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ABSTRACT:

Wójcik, E., Trzciński, J. and Łądkiewicz-Krochmal, K. 2019. Microstructural changes of expansive clays during 
dehydration caused by suction pressure – a case study of Miocene to Pliocene clays from Warsaw (Poland). Acta 
Geologica Polonica, 69 (3), 465–488. Warszawa.

This paper presents the qualitative and quantitative characteristics of microstructures of Neogene clays from 
Warsaw, Poland. Scanning Electron Microscope (SEM) studies were used for the microstructural analysis of 
natural clays and clay pastes. Qualitative microstructural changes were observed: from a honeycomb micro-
structure for the initial clay paste to a turbulent microstructure for the dried paste. It was also noticed that water 
loss caused by the increase of the suction pressure had a significant impact on the microstructural transforma-
tions. Significant changes in the quantitative values of the pore space parameters were also observed. Increase 
of suction pressure and water loss caused a decrease in porosity and changes in the values of morphometric 
parameters, such as pore distribution; for example, a significant increase of the number of pores of 0−10 μm size 
and changes in the geometric parameters of the pore space were noticed with the increase of suction pressure. 
The pore space with larger isometric pores was modified into a pore space with the dominance of small aniso-
metric and fissure-like pores. The increased degree of anisotropy from a poorly-oriented to a highly-oriented 
microstructure was also observed. After rapid shrinkage the reduction in the number of pores, maximum pore 
diameter, and total pore perimeter was recorded. The process of rapid water loss induced the closure of very 
small pores. A similar effect was observed during the increase of the suction pressure, where the closure of pore 
space of the clay pastes was observed very clearly.

Key words: Clay pastes;  Quant i ta t ive image analyses;  Pore space;  Soi l -water  curve.

INTRODUCTION

The most significant aspects of geotechnical en-
gineering should be analyzed taking into account 
the types and behaviours of soil. A number of is-
sues commonly occurring during civil engineering 
building projects are typically associated with the 
changes in water content near the ground surface (in 

the upper few metres) and are influenced by various 
environmental factors: natural (precipitation, high 
temperatures, frost) and anthropogenic (pollution). 
The zone that comprises the soil thickness and is 
correlated with the environmental conditions is gen-
erally termed the active zone; negative pore water 
pressure, also known as suction pressure, occurs in 
this zone. In the unsaturated state, the relationship 
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between moisture change and soil volume change is 
affected by factors such as the soil structure and the 
moisture content-suction relationship.

The most important element of the behaviour of 
unsaturated soil is the relationship between water and 
air (as soil desaturates). This relationship is described 
as the Soil-Water Characteristic Curve (SWCC). The 
Soil-Water Characteristic Curve contains key infor-
mation such as pore size distribution, amount of wa-
ter contained in the pores at any level of suction, and 
the stress state. An unsaturated soil consists of more 
than two phases and therefore the laws governing its 
behaviour change relative to conventional saturated 
soil mechanics. Modern soil mechanics assumes the 
existence of an air phase and a water phase with an 
air-water interface in the pores. Properties of soils 
such as void ratio, water content (moisture), or degree 
of saturation are correlated with the distribution of 
particles and pores, their size, shape and distribution, 
all of which determine the soil properties. In unsat-
urated soils, beside the pore space parameters, the 
properties of soils depend on the states of stresses 
and strains. The concept of structure and especially 
microstructure is closely related with these issues.

There are many definitions of the structure used 
in geosciences and they differ depending on which 
branch of geology they are used for. In the study of 
clays the structure is used as a complex term due to 
their character and degree of diagenesis. In engineer-
ing geology the definition of the structure of clays 
comprises three elements: (i) grain size and mineral 
composition; (ii) fabric, referring to the composition, 
shape and size of the structural elements of the skele-
ton and the character of the pore space (porosity, pore 
size and shape, pore distribution); and (iii) forces 
between the structural elements of the soil skeleton 
(Mitchell 1976; Gillott 1987).

The influence of microstructure (the structure 
that is studied with a SEM) on the behaviour of clays 
has been studied and reported in the past in many soil 
engineering research publications (e.g., Gillott 1970, 
1979; Pusch 1966, 1970; Collins and McGown 1974; 
McGown and Collins 1975; Grabowska-Olszewska 
1975; Murphy et al. 1977; Delage and Lefebvre 1984; 
Bennett et al. 1991). The understanding of the struc-
tural and microstructural properties is indispensable 
in any sort of interpretation of soil origin and dy-
namics of postdepositional changes (Grabowska-
Olszewska 1998). Moreover, the study of micro-
structure transformations is crucial, not only in the 
understanding of the mechanisms of hydration or de-
hydration of structural elements of the soil skeleton 
(particles, microaggregates, aggregates and grains), 

but also in the interpretation of mechanical soil prop-
erties such as strength and compressibility. Studies of 
these are particularly important for engineering and 
geotechnical applications.

The increasing application of microstructural 
studies has led to improved techniques and more ro-
bust interpretations of the results. At present, most 
of the SEM studies are devoted to the determination 
of the size and orientation of pores and their evolu-
tion under various conditions of stress on consolida-
tion, compaction or shearing paths (e.g., Osipov and 
Sokolov 1978a, b, c; Osipov et al. 1984; Sokolov 1990; 
Gens and Alonso 1992; Hicher et al. 2000; Katti and 
Shanmugasundaram 2001; Yong 2003; Dananaj et 
al. 2005; Schmitz et al. 2005; Gratchev et al. 2006; 
Hattab et al. 2010; Hattab and Fleureau 2010, 2011).

The use of computer techniques coupled with spe-
cialized software allows for the enhanced abilities of 
these studies and for, not only qualitative, but also 
quantitative microstructural parameters (including 
parameters of pore space) of the clay structure to be 
assessed (e.g., Sergeyev et al. 1984a, b; Kaczyński 
2000, 2001, 2003; Sokolov et al. 2002; Ruszczyńska-
Szenajch et al. 2003; Trzciński 2004; Izdebska-
Mucha and Trzciński 2008; Izdebska-Mucha et al. 
2011). Understanding the microstructural behaviour 
of clays has a particular relevance in geotechnical 
applications, therefore more enhanced methodolo-
gies for studying and quantifying the arrangements 
of aggregations/particles and pore space in unsatu-
rated soils has become very important. ESEM (envi-
ronmental scanning electron microscopy) is capable 
of creating such opportunities. It works under con-
trolled environmental conditions and is applied in 
studies of geological materials such as those reported 
e.g., by Romero et al. (1999), Villar and Lloret (2001), 
Agus and Schanz (2005), Viola et al. (2005), and 
Zhang et al. (2005).

