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Abstract: The performed investigations were focused on
analysing the variability of geological-engineering proper-
ties in clay soils from central-eastern Europe with regard to
microstructures. Thirty-nine soils differing in origin, lithol-
ogy and microstructure type were selected for analysis. Re-
sults of studies on lithological and physical and mechani-
cal parameters were analysed, coupled with quantitative
microstructural parameters based on microstructure im-
ages. The relationships between lithological, physical and
mechanical and pore space parameters were determined
with regard to microstructure types. Sediment origin and
diagenesis, and soil microstructure and pore space param-
eters had influence on the geological-engineering proper-
ties. Such approach allows for predicting engineering pa-
rameters based on soil microstructure types and their pore
space parameters.

Keywords: clay soils, SEM, microstructure, pore space,
physical and mechanical properties, correlation

1 Introduction

Studies of the structure in sedimentary rocks may facil-
itate the recognition and interpretation of their origin,
post-sedimentary alteration, as well as engineering prop-
erties. In engineering geology, the structure of clay soils
(microstructure in studies based on scanning electron mi-
croscopy — SEM) is defined as the sum of three compo-
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nents: 1) grain size and mineral composition, and the
chemical composition of the solid, liquid and gas phases,
2) fabric, referring to the distribution, shape and dimen-
sions of grains and particles, and the character of the pore
space, and 3) forces acting at the contacts between grains
and particles [1-3]. The qualitative and quantitative de-
scription of microstructure, similarly as other parameters,
is crucial for characterising geological-engineering prop-
erties. Such complex approach to microstructural studies
allows for a full recognition of soil behaviour, particularly
in macro scale. This is extremely important in applied stud-
ies of soils that are used as foundation soil.

Structure studies using SEM have initiated new possi-
bilities of its recognition. The first to use an electron mi-
croscope for the observation of clays were e.g. Eitel and
Schusterius in 1939-1940. Their studies were focused only
on determining the dimension and shapes of very fine
particles of clay minerals [4]. A comprehensive overview
of available techniques used in studies of soils at micro-
scopic scale has been presented by Romero and Simms [5].
Among the numerous methods used earlier, these authors
emphasise the particular usefulness of scanning electron
microscopy in understanding the properties of geomateri-
als and their behaviour under various environmental fac-
tors.

Development of branches of engineering geology such
as soil mechanics or soil science has raised interest in
the structure of clay soils, particularly of clays. Some of
the first reports were focused on issues related to theo-
retical models of the internal structure of clays [6—-9]. De-
velopment of modern research techniques, including elec-
tron microscopy, initiated a subsequent stage of studies on
the microstructure of clay soils [10-12]. Numerous mono-
graphs on the microstructure of clays and clay soils ap-
peared as a result of long-term, dedicated studies [1, 4, 13,
14].

Numerous scientists devoted their research to
microstructure and its influence on the geological-
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engineering properties of lithologically and genetically
variable clay soils. The literature in this topic is extremely
rich [2, 15-37]. Detailed studies on glacial tills from Poland
have evidenced crucial relationships between microstruc-
tural parameters and geological-engineering properties
of these sediments [38-40]. Analysis of microstructure in
clay soils was developed chiefly for practical applications,
for example for the requirements of engineering geology
and geotechnics [33, 41-43].

Most recent reports on microstructure include stud-
ies of various soils and geomaterials with regard to practi-
cal usage linked with geotechnics and road construction,
which raises high interest among practitioners [e.g. 44—
49].

The first concepts of the internal structure of clays
have been presented in the early 1900-ties [50]. More com-
plex models were subsequently published. Terzaghi [6]
proposed a system of single clay particles mutually con-
tacting along a small area (point contacts) by sufficiently
resistant bonds. Such spatial distribution was termed as
a honeycomb structure. A modified and more complex
model of Terzaghi’s honeycomb structure for low-bearing
and sensitive clays has been presented by Casagrande [8].
Next, based on SEM studies, Aylmore and Quirk [51] pro-
posed the term turbostratic arrangement or turbostratic
structure for such system of clay particles. The turbostratic
arrangement is formed of aggregates, in which clay par-
ticles contact parallel, along face-to-face (F-F) contacts.
Such aggregates known as domains or stacks are arranged
randomly in the structure.

