay was studied here. The mineralogical studies show that the hard clay

contains clay minerals including swelling clay mineral (e.g. smectite) and non-swelling clay minerals
(e.g. illite), and inclusions (e.g. quartz, feldspar, pyrite, calcite) which are relatively rigid and non-
swelling. The in situ density of the saturated material is about 1.9 g/cm®. The permeability of the hard
clay is in order of 10™ m?. The uniaxial compression strength of the saturated hard clay is about 2
MPa. The connected porosity and the pore size distribution of the material were examined using the
mercury intrusion porosimetry (MIP) method. The measured connected porosity of the material is

27%.

Experimental procedure

In order to perform cyclic W-D tests, a cubic sample (5 x 5 x10 mm®) was machined using saw wire.
For ESEM observation, one surface of the sample underwent a mechanical polishing using SiC
abrasive papers and then an ion beam polishing. The observation surface is normal to the bedding
plane, which is favorable to investigate the anisotropic properties of the material. Compared with the
conventional mechanical polishing (Wang et al., 2013), the ion polishing after mechanical polishing
can greatly enhance the surface quality. In particular, the clay particles, inter-particle pores, and
secondary inclusions,are more visible (Fig.2).

The initial hydric state of the sample was unsaturated during the sample preparation process (Ewy,
2015). Accordingly, the relative humidity was firstly applied at 20%, and this was chosen as the
reference state. Three W-D cycles were performed on the sample. The first W-D cycle consisted of
seven hydric stages by changing the relative humidity from 20% to 50%, 80%, 90%, 98%, 80%, 20%,
progressively. Both the second and third cycles consisted of three hydric stages by changing RH from
20% to 98% and 20%, successively. During each hydric stage, the target RH was attained with a
constant hydric loading rate (5%RH per minute). In total, eleven hydric stages were carried out (Table

1).

4, Results and discussions
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Microstructure of the hard clay

The microstructure of the natural hard clay can be revealed in the BSE image (Fig.2). The hard clay
manifests an inclusion-matrix-composite microstructure. The size of these inclusions varies from
several to dozens of micrometers. The clay particle exhibits a laminar shape with a typical thickness
of dozens of nanometers. Pores are found in the image and can be classified into three groups: inter-
particle pores, inter-aggregate pores, and space around the inclusion. The inter-particle pore is in the
size of dozens of nanometers, whereas the size of inter-aggregate pore ranges from dozens of
nanometers to several micrometers. The space around the inclusion owns a size comparable to the
inter-aggregate pores, thus it will be classified into the inter-aggregate pore in the following.
Moreover, Fig.2 clearly shows that the hard clay is globally anisotropic: inclusions, clay particles and
pores are preferential to orientate vertically in the image. Based on this anisotropic texture, the

bedding plane is inferred to be along the vertical axis of the image.

Macro & microscopic swelling and shrinkage of the hard clay during W-D cycles

The principal average strains (E; and E;) of the hard clay subjected to three W-D cycles were
quantified using DIC method. The values of the strains at different hydric stages are listed in Table 1
and are also illustrated in Fig.3. The E, strain progressively increases to 0.10%, 0.40%, 0.78%, and
1.10%, then decreases to 0.83% and 0.17% during the first W-D cycle. The residual strain 0.17% after
this cycle implies the strain is irreversible. The irreversible swelling continues to accumulate, i.e.
0.08%=0.25%-0.17%, during the second cycle of W-D, but it tends to be stable during the third cycle
(Fig.3b). The E; strain is much smaller than E,, which means that the hard clay exhibits an anisotropic
swelling/shrinkage during W-D. This significant anisotropic hydric deformation might be related to
several factors (e.g. anisotropic swelling of clay mineral, anisotropic fabric), which will be
demonstrated in the following.

The full-field principal strains (e, and €;) during cyclic W-D of the hard clay are illustrated in Figs. 4

and 5, respectively. Figs.4a-c and Figs.5a-c correspond to the first W-D cycle, and Figs.4d-g, Figs.5d-
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g are the strain maps for the second and third W-D cycles. The local strains in the maps are illustrated

through isolines: the grey level represents the strain magnitude. The local strain direction at 10" and
11" stage is illustrated in Fig.4h and Fig.5h through a bar: the orientation indicates the ¢, direction.
The full-field strain maps give evidence of the heterogeneous swelling of the hard clay, which
becomes more and more obvious at high RH (Figs.4a-b). Correlating with the microstructure analysis
presented above (Fig.2), we can find that the full-field strain field is closely related to the
microstructure of the hard clay. High swelling is mainly located in the clay minerals, and the largest
local strain is up to 4.0% compared with the average strain of 1.2% (Figs.4b). Besides high swelling,
low strain also exists in the clay matrix. The low-swelling in these zones are mainly related to the
richness of the secondary inclusions and of the non-expansive clay minerals (e.qg. illite). The full-field
strains at the same RH level (e.g. Figs.4b,d,f) present a very similar distribution, except the small
change in magnitude. The large irreversible local strain is mainly located in the inter-aggregates in
which micro-crack appears and propagates (Figs.4c,e,g).

As presented in the method section, the local strain determined corresponds to an equivalent gauge
length of 5 wm, which is comparable to the size of clay aggregate containing a few dozen of clay
particles with similar sub-parallel orientations. Thus, the ¢, direction can be considered as an indicator
of the clay-particle orientation. Fig.4h shows that the ¢, directions are systematically normal to the
clay-particle orientation. This agrees with the fact that the swelling of clay particles stems from
separations of inter-layer and inter-particles spaces, and, thus it is privileged along the direction
normal to the clay-particle orientation. Moreover, the microstructure analysis shows that the hard clay
exhibits a significant anisotropic microstructure: inclusions, clay particle and different pores present a
preferred orientation. This fabric anisotropy and the anisotropic swelling of clay particle contribute to
the macroscopic anisotropy of the swelling of hard clay.