Studies concerning the effect of suction on the 
microstructure of clay soils are much less frequent. 
MIP (Mercury Intrusion Porosimetry) results have 
been used to predict, among others, the water reten-
tion properties (e.g., Romero et al. 1999; Simms and 
Yanful 2002, 2005) as well as macroscopic volume 
changes that are the effects of mechanical and hy-
draulic paths (e.g., Simms and Yanful 2004; Cuisinier 
and Laloui 2004; Lloret et al. 2004; Romero et al. 
2005; Koliji et al. 2006). Simms and Yanful (2001, 
2002) measured the PSD (Pore Size Distribution) 
during water retention curve tests on compacted clay 
soils and proved that PSD changed significantly not 
only in the distribution but also in the total volume 
of pores. Evolution of the orientation of the clay par-
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ticles performed under different suctions for two 
clay materials – kaolinite and a mixture of kaolinite 
and montmorillonite – were presented by Wei et al. 
(2013). Using SEM and MIP these authors found that 
when suction increases, pores are affected with a 
reduction of the pore diameter and volume. A com-
bination of MIP analyses and SEM observations was 
used also by Seiphoori et al. (2014) during their study 
of drying-wetting cycles on the microstructure of 
bentonite. Geremew et al. (2009) studied the effect 
of the hydraulic path on the microstructure of a nat-
ural soil. Similarly, the results of the observations of 

the microstructure of natural soils resulting from the 
state of load and deformation – specifically Neogene 
clays from the vicinity of Warsaw – using a con-
ventional SEM were presented by Kaczyński (2000, 
2001, 2003). The present study, besides focusing on 
the characteristics of the microstructure aspects and 
quantitative microstructural analysis of Neogene 
clays from the Stegny locality in Warsaw, focuses 
on the microstructural evolution of the material as a 
function of its hydration state on a drying path.

At the microscopic scale, the study of the ori-
entation of the clay particles and the pore diameter 

Text-fig. 1. Location of the study area with: A – extension of Neogene clays in Poland; B – boundaries of Warsaw; C – lithological succession 
of the test drilling from the study locality
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distribution were carried out by SEM picture anal-
ysis under different suctions, whereas at the macro-
scopic scale, the approach consisted of measurements 
of the water content versus suction during drying. 
The understanding of the actual water content at a 
particular level of suction and the parameters of the 
consistency of the studied soil allowed us to assign 
them into a particular type of microstructure and 
to trace their evolution at different hydration states. 
Simultaneously, the results of microstructure ob-
tained for the tested soil were referred to actual pa-
rameters, which describe the basic physical proper-
ties of clays (i.e., liquidity index – IL).

DESCRIPTION OF THE SITE AND 
ITS GEOLOGICAL HISTORY

The natural clays used as the basis of this study 
were obtained from Warsaw, Mazowsze province, 
in Central Poland. This is the area with common 
shallowly occurring Miocene to Pliocene clays of the 
Poznań series, which are characterized by expansive 
properties (Kaczyński and Grabowska-Olszewska 
1997; Kumor 2008, 2016). These clays cover a vast 
area of Poland and are overlain by Quaternary drift 
deposits of varying thickness. The clays of the 
Poznań series are dated to the Neogene and devel-
oped from the middle Miocene to the early Pliocene 
(Piwocki 2002). The series is lithologically varied, 
and includes clays and subordinate silty-sandy sed-
iments ranging across the entire area of the Polish 
Lowlands (Text-fig. 1A). The clays originated in 
an extensive and shallow, inland water basin, and 
are characterized by three lithostratigraphic levels 
differing by the sedimentary environment, the geo-
chemical conditions and the varied mineral content. 
The lower level comprising grey clays formed in a 
swampy environment, the middle level – green clays 
– formed in reducing conditions, whereas the up-
per level – known as the ‘sunburnt’ clays formed 
in oxidizing conditions (Dyjor 1992). The thickness 
of the clays of the Poznań series varies. The maxi-
mum primary thickness is estimated at 150 m in the 
central region (Frankowski and Wysokiński 2000). 
Both the thickness and the depth at which the clays 
presently occur were influenced by glaciotectonic 
processes and it is clear through the observation of 
wide folds and brittle deformations that these clays 
are highly glaciotectonically disturbed (Brykczyńska 
and Brykczyński 1974).

As a result, the clays around Warsaw have a vary-
ing thickness of 50–150 m. In the field, they occur 

below a thin cover of Quaternary deposits or directly 
on the surface. From an engineering point of view, 
the shallow occurrence of the clays allows for under-
standing of their properties to solve the problem of 
foundation on expansive soil. In Warsaw, these soils 
occur close to the ground level in the Stegny district 
(Text-fig. 1B); the clays attain a thickness of 142 m 
and occur directly below a 4 m thick layer of alluvial 
sands (Kaczyński et al. 2000). The water-soil con-
ditions have been established by CPTU (Piezocone 
Penetration Tests) soundings to the depth of 46 m bgl. 
Monitoring of the distribution of pore pressure in the 
piezometers was performed from 2002 to the present 
(pers. comm. Barański 2015). The Stegny locality was 
chosen for this research since it has been well doc-
umented prior to this study (Kaczyński et al. 2000; 
Bajda 2002; Sobolewski 2002; Wójcik 2003; Barański 
et al. 2004, 2009; Lech and Bajda 2004; Szczepański 
2005; Barański and Wójcik 2007, 2008; Izdebska-
Mucha and Wójcik 2014). However, none of the previ-
ous research related to the assessment of the effect of 
soil suction on the microstructure of the studied clays.

This paper focuses on the study of the middle 
lithostratigraphic level of Neogene green clays, sam-
pled at Stegny locality in Warsaw (Central Poland). 
An undisturbed soil sample was collected from a 
drilling from the depth of 8.0–8.7 m and is marked 
as sample S3 (Text-fig. 1C) and hereafter called ‘nat-
ural’ (Table 1).

Parameter
Sample symbol

Clay – natural 
specimen

Clay 
pastes

Grain size
sand (2–0.05 mm) fp [%] – 9
silt (0.05–0.002 mm) fπ [%] 37 31
clay (<0.002 mm) fi [%] 63 60

Water content wn [%] 27.5 78.3*
Solid density ρs [Mg/m3] 2.71 2.66
Wet/bulk density ρ [Mg/m3] 2.05 –
Dry density ρd [Mg/m3] 1.61 –
Porosity n [%] 40.6 –
Void ratio e [–] 0.69 –
Plastic limit wP [%] 22.5 24.0
Liquid limit wL [%] 69.5 68.3
Plasticity index IP [%] 47.0 44.3
Liquidity index IL [–] 0.11 1.23
Shrinkage limit wS [%] 12.3 11.4
Degree of saturation Sr [–] 1.0 –
Activity A [–] 0.75 0.70

Table 1. Selected geological and engineering properties of the Mio-
cene to Pliocene clays and clay pastes (initial) from the Stegny 

locality in Warsaw; * initial water content of clay pastes
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METHODOLOGY OF RESEARCH

Grain size composition and measurements of the 
physical parameters of the clays were performed in 
compliance with PN-88/B-04481 and PN-86/02480 
norms. The mineral content was determined based 
on the X-ray powder diffraction (XRD) using the 
Panalytical X’Pert PRO MPD X-ray diffractometer 
(Kulesza-Wiewióra 1990). The conditions included: 
a cobalt lamp, the range of the angle measurement 
of 0–57°, a 2Theta step size of 0.026°, the awaken-
ing pressure of 40 kV, and an electric current of 30 
mA. Additionally, determinations of the mineral 
content were performed using differential thermal 
analyses (DTA) using a Q600 instrument from TA 
Instruments and applying the methodology developed 
by Wyrwicki and Kościówko (1996).