Long-term SEM studies of structures on sedimentary
rocks of various age, performed jointly by a team of scien-
tists from the University of Warsaw and the Moscow State
University, resulted in working out a classification scheme
of microstructures in clay rocks [14, 52]. These investiga-
tions were summarised in the Atlas of the Microstructure
of Clay Soils [1]. During our investigations, which include
quantitative analysis and detailed quantitative character-
istics of microstructures, we refer directly to this classifica-
tion.

The presented report focuses on searching for a corre-
lation between lithological features and physical and me-
chanical properties in clay soils with regard to selected
types of microstructures included in the classification
scheme mentioned above (Figure 1). It attempts to link mi-
crostructure and its properties with conditions of sediment
formation and geological-engineering properties. This aim
was accomplished by performing quantitative analysis of
the microstructures, expanded statistical analysis, and de-
tailed studies of the relationships between particular pa-
rameters.
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2 Material and methodology of the
investigations

A collection of archival data, published in the Atlas of the
Microstructure of Clay Soils [1], was used in the investiga-
tions. The authors of the Atlas presented a classification of
microstructures, innovative for the time of its publication
and functioning till present, based on long-term studies.
The publication contains also a complete list of geological-
engineering parameters and a qualitative characteristics
of microstructure types with a set of SEM images for 86
soils varying in lithology and depositional environment.
Genetically, the soils are represented by marine, lake, flu-
vial, and glacial sediments, and waste covers, whereas
lithologically they mainly represent clays, and sandy and
silty clays (Figure 2A). The soils derive from Poland - 35
samples, which accounts for 41%, and from the European
part of the former USSR - 51 samples, which accounts for
59%. The age of the sediments ranges from the Precam-
brian to the Holocene.

Our investigations included all data from the Atlas, in-
cluding lithological, mineralogical, physical and mechan-
ical properties, and SEM images [1]. The following param-
eters were used for the preparation of a database with
geological-engineering properties: grain size composition,
content and composition of clay minerals, dry bulk density
(p4), bulk density (p), porosity (n), specific surface area
(S), natural water content (w), liquid limit (w;) and plas-
tic limit (wp), plasticity index (Ip), water saturation coeffi-
cient (Kv), one-axial strength (0), maximum shear stress
(Tmax), minimum shear stress (Tpy,), resistance to cone
penetration (Pm), and propagation velocity of longitudi-
nal ultrasonic waves (V). The methodology of parameter
tests is given in the Atlas [53, 54]. Based on sets of SEM im-
ages of microstructures, a database — image library — was
constructed.

Thirty-nine out of 86 samples were selected for de-
tailed quantitative analysis of the microstructures. The
main criterion for this selection was microstructure type
and its abundance in the dataset. Three out of 5 basic types
were selected, that is: 25 soil samples with a matrix mi-
crostructure, 8 soil samples with a honeycomb microstruc-
ture, and 6 soil samples with a laminar microstructure,
which contributes to 45% of the entire dataset (Figure 2B).