Figs.5a-g present the full field strains (e;) of the hard clay at different stages during cyclic W-D. The
results show that swelling and shrinkage co-exist: the swelling is mainly located in clay minerals, and

the compressive strain mainly occurs in the inter-aggregate pores. The compressive strains are related
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to closure of inter-aggregate pores due to the swelling of the neighboring clay particles (Fig.5a).

Therefore, the swelling of clay particles and the closing of inter-aggregate pores are competitive, and
the total swelling is limited. Similar to Fig.4, the g, progressively increases during hydration (Figs.5a-
b) and it has the nearly same value at the same RH level (e.g. Figs.5b,d,f). As discussed above, the
swelling of clay particle is unidirectional, theoretically, the local strain €; should be negligible relative
to &,. But, because the microstructure is heterogeneous, some local subsets consist of both clay
particles and secondary inclusions, even micro pores. The interaction between different phases (i.e.

inclusions, clay particles, pores) leads to a non-negligible strain g, though it is much smaller than e,.

Microcracking and irreversible swelling of the hard clay during W-D cycles

As shown in Figs.3b,c, the hard clay exhibits irreversible strains during the cyclic W-D. The
irreversible swelling or shrinkage phenomenon during cyclic W-D has been also found in other clayey
material (Alonso et al., 2005, Wang et al., 2014a). In order to further investigate the role of the
microstructure on the irreversible swelling of the hard clay during cyclic W-D, two zones are chosen
(zones i and ii in Fig.2), illustrated in Fig.6 and Fig.7, respectively. Fig.6 represents a zone with the
size of 55 x 60 um?, while Fig.7 represents a zone with the size of 10 x 14 um?

During the wetting stage of the first W-D cycle, microcracks progressively close due to swelling of
adjacent clay particles (Fig.6b). Some microcracks close at RH=98%. During drying stage of the first
W-D cycle, the microcracks re-open and propagate (Fig.6¢). Microcracks become more pronounced
after exposed to two W-D cycles (Fig.6e) but tend to be stable after three W-D cycles (Fig.6g). The
evolution of microcracks is consistent with the measured swelling strain E,: the irreversible strain
accumulates during the first and second W-D cycles and becomes stable during the third W-D cycle
(Fig.3b). This indicates the irreversibility of the global swelling is closely related to microcracking.
This can be demonstrated by the full-field strain maps (Figs.4b,d,f), in which the irreversible swelling

is mainly located in the space between inclusions and clay particles.
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Fig.7 gives evidence of the microstructure change of the hard clay during cyclic W-D. Clay particles

swell during wetting and shrink during drying. The inter-particle pores close due to swelling of clay
particle and reopen due to shrinkage (Figs.7b-f). This change is irreversible during the first W-D cycle
(Fig.7c) and becomes stable after two W-D cycles (Fig.7e). The inter-aggregate pore change is more
significant than the inter-particle pore. The aperture of inter-aggregate pore during drying is much
larger than that of the inter-particle pore (Figs.7c,e).

The microstructure analysis at two different scales shows that the irreversible is attributed by the
microcracks, inter-aggregate and inter-particle pores. Relative to the reorientation and reorganization
of aggregate of expansive soils during cyclic W-D, the irreversible microstructure change is mainly

located in inter-aggregate pore. This means the studied hard clay has a relative stable microstructure.

5. Summary and conclusions

In this study, the swelling and shrinkage of a hard clay subjected to cyclic wetting and drying has
been investigated combining ESEM with DIC method. Three W-D cycles have been performed on the
hard clay sample in ESEM. The quantified full-field strains by DIC give evidence of significant
heterogeneous deformation of the hard clay when subjected to wetting and drying. The heterogeneity
of the hydric deformation is found to be closely related to the microstructure of the hard clay.
Moreover, the irreversible swelling of the hard clay is found during the first W-D cycle and tends to
become stable at the end of the third cycle. The microscopic analysis of the microstructure shows that
the irreversible swelling is attributed to the microcracking, the change of inter-aggregate and inter-
particle pores. Moreover, the anisotropic swelling and shrinkage of the hard clay is found to be related

to anisotropic fabric and anisotropic swelling of clay particle.
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Table 1 Hydric paths of the cyclic W-D test and the corresponding principal strains of the hard clay.

Step 1St 2nd 3rd 4Ih 5Ih 6th 7Ih 8'[h gth 10'[h 11th

RH(%) 20 50 8 90 98 80 20 98 20 98 20
E1 (%) 0 006 022 029 044 027 -0.04 046 -0.01 036 -0.01

E; (%) 0 010 040 0.78 110 0.83 0.17 1.00 025 1.08 0.24
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Figure 1 Schema of the zone for DIC analysis.

Figure 2 Microstructure of the natural hard clay.

Figure 3 Principal strains (E; and E;) during the first W-D cycle (a); E, at 20% and 98% RHSs during
the three W-D cycles (b); E; at 20% and 98% RHSs during the three W-D cycles (c).

Figure 4 Full-field local strain (g,) of the hard clay during cyclic W-D (a-g) and local strain direction
(h).

Figure 5 Full-field local strain (g;) of the hard clay during cyclic W-D (a-g) and local strain direction
(h).

Figure 6 Microcracking (zone i in Fig.2 with the size 50 x 60 pm?) during cyclic W-D.

Figure 7 Evolution of pores (zone ii in Fig.2 with the size 10 x 14 um?) during cyclic W-D.
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