Specimen preparation and testing details

A comparative review of the literature shows 
that three types of samples: undisturbed (natural), 
remolded and compacted, are used in the experimen-
tal studies of soils. Soils prepared by remolding or 
compaction have an entirely different structure, and 
therefore different composition and pore size distri-
bution, to that observed in natural soils, with the 
differences being particularly significant in clay soils 
(Fityus and Buzzi 2009).

The natural clays of the Poznań series are inho-
mogeneous and anisotropic. Therefore, soils prepared 
from slurry were used for this study. Crumbled clays 
were air-dried and pounded in an agate mortar, and 
later sieved through a 100 μm sieve. In order to satu-
rate the samples, de-aired water was mixed with the 
soil powders to make (perfectly) homogenic slurries 
without lumps with an initial water content w = wL 
÷ 1.5wL (where wL is the liquid limit). This procedure 
follows the methodology described by Burland (1990). 
The slurry was then inserted into metal cylinders and 
secured from drying, and subjected to a consolidation 
process for 2 months in unconfined conditions under 
a weight of 30 kPa (initial paste). The resedimented 
sample was sub-divided into smaller cylindrical spec-
imens of diameter 54 mm and height 40 mm. This 
enabled to prepare fully saturated soil samples with 
a unified pore size distribution. Starting from a sat-
urated and structurally isotropic initial state, this al-
lowed the analyses of actual microstrutural changes, 
whereas the soils were submitted to drying under dif-
ferent controlled values of suction.

Samples obtained in this way were placed in 
a large 5 bar and 15 bar pressure plate extractor 

(Soilmoisture Equipment Corporation, model 1500). 
The moisture tension results were obtained by cre-
ating a series of over-pressures of 50, 100, 200, 250, 
300, 400, 1600 kPa. After each pressure increment, 
sustained for about two weeks in order to obtain equi-
librium, the samples were removed and weighed. Due 
to the high structural sensitivity of clays, immedi-
ately after each stage a small amount of the soil was 
trimmed from the test specimen for microstructural 
analyses. The remaining samples were then placed 
again in the instrument and incurred a further pres-
sure increment.

The weighing of the sample was undertaken after 
each balance adjustment and the dry mass was ob-
tained after the completion of the test yields includ-
ing the moisture content for each moisture tension. 
Moreover, an air dried sample was taken at the end 
of each cycle of examinations and further dried again 
at 105°C. Duplicate samples from each stage were 
analysed, and the results including the quantitative 
characteristics of the pore space parameters that are 
presented below are based on averaged results. In 
order to obtain the full structural characteristics of 
the material used for the particular analyses, a se-
ries of samples was compared: natural sample, initial 
paste, pastes on which suction pressure was imposed 
in stages, and shrunken sample dried according to 
the procedure of linear shrinkage Ls assessment (BS 
1377-2:1990:6.5).

For the microstructural analyses rectangular 
cuboid samples of approximately 1 cm3 volume were 
cut out, frozen and dried using the freeze-drying 
method (Tovey and Wong 1973; Osipov and Sokolov 
1978a, b; Smart and Tovey 1982; Trzciński 2004). 
During shock freezing in liquid nitrogen the pore 
water turned into vitrified ice. Vacuum drying was 
performed under a pressure of 10-3–10-5 Pa. When the 
sample freeze level was maintained in the tempera-
ture range of -50 to -60°C, the ice started to undergo 
a slow sublimation. The freeze-drying method al-
lowed the prevention of shrinking during the drying 
of clays, thus keeping its structure intact; as a result, 
the actual parameters of the microstructure could be 
analyzed. After drying, a fresh surface was exposed 
by breaking the sample. It was cleaned by the peeling 
method and powdered with a layer of carbon, and a 
platinum and gold alloy. Samples prepared in such 
way were then used for microstructural analyses.

Microstructural analyses

Observations of the sample surfaces for the pur-
pose of qualitative analyses were performed with a 
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JEOL Scanning Electron Microscope (SEM), model 
JSM 6380 LA. The secondary electrons signal (SE), 
depending on the microtopography of the surface, 
was used. The chosen microscopic regime allowed 
for obtaining images with sharp boundaries between 
the structural elements (such as grains and particles) 
and the pores. The type of the microstructure, the 
elements of the structural skeleton, the degree of 
packing, the types of contacts between the pores, 
and the characteristics of the pore space were re-
corded using the terminology and classification of 
clay microstructures by Sergeyev et al. (1978, 1980) 
and Grabowska-Olszewska et al. (1984).

Quantitative analyses were performed using spe-
cialist image analysis software STIMAN (STructural 
IMage Analysis) for quantitative morphological anal-
yses based on SEM images (Sergeyev et al. 1984a, b; 
Sokolov et al. 2002; Trzciński 2004). They allowed 
for the determination of the morphometric and geo-
metric parameters of the pore space. Six analyses 
were performed for each sample and the results were 
averaged. The analyses were performed based on a 
series of images using magnifications of 200 to 6500 

times. The quantitative analysis was performed based 
on the software manual (Sokolov et al. 2002). The 
quantitative analyses were performed in the Scanning 
Electron Microscopy and Microanalyses Laboratory, 
Faculty of Geology, University of Warsaw.