Honeycomb and laminar microstructure types repre-
sent the most extreme members of microstructure classi-
fication, and the matrix microstructure is an intermediate
member of the classification. Basic data, such as locality,
depth, age or microstructure type have been compiled in
Table 1. Most soils are from the European part of the for-
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Table 1: Basic properties of the clay soils studied (compilation based on data from Grabowska-Olszewska et al. 1984)
No. Location Depth  No.  Microstructure Genesis Age
Country Locality [m] acc. type
to [1]
1 Poland Wielobrowiec 2 29 matrix Marine loam Triassic lower
2 Ostrowiec Swietokrzyski 2 30 Marine clay Triassic upper
3 Stawkéw 7 32 Marine clay Triassic upper
4 Rezerwat “Bardo Stawy” 2 36 Marine clay Cambrian
5 Konin 5 48 Lacustrine loam Pliocene
6 Konin 12 49 Lacustrine loam Pliocene
7 Nowy Staw 2 54 Alluvial clay Holocene
8 Malbork 2,5 55 Alluvial clay Holocene
9 Gdaiisk 3 56 Alluvial clay Holocene
10 Mszczonéw 5 59 Alluvial clay Pliocene
11 Bobrza 1,5 64 Glacial loam Plejstocene lower
12 Radzionkéw 8,5 76 Eluvial loam Carboniferous upper
13 Turoszéw 70 77 Eluvial loam Tertiary
14 Turoszéw 120 78 Eluvial clay Tertiary
15 Boryszew 2 69 laminar Varved clay Pleistocene middle
16 USSR Caspian Sea 1 1 honeycomb Marine silt Holocene
17 Caspian Sea 2 2 Marine silt Holocene
18 Black Sea 1 3 Marine silt Holocene
19 Adler valley 3 5 Lagoonal silt Holocene
20 Lake Vozhe 0,2 41 Lacustrine silt Holocene
21 Lake Vozhe 0,5 42 Lacustrine clay Holocene
22 Lake Vozhe 3 43 Lacustrine clay Holocene
23 Bieregovo 246 85 Hydrotermal clay Miocene
24 Sea of Azov 8 6 matrix Marine silt Holocene
25 Sea of Azov 14 7 Marine silt Holocene
26 Kurgan 26 17 Marine clay Eocene
27 Moskva 29 23 Marine loam Jurassic upper
28 Moskva 38 24 Marine clay Jurassic upper
(oksfordian)
29 Tyumen 25 52 Lacustrine clay Oligocene
30 Moskva 0,7 53 Alluvial clay Holocene
31 Sochi 8 57 Alluvial clay Holocene
32 Moskva 5 62 Glacial loam Pleistocene middle
33 Voskresensk 3 81 Eluvial clay Cretaceous
-Paleogene
34 Bieregovo 10 84 Hydrotermal clay Miocene
35 Staropolska Kraj 85 12 laminar Marine clay Oligocene
36 Sochi 10 21 Argillite Cretaceous lower
37 Sochi 4 27 Clay schist Jurassic lower
38 Pyarnu 2 66 Varved clay Holocene
39 Novogorod 2 67 Varved clay Holocene
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Table 2: Selected pore space parameters of the clay soils studied with regard to microstructural types. * - average

Parameters Type of microstructure
Honeycomb Matrix Laminar
Porosity n [%] 16.4 - 34.0 13.7-38.4 10.9-33.7
28.3" 22.5 24.1
Number of pores N x 103 90 - 2142 293 -7276 632 - 3043
906 1495 1537
Average pores diameter Dgy [um] 1.1-9.7 0.7 -3.2 0.8-2.0
2.9 1.4 1.4
Total pores area S¢ x 103[pm2] 5249 -11180 4324 -12581 3343 -11020
9190.1 7306.5 7769.4
Average pores area Sqy [pm?] 4.5-111.8 1.3 -23.1 1.3 - 14.0
25.3 8.1 7.5
Total pores perimeter P; x 103 [pm] 8863 - 21762 8280 -47110 13785 -29615
15493 16499 18932
Average pores perimeter Pgy [um] 10.1-116.6 28-37.1 7.6-22.4
33.0 14.9 15.2
Average form index of pores Ky, [-] 0.45-0.63 0.30-0.58 0.33-0.49
0.53 0.46 0.41
Microstructure anisotropy index K [%] 20.4 -53.5 34.1-76.7 68.1-89.6
37.7 49.9 76.2
Mesopores 10 < & < 1000 um [%] 74.9-99.9 35.5-92.2 81.5-99.1
91.6 89.0 93.6
Micropores 0.1 < & < 10 pum [%] 0.1-6.8 0.3-19.4 0.6 —18.5
2.5 4.2 6.3
Fissure-like pores a/b>10 [%] 0-4.6 0-58.4 8.0 -56.0
0.9 10.6 23.8
Anisometric pores 1.5<a/b<10 [%)] 44.9-76.3 37.3-95.6 26.0-74.0
64.3 68.7 60.7
Isometric pores a/b<1.5 [%] 22.5-54.7 2.7 -47.9 1.3-28.1
34.7 20.5 15.6

mer USSR (24 samples) and the rest are from Poland (15
samples).

Preparation of soil samples, published in the Atlas,
for microstructural SEM studies was performed so that
their natural structure was retained intact [1]. This con-
dition is indispensable for a correct quantitative analy-
sis and for obtaining real quantitative parameters of the
microstructures [55-57]. The applied preparation proce-
dure and the SEM images were used in the quantitative
analysis. To achieve this, the microstructure images were
scanned in high resolution and digital versions were pre-
pared. The analysis was performed with application of
specialised STIMAN - Structural Image Analysis — soft-
ware [58]. This software was constructed for making quan-
titative microstructural investigations of soils using SEM
images and statistical methods of image analysis. Based
on this analysis, a series of parameters of the pore space

was obtained: morphometric (diameter D, perimeter P, sur-
face S) and geometric (form index of pores K £, microstruc-
ture anisotropy index K,). Histograms generated by the
applied software were used to determine the contribution
of isometric, anisometric and fissure-like pores, as well as
micro- and mesopores. Table 2 presents the medium, max-
imal and minimal values of these parameters in relation to
the analysed microstructure types.

As a result, three datasets were prepared: database
with geological-engineering properties, database with
SEM images, and database with quantitative microstruc-
tural parameters. The matrix of the correlation coefficient
was obtained from the database with physical and me-
chanical parameters and the database with microstruc-
tural parameters; the most significant and most represen-
tative correlation relationships were selected from this ma-
trix.
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Figure 1: SEM images of three types microstructures for clay soils: A1, A2 — honeycomb (1*), B1, B2 — matrix (62*), C1, C2 — laminar (27%). A1,
B1, C1- magnification 500x, A2, B2, C2 - magnification 5000x. * — No. acc. to [1] in Table 1

. OF The charts present correlation relationships for high val-
3 va"ablllty Of .pore Space ues of the correlation coefficient (Figure 3, Figure 4, Fig-
arameters with regard to ure 5), whereas Table 2 presents a characteristics of se-

p
mi crostructures iI'I clay S OiIS lected parameters for the honeycomb, matrix, and lami-

nar microstructures. Analysis of the parameters indicates
that the number of pores and their total perimeter in-
crease, whereas the medium diameter, medium perime-
ter, medium pore surface and total pore surface decrease
from soils with a honeycomb microstructure to soils with a

Based on the quantitative analysis of microstructures, 23
parameters characterising the soil pore space were se-
lected, from which a correlation matrix was constructed.



DE GRUYTER Assessment of the variability of geological-engineering and pore space properties in clay soils

— 241

3%

Marine cIay_/
29%

1%
L ol
7% \ Argillite
3%
Marine loam
\ Clay schist
1%
Eluvial clay
13%

Lagoonal silt

Varved clay Aleurolite

5% Alluvial clay

Marine silt

“_Eluvial loam
3%

Glacial loam
7%

Hydrotermal clay
3%

1%
Lacustrine silt Lacustrine loam
1% 3% 9%

Lacustrine clay

4%

7%

pseudoglobular

laminar

domain  gomain-matrix honeycomb
sponge 6% ; 1% 9%
2%

_skeletal

skeletal-matrix
8%

matrix-laminar
5%

turbulent
16%

s
- o e
o e o
S
:E ﬁ §:matrix
" --...- e 29%
i

matrix-turbulent
12%

Figure 2: Classification of the clay soils studied: A — according to genetic types, B — according to microstructural types (compilation based
on data from Grabowska-Olszewska et al. 1984)