The analyses of SEM images allowed for the defi-
nition of pore space parameters: area S, perimeter P, 
diameter D, pore form index Kf, and degree of orien-
tation of the structural elements – the microstructural 
anisotropy index Ka. Based on pore size distribu-
tion, the contribution of micropores of Ø 0.1–10 μm 
and of mesopores of Ø 10–1000 μm was determined 
(Grabowska-Olszewska et al. 1984). Index Kf allows 
for the determination of three categories of pore 
shapes (Sokolov et al. 2002):
 – isometric pores at Kf 1–0.66 (the ratio of two ex-
treme measurements a/b being lower than 1.5),

 – anisometric pores at Kf 0.66–0.1 (the ratio of two ex-
treme measurements a/b being between 1.5 and 10),

 – fissure-like pores at Kf 0.1–0 (ratio of two extreme 
measurements a/b being higher than 10).
The degree of orientation of the structural ele-

ments was determined using the decrease in signal 

Text-fig. 2. XRD diffractograms for clays from the Stegny locality. Sm – smectite, I – illite, K – kaolinite, Q – quartz, X – crystalline phase 
similar to mica group, blue line – sample after ethylene glycol treatment, red line – sample after sedimentation, green line – sample after heat 

treatment
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intensity method (Smart and Tovey 1982; Sokolov 
1990) and presented on a rose-diagram. Based on this 
diagram the anisotropic value of the microstructure 
anisotropy index Ka was determined and classified 
into one of the following groups:
 – poorly-oriented microstructure Ka 0–7%,
 – medium-oriented microstructure Ka 7–22%,
 – highly-oriented microstructure Ka 22–78%.

PRESENTATION OF TEST RESULTS

Physical properties

The soils used in the testing program were 
Neogene clays consisting of 37% silt and 63% clay 
(see Table 1), recovered from the depth of 8.0–8.6 m 
from natural ground level, in the Stegny locality in 
Warsaw (Text-fig. 1). According to the Unified Soil 
Classification System (USCS, according to ASTM 
D 2487-06), these soils can be classified as CH fat 
clays. The values of the remaining physical proper-
ties are shown in Table 1. Geological-engineering 
parameters of the Neogene clays from this area allow 
assigning them into a category of very cohesive soils, 
with high, very high or extremely high swelling and 
very high potential expansiveness (Kaczyński and 
Grabowska-Olszewska 1997; Izdebska-Mucha and 
Wójcik 2014). The physical parameters of the soil 
pastes prepared for the analyses have similar values 
of the index parameters as the natural soils from the 
green clays level, which point to its natural grain size 
composition but changed structure and moisture.

The mineralogy of the clays was determined by 
X-ray diffraction (XRD) and thermal analysis (DTA) 
(Text-fig. 2). From a mineralogical point of view, 
the clays are mainly composed of clay minerals and 
quartz. Furthermore, X-ray analysis demonstrated 
small quantities of illite, which was not found in the 
thermal analysis. The results of the derivatographic 
analyses showed that the tested soils are polymineral 
sediments with the mineral composition of the clay 
fraction including the dominating beidellite (50.0%), 
which is a mineral from the smectite group with strong 
hydrophilic properties, kaolinite reaching 14.5%, and 
no illite. The second most abundant mineral is quartz 
and its content together with the thermally inactive 
material reaches 28.3%. Moreover, goethite is present 
in 7.2%. The results show a quantitative predomi-
nance of the minerals of the smectite group, specif-
ically beidellite, and are therefore coherent with the 
beidellite type of clay in the Poznań series from the 
Warsaw region (Wyrwicki 1998).

Microstructural changes – qualitative analyses

The results of qualitative microstructural analy-
ses of clays with natural (undisturbed) structure and 
clay pastes are presented in Text-figs 3–5.

Clays with undisturbed structure – natural specimens

The studied green clays are characterized by a 
matrix microstructure. This matrix is built of clay 
microaggregates and aggregates arranged in a dis-
orderly fashion (Text-fig. 3A). Inclusions of small 

Text-fig. 3. Microstructures of clays – natural specimen. SEM images. Magnification of the images: A × 800, B × 3300. See text for explanations



472 EMILIA WÓJCIK ET AL. 

grains of silt can be observed in the clay matrix 
(marked with a thick upper arrow in Text-fig. 3B). 
The clay matrix is tightly packed. The clay struc-
tural elements differ in size between 2–10 μm and 
have mostly an anisometric shape (shown with a dot-
ted line in Text-fig. 3B). The clay particles in the 
microaggregates are arranged in parallel order ac-
cordingly to the face-to-face type (F–F) (as shown 
by a thicker lower arrow in Text-fig. 3B). Lack of 
orientation of structural elements can be seen (com-
pare Text-fig. 3A with Text-fig. 5A and 5B). The pore 
space chiefly includes small microaggregate pores 
of 3–5 μm diameter, and isometric and anisometric 
shapes (thin arrows in Text-fig. 3A and 3B).

Initial paste

The initial paste shows a honeycomb microstruc-
ture, composed of polygonal, isometric pores (cells) 
(Text-fig. 4A). The cell walls are built of clay parti-
cles and microaggregates. The cells form isometric 
micropores with a diameter of 3–6 μm (thick arrows). 
The structure is very loosely packed. The clay micro-
aggregates most often show an edge-to-edge (E–E) 
(upper thin arrow) and face-to-edge (F–E) (lower 
thin arrow) types of contact. In some places the clay 
microaggregates are bound into larger structural el-
ements – aggregates characterized by stronger pack-
ing (delineated by a dotted line). Lack of orientation 
of structural elements can be seen. In some places, 
clay microaggregates show poor orientation, being 
connected into long lines of aggregates (upper thin 
arrow).

Paste under imposed suction of 100 kPa

The honeycomb microstructure of the initial 
paste underwent significant changes in this stage. 
Larger structural elements are more common, 
whereas the smaller elements are much fewer. As 
a result of the binding of microaggregates, larger 
structural elements – aggregates – were created 
(delineated by a dotted line). Loosely packed clay 
microaggregates in the initial paste have formed 
more strongly packed aggregates (compare elements 
delineated in Text-fig. 4A and 4B). The resulting 
accumulations of microaggregates branch out ra-
dially. Quantitative and qualitative changes in the 
pore space have also been recorded. Large microp-
ore cells diminished their size to approx. 2 μm (thin 
arrows), whereas smaller pores became completely 
closed. Large micropores with a diameter of 7–10 
μm (thick arrows) were formed. The clay microag-

gregate commonly have F–E types of contact (upper 
thick arrow). There is no specific orientation of the 
structural elements.

Paste under imposed suction pressure of 200 kPa

In this stage the microstructure has changed very 
distinctly, from honeycomb to matrix (Text-fig. 4C). 
The matrix microstructure is built of a clay mass 
(matrix) with inclusions of singular silty grains. This 
clay matrix is formed of microaggregates and clay 
aggregates (delineated by a dotted line), which are 
loosely packed. The clay microaggregates mostly 
have an F–F type of contact, but sometimes F–E 
and E–E types of contact also occur. The pore space 
is formed of large, isometric pores between the ag-
gregates (thick arrows), and small, isometric pores 
between the microaggregates (thin arrows) and inside 
the microaggregates. There is no specific orientation 
of the structural elements.

Paste under imposed suction pressure of 300 kPa

In this state (Text-fig. 4D), the microstructure 
changed insignificantly in comparison with that for 
the paste under suction pressure of 200 kPa. The in-
tensity of packing of the structural elements slightly 
increased. The micropores have changed their form 
from isometric to anisometric (thick arrow). The ori-
entation of structural elements and the number of 
F−F contacts increased (thin arrow). The microstruc-
ture has become better oriented.