242 = . Trzcifiski and E. Wojcik

40 | n=81.3%
oH Y =0.003x+0.795
35 + R2=1
=0.003x +0.488
30 oM Y
e | |
T 25 + AL Y= 0.0(}:){32’)(_+10.9625 n=52.2%
€ 20
g 15
e
10 —
5 | n=4.8%
0 T T T T 1
2000 4000 6000 8000 10000 12000
Total pores area S, x 10° [um?]
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Figure 4: Chart showing the correlation between: A — maximal

pore area Smax to maximal pore diameter Dyqx, B — maximal pore
perimeter Ppqx to maximal pore diameter Dpmqax. See Figure 1 for the
comparison of three types microstructures: H — honeycomb, M —
matrix, L - laminar

laminar microstructure. The value of the pore form coeffi-
cient Ky is the lowest in soils with a laminar microstructure,
which results in a high value of the anisotropy index K.
Values of these parameters behave inversely in soils with
a honeycomb microstructure, and intermediately in soils
with a matrix microstructure. The content of meso- and
micropores increases, and of fissure-like and anisometric
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pores decreases from soils with a honeycomb microstruc-
ture to soils with a laminar microstructure.

The graph in Figure 3 presents another relationship
with a high correlation coefficient equal to 1, in which
porosity directly depends on the total pore surface. Higher
values of porosity and pore surface are observed in soils
with a honeycomb microstructure, and lower values of
these parameters are noted in soils with a matrix and lam-
inar microstructure. There are some deviations from this
trend, which may be explained by a variable degree of
packing, and dimensions of grains and particles forming
the microstructure. The porosity of soils with a honeycomb
microstructure is low when the matrix is composed of
tightly packed, very small particles and microaggregates.
In turn, soils with a laminar microstructure are charac-
terised by high porosity because they are built of large and
loosely packed structural elements.

The next graph presents another relationship with a
high correlation coefficient equal to 1, in which the maxi-
mal pore diameter rises with the increase of maximal pore
surface (Figure 4A). At first, the graph is non-linear, be-
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cause up to 35 pm the pore diameter rises faster than the
pore surface. Such relationship indicates that fissure-like
and anisometric pores dominate in a diameter range be-
tween 10-35 pm, because the increase of both parameters
should be proportional for isometric pores. This is con-
firmed by the position of soils with a laminar microstruc-
ture in this part of the chart, with prevailing anisometric
and fissure-like pore shapes. Above these diameter values,
the increase of relationships is proportional, indicating
isometric pore shapes. This is confirmed by the position of
soils with a honeycomb microstructure, characterised by
large and oval pores, in this part of the chart.

The relationship, in which increase of maximal pore
perimeter causes increase of maximal pore diameter, has
a similar course (Figure 4B). Such shape of the curve con-
firms conclusions drawn from the previous relationship
(Figure 4A). The analysed graph shows another relation-
ship, in which the smallest pores are anisometric or fissure-
like in shape in soils with a laminar microstructure. In turn,
for the highest diameter values, the pores are isometric
and the soils have a honeycomb microstructure. The low-
est correlation coefficient is observed in soils with a ma-
trix microstructure, which indicates the highest dispersion
of the results. Soils with this microstructure contain ani-
sometric, fissure-like, and isometric pores, and their com-
plex shapes are evidenced by high values of the maximal
perimeter.

Graphs in Figure 5A and Figure 5B show similar re-
lationships as in Figure 4 and represent the same aver-
age values for particular parameters. The significant in-
crease of the average pore surface and pore perimeter is
almost proportional with the increase of the average pore
perimeter. Pore diameter rises slightly faster than pore sur-
face and pore perimeter. Analysis of the graphs confirms
the conclusions drawn for the maximal values of these pa-
rameters (Figure 4). The analysis indicates also that soils
with a matrix microstructure contain pores with diame-
ters in the range of 1-3 pm; lower values of pore diameter
were observed in soils with a laminar microstructure and
higher values - in soils with a honeycomb microstructure.
Such distribution of diameter values points to the degree
of packing of the structural elements in the analysed types
of microstructures. Soils with a honeycomb microstructure
have larger and more isometric pores, and their structure
is loosely packed. In turn, soils with a laminar microstruc-
ture have anisometric and fissure-like pores with smaller
dimensions, and a more packed microstructure.
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4 Variability of
geological-engineering
properties with regard to
microstructures of clay soils