Paste under imposed suction pressure of 400 kPa

In comparison with the previous paste the inten-
sity of packing of the structural elements increased 
significantly and the matrix microstructure changed 
into medium-packed (Text-fig. 4E). The pore space 
became homogenous. Larger micropores disap-
peared, and the pore space includes only smaller 
pores with a diameter of 1–2 μm (thick arrows). Most 
common are F−F type contacts (thin arrows). The 
microstructure became better oriented.

Paste under imposed suction pressure of 1600 kPa

The microstructural images of the paste under a 
suction pressure of 400 kPa and 1600 kPa are very 
similar. A large number of small micropores became 
closed and the microstructure became tightly packed 
(Text-fig. 4F). The number of F−F type contacts in-
creased.
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Text-fig. 4. Microstructures of clay pastes subject to increase in the 
suction pressure (during the SWCC test). SEM images. A – initial 
specimen, B – after 100 kPa, C – after 200 kPa, D – after 300 kPa, 
E – after 400 kPa, F – after 1600 kPa, G – after drying. Magnification 

of the images × 3300. See text for explanations
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Dried paste

After completion of all stages of the SWCC tests 
and drying, the microstructural image of the paste is 
very different in comparison with the images from 
the previous stages (Text-fig. 4G). Another change 
of the microstructure has occurred – from matrix to 
turbulent. The clay mass forms directed ‘streams’ of 
particles and microaggregates in horizontal and di-
agonal orientations (thick arrows). Singular grains of 
silt can be observed in the matrix (thin arrows). The 
clay mass is strongly packed and distinctly oriented. 
The clay particles tightly surround silty grains. The 
F–F and E–E types of contacts prevail. Anisometric 
and fissure-like pores dominate between tightly 
packed clay microaggregates with F−F orientation of 
the particles. The microstructure is highly organized.

Shrunken paste

The microstructural image of the paste presents 
a turbulent microstructure similar to that of a dried 
paste. The clay microaggregates are arranged in a 
turbulent way (thick arrows in Text-fig. 5B). Singular 
accumulations of fine silty grains are tightly sur-
rounded by the clay matrix (thick arrow in Text-
fig. 5A). The clay mass shows a directed, slightly 
wavy arrangement of structural elements (delineated 
by a dotted line in Text-fig. 5A and 5B). The F–F and 
E–E type contacts prevail between the clay micro-
aggregates. Tightly packed clay microaggregates of 
F–F orientation of particles form anisometric and 
fissure-like smaller micropores with a diameter of 
3–5 μm (thin arrows in Text-fig. 5B). Larger isomet-

ric micropores with a diameter of 10 μm have also 
been observed (thin arrows in Text-fig. 5A). The mi-
crostructure is highly oriented. Rapid drying of the 
paste in the shrinkage process led to the creation of 
the same type of the microstructure as that observed 
in the dried paste, which systematically lost its mois-
ture during the increase in suction pressure followed 
by drying (compare with Text-fig. 4G). However, a 
higher degree of packing and higher level of orienta-
tion can be observed in the shrunken paste.

Microstructural changes – quantitative analyses

The results of the SEM microstructural quanti-
tative analyses of clays and pastes are presented in 
Table 2. Clays with undisturbed structure display a 
low value of porosity (20.8%) and a smaller number of 
pores in comparison to the pastes. However, the max-
imum, minimum and average pore diameter, pore 
area, and pore perimeter are much higher in compar-
ison to the parameters obtained from the pastes. Such 
significant differences cannot be observed in the case 
of the total pores area or the total pore perimeter. In 
comparison with the pastes, the clays contain abun-
dant mesopores and very few micropores. Among the 
shapes the anisometric pores prevail in comparison 
with the isomeric or fissure-like pores, but their val-
ues are similar to those that have been obtained from 
pastes. The microstructure anisotropy index reaches 
a low value.

During the increase of suction pressure, which 
caused dehydration of the paste, the microstructural 
parameters changed. Values of porosity n decreased 
from 37.9% for the initial paste to 30.7% for the dried 

Text-fig. 5. Microstructures of clay pastes after shrinking. SEM images. Magnification of the images: A × 800, B × 3300. See text for expla-
nations
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paste. A similar tendency can be observed for the 
total, average and maximum pore area S, the aver-
age and maximum pore diameter D, and the average 

and maximum pore perimeter P. An opposite ten-
dency can be observed for the number of pores N 
(the parameter increased four times) and for the total 

Parameter
Clay 

– natural 
specimen

Clay pastes
Shrunken 
specimeninitial 

specimen 50 kPa 100 kPa 200 kPa 250 kPa 300 kPa 400 kPa 1600 
kPa

dried 
specimen

Porosity 
n [%] 20.8 37.9 37.2 36.3 36.9 35.2 34.4 34.3 33.2 30.7 31.5

Number of pores 
N ×103 5.87 137.6 124.7 111.4 268.9 231.8 250.7 234.9 220.1 510.1 47.22

Maximum pores diameter 
Dmax [μm] 276.6 122.5 169.7 148.1 172.1 194.4 126.4 163.5 124.6 95.8 61.6

Minimum pores diameter 
Dmin [μm] 5.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Average pores diameter 
Dav [μm] 12.5 1.0 1.0 0.9 0.7 0.7 0.7 0.7 0.8 0.6 1.1

Total pores area 
St ×103 [μm2] 1490.2 880.8 871.8 851.3 858.7 826.8 792.0 803.3 752.2 679.9 182.4

Maximum pores area 
Smax [μm2] 123293.7 12094.3 23067.0 18049.0 24220.9 22367.0 10978.9 15580.0 12408.4 7456.0 3069.7

Minimum pores area 
Smin [μm2] 22.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Average pores area 
Sav [μm2] 257.9 6.6 7.2 7.9 3.6 3.7 3.2 2.9 3.5 1.3 4.2

Total pores perimeter 
Pt ×103 [μm] 795.4 1111.3 1012.0 953.9 1478.2 1289.7 1450.4 1303.4 1352.2 2497.5 330.8

Maximum pores perimeter
Pmax [μm] 10593.3 5005.3 7449.6 6000.5 9165.9 9397.0 5203.1 6294.4 3994.7 2248.1 2155.1

Minimum pores perimeter 
Pmin [μm] 21.7 1.1 1.3 1.4 1.1 1.2 1.2 1.2 1.2 1.0 1.2

Average pores perimeter Pav 
[μm] 136.8 8.2 8.2 8.8 5.8 5.7 5.9 5.7 6.2 4.9 8.8

Maximum form index of 
pores Kfmax [–] 0.973 0.969 0.819 0.963 0.956 0.967 0.963 0.968 0.966 0.967 0.956

Minimum form index of 
pores Kfmin [–] 0.006 0.031 0.038 0.072 0.028 0.024 0.029 0.030 0.018 0.003 0.022

Average form index of pores 
Kfav [–] 0.426 0.454 0.479 0.487 0.456 0.460 0.448 0.458 0.436 0.390 0.455

Dominaning orientation 
direction of pores α [o] 152.2 48.1 93.8 92.7 96.7 146.8 110.3 64.8 62.9 118.8 70.8

Microstructure anisotropy 
index Ka [%] 17.1 11.8 33.9 23.2 19.5 37.1 31.8 44.2 31.5 17.2 29.9

Degree of microstructure 
orientation medium medium high high medium high high high high medium high

Mesopores 
10<Ø<1000 μm [%] 90.3 77.4 81.8 82.9 77.1 79.6 74.8 78.0 68.5 47.5 55.9

Micropores 
0.1<Ø<10 μm [%] 9.7 22.6 18.2 17.1 22.9 20.4 25.1 22.0 31.5 52.5 44.1

Fissure-like pores 
a/b>10 [%] 1.1 0.8 0.2 0.1 1.0 0.6 0.5 0.4 0.4 1.7 0.4

Anisometric pores 
1.5<a/b<10 [%] 86.3 84.6 83.3 83.4 83.7 85.6 85.4 84.9 86.1 85.1 84.0

Isometric pores 
a/b<1.5 [%] 12.6 14.6 16.5 16.5 15.3 13.8 14.1 14.7 13.5 13.2 15.6

Table 2. Quantitative microstructural parameters of the tested clays. Abbreviations: Ø – the equivalent diameter of pores, a/b – the ratio between 
two most different dimensions of pores
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pore perimeter P (the parameter increased twice). 
Significant changes have been observed in the dis-
tribution of pore shapes and sizes. As a result of 
dehydration under the increase in suction pressure, 
the number of the mesopores decreased and the num-
ber of micropores increased. For the minimum and 
average values of the pore form index Kf the decrease 
of value was observed during the water loss process. 
The fissure-like pores are least common in compar-
ison with the isometric and anisometric ones (which 
are the most prevalent). The number of anisomet-

ric and fissure-like pores rises with increasing suc-
tion pressure. In turn, the number of isometric pores 
(which have a medium contribution) decreases with 
the increase of the suction pressure. With the increase 
of the suction pressure the microstructure anisotropy 
index Ka rises from 11.8% (medium-oriented micro-
structure) to 44.2% (highly-oriented microstructure).

Table 2 presents the results of quantitative anal-
yses for the shrunken paste. In comparison with the 
paste dehydrated in stages, the morphometric param-
eters have undergone the most significant change. 

Text-fig. 6. Histograms of pore diameter (D) distribution in clay 
pastes subject to increase in the suction pressure (during the SWCC 

test)
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Even though the shrunken paste has a similar po-
rosity, the number of pores N is ten times smaller. 
Similarly, the average pore diameter, the total and 
maximum pore area, and total pore perimeter have 
smaller values in comparison to the dried paste. The 
increase of the minimal pore diameter was almost 
fivefold. Other morphometric parameters were at 
similar levels as in the dried paste sample.

The distribution of pore diameters D for the ana-
lyzed pastes has been presented in a set of histograms 
(Text-fig. 6). The initial paste shows a bimodal dis-
tribution of pore diameter. The paste under a suction 
pressure of 100 kPa is characterized by increase of 
the number of pores with a small diameter; in this 
case the range of pore sizes with larger diameters be-
comes wider, but their number decreases. The num-
ber of medium-sized pores also decreases. Under a 
suction pressure of 200 kPa the number of smaller 
pores still increases and most of the larger pores dis-
appear (only singular larger pores are present). Under 
a suction pressure of 300 kPa the increase of the num-
ber of small pores and the decrease of the number of 
larger pores continues. Further increase of suction 
pressure to 400 kPa causes an increase of the number 
of medium-sized pores and a decrease of the number 
of smaller pores, and the appearance of a new class 
of very large pores. A suction pressure of 1600 kPa 
removed a large number of medium-sized pores and 
some classes of large pores in favour of the increase 
in the number of small-sized pores. In dried paste 
all large-sized and almost all medium-sized pores 
became closed, whereas the number of small-sized 
pores significantly increased.

The changes of the pore shapes in succeeding 
stages of dehydration of the paste under increasing 
suction pressure are presented in histograms (Text-
fig. 7). The number of isometric pores systematically 
decreases during the process of water loss, and the 
distribution changes from bimodal to anisometric 
pores (compare Text-fig. 7A and 7G). The number 
of anisometric pores systematically increases with 
the change towards more fissure-like pores. Their 
distribution changes from multimodal (Text-fig. 7B) 
into asymmetric unimodal (Text-fig. 7G). Fissure-
like pores are the least common although their num-
ber increases.

Rose-diagrams of the pore orientation are pre-
sented in Text-fig. 8. The shape of the rose-diagram 
for the initial paste is almost isometric. During two 
succeeding stages of dehydration, under suction pres-
sures of 100 and 200 kPa, the shape of the rose- 
diagram is slightly anisometric. However, under suc-
tion pressures of 300 and 400 kPa, the shape of the 

rose-diagram changes significantly and is strongly 
anisometric (more flattened). Under a suction pres-
sure of 1600 kPa and in the case of the dried paste, the 
tendency reverses slightly towards a more isometric 
shape of the rose-diagram.

INTERPRETATION AND DISCUSSION

In the examined natural samples from the green 
clays lithostratigraphic level (sample S3; Text-fig. 1), 
the presence of a matrix microstructure was ob-
served (Text-fig. 3). A similar type of microstructure 
(matrix- turbulent) was reported by Kaczyński (2003) 
in the clays from the same lithostratigraphic level. 
The small difference in the observed microstructures 
may be the result of, for example, the degree of ad-
vancement of the glaciotectonic processes or the con-
sistency state, which is an actual degree of moisture 
expressed by the value of parameter IL.

During the process of increased suction pressure, 
the microstructure of the soil pastes changed sig-
nificantly (Text-fig. 4B–F). The initial paste with a 
moisture of about 1.5 wL has a honeycomb micro-
structure, which changes slightly with the increase of 
suction pressure to 100 kPa. Under a suction pressure 
of 200 kPa the change becomes notable and the mi-
crostructure modifies from honeycomb into matrix. 
Further microstructural changes in the range of suc-
tion pressure at 200–1600 kPa reshape the matrix 
microstructure only in the intensity of its packing, 
from loose to tightly packed.