The compilation presents statistical parameters of soil
physical and mechanical properties with regard to mi-
crostructure types (Table 3). The analysis indicates that
soils with a honeycomb microstructure are characterised
by the largest variability of water content, high porosity
and lowest values of the dry bulk density. In soils with a
matrix microstructure the water content and porosity vary
in a much narrower range, and the dry bulk density attains
intermediate values between those reached by soils with
a honeycomb microstructure and soils with a laminar mi-
crostructure. Soils with a laminar microstructure are char-
acterised by: a high content of the fraction below 1 pm,
the lowest values of porosity and water content, and the
dry bulk density reaching the highest values. The liquid
limit w; and plastic limit wp attain the highest values in
soils with a cell microstructure and the lowest values in
soils with a laminar microstructure. The plasticity index
Ip attains the highest values in soils with a honeycomb mi-
crostructure and reaches similar values in soils with ma-
trix and laminar microstructures. In consequence, soils
with a honeycomb microstructure usually have a liquid tex-
ture, whereas soils with a matrix microstructure usually
have a plastic or rarely semi-compact texture. In soils with
alaminar microstructure, variability of texture is large and
results from the variable degree of packing, which ranges
from high to low values.

Based on the water content and the liquid limit, the de-
gree of soil diagenesis may be assessed. The water content
of the sediment directly after deposition varies between
1-1.5w;, and decreases with time in result of diagenesis,
for example compaction and cementation [59]. The degree
of sediment diagenesis increases with a smaller ratio be-
tween the value of actual water content to the value of the
liquid limit w/wy, (Figure 6). This ratio is high in soils with a
honeycomb microstructure and varies in a narrow range of
values, whereas in soils with a matrix microstructure it is
lower and varies in a wide range of values. Soils with a hon-
eycomb microstructure are mainly young Holocene sedi-
ments of marine and lake origin. In such soils, sediment
diagenesis is at an early stage. In turn, soils with a matrix
microstructure represent various ages and are mostly of al-
luvial, glacial and lake origin, which causes that the values
of the liquid limit are variable. Such soils have a very vari-
able degree of diagenesis resulting not only from the age of
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Table 3: Selected physical-mechanical properties of the clay soils studied with regard to the microstructural types (compilation based on

data from Grabowska-Olszewska et al. 1984). * - average

Parameters/type of microstructure Honeycomb Matrix Laminar
Dry bulk density p, [kg/m>x10°] 1.14-1.89 1.55-2.29 1.74-2.6
1.53" 1.97 2.17
Bulk density p[kg/m3x103] 2.41-2.9 2.55-2.93 2.67-2.81
2.71 2.73 2.73
Porosity n [%] 46.3-90.4 25.9-64.9 4.8 -60
69.8 41.4 32.4
Fraction & < 0,001 mm [%] 12 -44 5-56 41 - 54
31.9 28.5 47.3
Montmorillonite [%] 5-35 5-100 5-40
13.3 38.4 22.5
Specific surface area S [m?/kg] 39000 - 239000 15000 - 481000 1000 - 223000
110125 154786 93167
Natural water content w [%)] 31-396 11-67 2-57
126 28.2 23.5
Liquid limit wy [%] 46 - 114 24 -104 45 -59
70.6 50.8 51.8
Plastic limit wp [%] 22 -85 13 -49 22-30
38 25.5 26
Plasticity index Ip [%] 24 - 47 9-70 23-29
35.1 24.8 25.8
Degree of humidity (water saturation coefficient) Ky, 0.97-1 0.35-1 0.96 -1
[-] 0.99 0.84 0.99
One-axial strength ¢ [MPa] 0.000016 - 0.0029 0.0006 - 0.0472 0.0005-0.908
0.000441 0.00616 0.232183
Maximum (peak) shear stress Tmax [MPa] 0.00001 - 0.0012 0.0003-0.0116 0.0006 - 0.0226
0.000213 0.00224 0.006625
Minimum (residual) shear stress 7., [MPa] 0.000008 - 0.0002 0.0002 - 0.0034 0.0003 - 0.0012
0.000068 0.000848 0.00055
Plastic strength (resistance to cone penetration) P,  0.00002 - 0.0042 0.001-0.0871 0.0025 - 0.0664
[MPa] 0.000701 0.013296 0.0247
Propagation velocity of longitudinal ultrasonic waves 689 — 1647 607 — 1870 838 -1323
Vp [m/s] 1384 1055 1119.3