A very similar change was observed also in the clays 
studied by Wei et al. (2013). The authors of that study 
analyzed the microstructure of a montmorillonite- 
kaolinite paste during changing suction pressure. They 
noted significant changes in the microstructural im-
ages from the honeycomb microstructure at the min-
imum pressure of 1 kPa, through a strongly packed 
matrix microstructure under a pressure of 1500 kPa, to 
the matrix-turbulent microstructure under a pressure 
of 158 MPa (see fig. 6 in Wei et al. 2013).

Our data and their comparison with the available 
literature show that the process of dehydration com-
bined with the increase of suction pressure during the 
SWCC test causes significant transformation of the 
microstructure of the soil pastes. The honeycomb mi-
crostructure in the initial paste was formed due to the 
high water content. At this stage we are dealing with 
coagulated types of bonds between the structural el-
ements, in which the van der Waals forces (Osipow 
1975) play the most important part. The water film 
around the clayey particles is of maximum thickness 
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(strongly and poorly bound water), whereas loose wa-
ter occurs in the pores between the elements of the 
mineral skeleton. As a result of the loss of moisture 
during the SWCC test, clay particles get closer to-
gether with the decrease of water content. The water 
film around the clay particles becomes thinner and 
ion-electrostatic forces start interacting on the con-
tacts (Osipow 1975).

As a result of this process, a more strongly packed 
matrix microstructure is formed in the clay paste. 
With further water loss the water film starts breaking 
and chemical forces start interacting on the structural 
bonds (Osipow 1975). Clay particles start contacting 
one another directly on a very small area. Due to the 
action of the meniscus capillary forces, water still 
occurring in the corners of the pores causes a direct 

Text-fig. 7. Histograms of the pore form index (Kf) distribution in 
clay pastes subject to increase in the suction pressure (during the 
SWCC test). See Table 2 to compare values of fissure-like, aniso-

metric and isometric pores
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contact of increasingly larger areas of the clay par-
ticles. In the final stage of soil paste drying the loss 
of the strongly bound intralayer and interlayer water 
creates deformations that lead to bending of particles 
and clay microaggregates. As a result, a turbulent 
microstructure develops. A similar process of water 
loss in soils was observed by Viola et al. (2005) us-
ing an Environmental Scanning Electron Microscope 
(ESEM).

The turbulent microstructure occurring in the 
dried (Text-fig. 4G) and shrunken pastes (Text-fig. 5) 
developed due to the total water loss, without any 

consolidating pressure. The transition from the ma-
trix microstructure into the turbulent microstructure 
during the process of increasing suction pressure was 
observed only during the final drying (Text-fig. 4B–
F). Non-linear inner strains that started forming at 
the end of the drying phase were created by the me-
niscus capillary forces that formed a turbulent mi-
crostructure in the completely dried soil. It may be 
assumed that a similar process could have occurred 
in the Neogene clays that were studied by Kaczyński 
(2003), and the consistency state, i.e., the actual state 
of moisture of these clays, could represent a transi-
tional, matrix-turbulent microstructure. So far un-
described (see Aylmore and Quirk 1960; Yong 1972; 
Grabowska-Olszewska et al. 1984), the observed mi-
crostructural changes that occurred during the per-
formed SWCC test shed a new light on the processes 
of turbulent microstructure formation. According to 
the presented data it is clear that the processes of 
water loss due to the increase of suction pressures 
and additionally due to drying have a large influ-
ence on microstructural transformations, resulting 
in shrinking of clay soils. As an effect the turbulent 
microstructure is formed.

The microstructural changes described above 
have been analyzed in relation to the basic physi-
cal properties such as the liquidity index – IL (Text-
fig. 9). As reported by Kumor (2008), in natural 
conditions, Neogene clays in Poland have a liquidity 
index of 0.19 to -0.10 (averagely 0.03). According to 
Kaczyński (2003), who studied the overconsolidation 
and the microstructures in the Neogene clays from 
the Warsaw area, the liquidity index is -0.09 on the 
average. Text-fig. 9 illustrates the effect of suction on 
soil consistency including states from initial to dried. 
The transition of the analyzed Neogene clay paste 
from the liquid (IL >1.0) to the solid state (IL <0, after 
Head 1992) is accompanied by significant changes 
in the packing of the structural elements, along with 
simultaneous increase of suction pressure and drop in 
the liquidity index values (moisture loss). The initial 
paste with a moisture content above the value of the 
liquidity limit wL has a honeycomb microstructure 
and is characterized by the highest liquidity index 
of 1.23. With an increase of the suction pressure to 
100 kPa no significant microstructural changes were 
observed, however the analyzed paste transforms into 
a plastic state with a liquidity index of 0.6. The subse-
quent change of pressure to 200 kPa induces changes 
in the paste by forming a matrix microstructure with 
loose packing. The level of the liquidity index re-
duces to about 0.3. With an increase of suction pres-
sure to 1600 kPa the matrix microstructure changes 

Text-fig. 8. Rose-diagrams of pore orientation (0−360°) in clay 
pastes subject to increase in the suction pressure (during the SWCC 
test). See Table 2 to compare values of microstructure anisotropy 

index Ka and degree of microstructure orientation
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its packing from low to high, with the liquidity index 
remaining at the same level. Significant changes in 
the orientation and packing of the structural elements 
are observed in the dried sample. The turbulent mi-
crostructure and liquidity index of -0.57 indicate a 
solid state. The analysis of the natural clay sample 
and samples of similar clays studied by Kaczyński 
(2003) with a consistency around IL = 0 indicates that 
they display a transitional, matrix-turbulent micro-
structure. Our analyses emphasize the correctness of 
the observed regularities during the gradual increase 
of suction pressure and the transition of the studied 
material from a liquid to a solid state. Therefore the 
water loss and the related microstructural transfor-
mation in the clay paste caused increase of the micro-
structure anisotropy index (Table 2).

The microstructural changes that co-occur with 
the soil moisture oscillations under the influence of 
the suction pressure depend on the soil behaviour 
during drying. The mineral composition of the clay 
fraction, especially the presence of hydrophilic min-
erals from the smectite group observed also in the 
studied clays, plays a particular role in these pro-
cesses (Text-fig. 2). Strong hydrophilic properties of 
such minerals are crucial not only in the hydration 
process but also in the structural transformations 
connected with the dehydration process. Similar ob-
servations of the strong connection between the min-
eral composition and the soil behaviour forecasted 
in different water content conditions were made by 
Seiphoori et al. (2014). During the wetting and dry-
ing cycles, they observed a microstructural reorgani-
zation of bentonites rich in Na-smectites as a result of 
the interaction of the bentonite with the liquid phase 
present on the surfaces of phyllosilicate particles, in-
filling the free pores between them, and particularly 
bound within the phyllosilicate sheets. The loss of 
capillary water influenced the distribution of meso-
pores and micropores (Text-fig. 10). The results show 
that drying causes a reduction in the soil porosity 
from 37.9 to 30.7% (Table 2), corresponding mostly 
with reduction of the number of mesopores. An in-
crease in the number of micropores, associated with 
this phenomenon, can also be observed.

The results of studies using the mercury porosim-
etry method are reported by Simms and Yanful (2001, 
2002) and Koliji et al. (2006). The most significant 
changes are reported in pores with the diameter of 
0.01−50 μm. During the increase in suction pressure 
the volume of pores with the diameter of 1–10 μm 
decreases, whereas the volume of the 0.1–1 μm and 
10–50 μm pores increases. Additionally, a simulta-
neous increase in volume of small-size pores is ob-

served in 0.1–1 μm pores. A similar process may 
be observed in the analyses of the clay pastes (Text-
fig. 11). Analysis of histograms for the initial paste, 
through the subsequent values of suction pressure, 
to the dried paste shows that the contribution of the 
smallest pores, with a size range of 0–1 μm, increases 
significantly. This is particularly clear when com-
paring the sample that has undergone the suction 
pressure of 1600 kPa (4.1%) and the dried sample 
(11.2%). A similar regularity was not observed in 
the shrunken sample, whereas the soil with an un-
disturbed structure (natural) is completely devoid of 
such pores. These results may suggest that stronger 
internal strains occur during the paste shrinking (un-
controlled and rapid water loss). Such strains result 
in shorter distances between the structural elements 
and as a result closure of pores in this size range. The 
natural sample could have been subject to additional 
processes, which caused the disappearance of such 
pores.

The pores with a diameter of 1–10 μm also show 
a growing trend in volume. In the initial paste these 
pores contribute to 18.7%, with the most significant 
increase (up to 28.8%) under the suction pressure of 
1600 kPa and in the dried paste (46.9%). Such sig-
nificant increase cannot be observed in the shrunken 
paste, where it reaches only 42.1%, mostly due to 
the same reason as for the pores with a diameter 
of 0–1 μm. In the natural sample a small number 
(10.5%) of such pores can be observed, which is most 
likely due to the natural processes occurring in these 
sediments. The increasing trend in the 1–10 μm pores 
was not observed in the analyses using the mercury 
porosimetry method as reported by Simms and 
Yanful (2001, 2002) or Koliji et al. (2006). The sam-
ples for these analyses were dried using the freeze 
drying method, similarly as the samples for the 
qualitative and quantitative SEM analyses presented 
herein. However, the process of obtaining the results 
of porosity distribution differs significantly in both 
methods, which might have influenced the results.

During the quantitative microstructural analysis, 
the pore distribution was also analyzed (see rose- 
diagrams in Text-fig. 8). The orientation of the pore 
space has been subject to significant changes. For the 
initial paste and at initial suction pressures (100 and 
200 kPa) the microstructure is medium-oriented. In 
turn, for the pastes under higher suction pressures the 
level of orientation increased and the microstructure 
became better oriented. Higher orientation of pores at 
increasing suction pressure was caused by the mobil-
ity of structural elements and them getting closer due 
to water loss. This also influenced the arrangement 
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Text-fig. 10. Histograms of 
changes in pore diameter (D) 
distribution in clay pastes 
subject to increase in the 
suction pressure (during the 
SWCC test). Ranges of his-
tograms: total (0 – Dmax μm), 

1–10 μm, 0–1 μm
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Text-fig. 10 – continuation
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of the pore space and the level of pore orientation. 
The pore shape changed from isometric to anisomet-
ric and fissure-like pores in the process of increase 
of suction pressure and water loss (Text-fig. 7). Wei 
et al. (2013) observed a similar trend in their study 
on the arrangement of clay particles in SEM images 
where their orientation increased along with the in-
crease of suction pressure. Although the authors of 
that study studied the orientation of the clay mineral 
phase, but in this case, due to the platy habit of clay 
minerals, the comparison of the orientation of clayey 
particles and pores between them is justifiable.

CONCLUSIONS

Soil behaviour under diverse parameter-changing 
processes can be interpreted based on microstructural 
studies. This paper discusses the characteristics of 
the microstructure of Neogene clays from the Stegny 
locality in Warsaw, Poland: (i) in natural soils; (ii) 
in clay paste created as a result of stepwise increase 
of suction pressure; (iii) in dried paste created in the 
last stage of suction pressure, and shrunken paste; 
(iv) through quantitative analysis of the pore space 

geometry in all of the above mentioned cases; and (v) 
in relation to the results obtained due to the change of 
the soil plasticity.

The following conclusions can be drawn from the 
presented microstructural test results:

(1) The changes of soil moisture caused by the 
increase of suction pressure not only shape the plastic 
properties of soils but also significantly modify its 
structure (especially in the micro scale). During wa-
ter loss, the initial soil paste in a liquid state changes 
its plasticity index, becoming a solid state. This is 
accompanied by the microstructural transformation 
from the honeycomb, through the matrix, to the tur-
bulent microstructure. These changes are influenced 
e.g., by the soil behaviour during drying, taking into 
account the presence of water-sensitive clay minerals 
from the smectite group.

(2) The level of packing of the structural elements 
increased with the change of the type of microstruc-
ture. The honeycombcellular microstructure was 
characterized by a low level of packing (initial paste 
and paste under the suction pressure of 100 kPa); the 
matrix type of microstructure changed the level of 
packing from low to high (paste under the suction 
pressure of 200–1600 kPa), whereas the turbulent 

Text-fig. 11. Changes in the number of clay meso- and micropores with increase in the suction pressure (during the SWCC test)
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microstructure had a high level of packing of the 
structural elements (dried and shrunken paste).

(3) With the increase of suction pressure, the type 
of microstructure changed from honeycomb through 
matrix to turbulent, which in turn shows an increase 
of its level of orientation from low to high.

(4) Under increasing suction pressure the total po-
rosity of the studied pastes did not undergo signifi-
cant transformations. In turn, the pore distribution 
changed. Significant modifications in the quantitative 
values of the morphometric and geometric param-
eters of pore space were also observed. In general, 
the values of morphometric parameters decreased 
with water loss. The pore space with larger, isometric 
pores transformed into a pore space with a domi-
nation of small, anisometric and fissure-like pores. 
The most significant changes were observed for pores 
with the diameter of 0–10 μm, where their contri-
bution increased along with the increase in suction 
pressure. In the case of the shrunken sample, porosity 
did not change significantly, however a rapid shrink-
age caused the decrease in the number of pores, in 
the maximum pore diameter and total pore perime-
ter. The process of rapid dehydration must have also 
been connected with closing of (especially very small) 
pores, which did not take place during the selective 
water loss under increase of suction pressure.

(5) The stepwise closure of the solid paste struc-
ture can be clearly observed in the process of water 
loss under increase of suction pressure.
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