the sediment, but also from depositional conditions. Soils
with a laminar microstructure have a least variable w/wy

relationship and liquid limit, genetically representing ma-

rine and lake clays. The degree of diagenesis in such soils
varies from medium to high, which generally depends on

compaction related to sedimentary conditions and post-

sedimentary alternations of the sediment.

A commonly known relationship was observed be-

tween porosity and water content, according to which the

increase of porosity is proportional to the increase of wa-

ter content in the soil (Figure 7). Analysis of the graphs in

relation to microstructure types shows that the largest in-

crease and the highest values are observed in soils with

a honeycomb microstructure, and the lowest values are
noted in soils with a laminar microstructure. Soils with
a matrix microstructure attain medium values and the in-
crease of the relationship is also intermediate.

The analysed soils are characterised by increase of
one-axial strength with decrease of porosity (Figure 8).
This is also a commonly known relationship, but an-
other relationship may also be observed with regard to
microstructure types. The highest one-axial strength and
lowest porosity have soils with a laminar microstructure,
whereas soils with a honeycomb microstructure are char-
acterised by a very low uniaxial strength at very high val-
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Figure 6: Chart showing the correlation between soil water content
w to the liquid limit wy. See Figure 1 for the comparison of three
types microstructures: H — honeycomb, M — matrix, L - laminar
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ues of porosity. Soils with a matrix microstructure attain
intermediate values.

5 Discussion

Since many years scientists and practitioners have drawn
much interest on the relationship between soil structure
described at various levels of precision, particularly at the
micro level, and the sedimentary and diagenetic processes.
It is a crucial issue in geological-engineering practice to
predict the influence of environment change on variable
soil parameters resulting from microstructure transforma-
tions. For example, Kirkpatrick and Rennie [60] have con-
ducted some of the first studies on microstructure transfor-
mation during the consolidation process. They concluded
that it mainly depends on the conditions, in which the
consolidation process takes place. During isotropic con-
solidation, the clay particles did not undergo reorienta-
tion and remained randomly distributed. The only fac-
tor that had changed was the degree of packing. In turn,
anisotropic consolidation caused strong parallel orienta-
tion of the particles, which became arranged with their
planes perpendicular to the direction of the consolidating
force. The behaviour of the particle pattern in isotropic
consolidation conditions should be linked with the matrix
microstructure. The degree of consolidation and its dura-
tion cause only a variable degree of packing of the struc-
tural elements of soils with such microstructure. In con-
sequence, such soils have variable geological-engineering
properties, as indicated by the performed investigations
(Figure 6-8). In turn, during anisotropic consolidation, the
parallel pattern of particles should be linked with a lam-
inar microstructure, and its packing would thus depend
on the value of the consolidating force and the duration
of its effect. Therefore, soils with a laminar microstructure
have a relatively wide range of parameter values, from low
to medium porosity and water content, and from high to
medium strength, as shown in Figure 6-8.

Taking into account the physical and chemical condi-
tions of sedimentation, Moon [61] discussed two cases of
clay particle arrangement: 1) for flocculated particles, and
2) for dispersed particles. Fresh clay was more oriented in
the case of dispersed particles than in the case of floccu-
lated particles. Therefore, the flocculated arrangement is
characterised by higher porosity. The arrangements anal-
ysed in this paper are strictly correlated with the honey-
comb microstructure, which occurs in young and uncon-
solidated soils. Comparison of the performed investiga-
tions with particle arrangement allows to draw a conclu-
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sion that soil properties depend on the type of microstruc-
ture. The highest values of porosity and water content oc-
cur in soils with a honeycomb microstructure composed of
flocculated particles, whereas soils with a honeycomb mi-
crostructure composed of dispersed particles have much
lower values of these parameters. The wide range of pa-
rameter values observed in soils with a honeycomb mi-
crostructure points to such origin (Table 2, Figure 3 and
Figure 7). Further studies of Moon [61] have indicated that
dispersed clay particles underwent compaction and their
orientation was almost parallel after the consolidation pro-
cess. In the case of flocculated particles, the degree of
compaction was much lower and their orientation less dis-
tinct. Such case shows that the consolidated sediments
were transformed into soils with a laminar microstructure,
which depending on the sedimentary conditions had a
higher (dispersed sediment) and lower (flocculated sedi-
ment) degree of packing of the structural elements. The de-
scribed processes indicate a strong link between the phys-
ical and chemical sedimentary conditions and the engi-
neering properties of soils and their microstructure.
Barden [12] summed up numerous aspects of studies
on the clay structure. He concluded that the electrochemi-
cal environment, in which sedimentation of clay particles
occurs, plays the most important role in the formation of
the clay structure. In turn, changes resulting from over-
burden lead to the destruction of the primary structure
and creation of a privileged particle orientation. In some
cases, the effect of chemical and physical rock weather-
ing may lead to subsequent transformations of the struc-
ture, which will alter the effects caused by sedimentary
and consolidation processes. Barden’s [12] investigations
show that geological-engineering properties of soils are
the sum of processes taking place during sedimentation,
consolidation and weathering. The same refers to the soil
microstructure, which is the resultant of these processes.
The performed studies and the obtained relationships,
in which soil properties and their microstructures form
not separated but rather overlapping sets, perfectly illus-
trate the evolution from sediment formation through post-
sedimentary transformations to weathering linked with
environmental conditions (Table 2 and 3, Figure 6-8).
Particularly interesting are studies of submarine clays
(composed of smectite and illite), which illustrate the rela-
tionship between structure and porosity [23]. This exam-
ple shows the course of the process from the beginning
of clay particles deposition on the bottom of the sedimen-
tary basin to an initially consolidated sediment. Changes
of clay microstructure were observed with regard to physi-
cal parameters during the consolidation process. The stud-
ies presented herein confirm that young soils with a sim-
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ilar mineral composition of the clay fraction have a hon-
eycomb microstructure with the highest porosity and wa-
ter content (Figure 4 and Figure 5). Subsequent condensa-
tion stages may lead to transformation of the honeycomb
microstructure into a laminar microstructure, and the pro-
cess is linked with changes in porosity and water content
(Figure 7).

6 Summary

Summing up this discussion on the relationships between
the origin, diagenesis, weathering, and microstructure,
and the behaviour of clay soils, it has to be emphasised
that earlier studies have drawn attention only to some as-
pects of these relationships or had a qualitative approach
(e.g. [21, 62]). A quantitative approach to these relation-
ships was first presented by Sokolov [63] and compiled
recently by Kaczynski [64]. The performed investigations
have confirmed and quantitatively elaborated strict rela-
tionships between all these properties.

The following conclusions can be drawn from the
study:

1. detailed investigations performed on the basis of
SEM image analysis have supplemented the qualita-
tive characteristics with quantitative pore space pa-
rameters of selected types of microstructure in clay
soils,

2. linear and exponential correlations were used in the
analysis of quantitative data, resulting in correlation
relationships between the parameters with regard to
the analysed microstructural types,

3. soils with a honeycomb microstructure distinctly dif-
fer from those with a laminar microstructure with re-
gard to morphometric properties such as diameter,
perimeter and surface, content of meso- and micro-
pores, content of isometric, anisometric and fissure-
like pores, and the anisotropy index,

4., soils with a matrix microstructure attain intermedi-
ate values of morphometric properties.

The performed investigations show that a detailed
characteristics of the pore space is of crucial signifi-
cance in solving various issues related with geological-
engineering assessment of clay soils in variable sedimen-
tary conditions. Distinct relationships observed between
the basic physical and mechanical parameters of soils and
microstructure types and their pore space confirm the im-
portance of these relationships in basic studies and in en-
gineering practice.
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