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SEM analysis of the microstructure and physico-mechanical properties of Polish tills was per-
formed. The following microstructural features were examined: the degree of packing of structural
elements, the stability of contacts among them, types of contacts between clayey microaggregates as
well as the size and shape of pores. Three types of microstructures occur in the analysed tills: skeletal,
matrix and matrix-turbulent. According to the degree of packing of the microstructures, three subtypes
were distinguished in matrix microstructure: subtype A (loosely packed), subtype B (medium packed)
and subtype C (tightly packed). Relations between microstructures types / subtypes and physical-me-
chanical properties were recognised. There is a noticeable decrease of water content, porosity, soaking
and compressibility accompanied by an increase of bulk density, swelling and shear strength from tills
with the skeletal microstructure, through tills with the matrix microstructure to those with the matrix-
turbulent microstructure. A detailed analysis of relations between the physico-mechanical properties
of tills and their microstructure revealed that water contained in pore spaces and some microstructural
features have a direct effect on these relations.
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INTRODUCTION

Tills are the most widely distributed Pleistocene deposits of the
continental Quaternary glaciations. Tills are also common in
Poland, both directly exposed at the surface or covered by other
Quaternary deposits. Their thickness ranges from several dozens
of centimetres to about a dozen of metres, and occasionally even
several tens of metres.

Structure is a term of a very wide meaning frequently used in
geology. In engineering geology, structure is understood as a fabric
(a term reflecting the size, shape and arrangement of particles and
pores), interparticle forces as well as the mineral composition (e. g.,
Mitchell, 1993). Recognition of the structure is crucial for the inter-
pretation of the physical and mechanical properties of sediments.

Investigations of the physico-mechanical properties of Pleis-
tocene till are carried out by many scientists in different areas
of Poland. These investigations are focused on the influence of
such factors as moisture, load history, fracturing and weather-
ing on the engineering-geological properties of these deposits
(e. g., Falkiewicz, 1962; Kowalski, Lipiniska, 1963; Wysokinski,
1967; Krajewska-Pininska, 1969; Sztromajer, 1982; Kaczynski,
Trzcinski, 1992; Trzcinski, 1998; Trzcinski, Kaczynski, 1999;
Kaczynski, Trzcinski, 2000).

METHODS

The outcrops were selected with regard to the possibilities of
sampling soils with natural moisture and a non-disturbed struc-
ture. Various kinds of exposures such as foundation pits, mining
pits and escarpments of river valleys were examined. In selected
outcrops, till samples were taken from the depths of 1.5 m to
10 m below surface. Tills of the North Polish, Mid Polish and
South Polish glaciations were examined. During the field works,
the sites were subdivided into “reference sites” and “observation
sites”. The reference sites (31) were represented by large exploi-
tation pits or by valley escarpments. Foundation pits of smaller
sizes represented the observation sites (49). The location of the
exposures is presented in Fig. 1.

The methodology of microstructure analysis by scanning
electron microscopy (SEM) was described in detail by Trzcinski
(2004) and used in engineering-geological investigations (e. g.
Osipov et al., 1984; Kaczynski, Trzcinski, 1999; Gratchev et al.,
2006) and in the study of till (Ruszczynska-Szenajch et al., 2003).
The samples to be analysed were dried by the freeze-drying me-
thod (e. g., Smart, Tovey, 1982). The Hitachi S-800 and Jeol 840A
microscopes were used. A qualitative description was completed
on the basis of photograph series of two sample surfaces, select-
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Fig. 1. Location of the exposures; maximum extents of Polish Glaciations according to Lindner (1984): 7 — Punisk, 2 — Zubryn near Suwatki, 3 — Grajewo near Gizycko,
4 — Grajewo near Gizycko, I/5 — Ranty, 6 — Orzysz, lll/7 — Poznan, 8 — Stargard Szczeciniski, 9 — Szczecin, /I/70 — Wtodarka near Trzebiatow, 77 — Jelonki near Potczyn
Zdr6j, 12 — Watcz, IV/13 — Ujécie near Pita, /V/14 — Ujécie near Pita, 75 — Kobierniki near Ptock, 76 — Trzeciewiec near Bydgoszcz, 17 — Wtadystawowo, 78 — Sulechdw-
Brzezie, 19 — Swiebodzin, 20 — Turza Wielka near Dziatdowo, 27 — Lubawa, 22 — Tiwoli near Brodnica, 23 — Wolka Majdariska near Ostréda, 24 — Elblag, 25 — Kwidzyn,
26 — Strzelno, 27 — Nakto by Notec river, 28 — Chojnice, 29 — Bytéw, 30 — Przodkowo near Kartuzy, 37 — Serpelice, 32 — Wolka Nosowska, 33 — Osséwka, 34 — Hrud,
35—Radom, /V/36 — Ujscie near Pita, IV//37 — Ujscie near Pita, /V//38 — Ujscie near Pita, 40 — Betchatow, 47 — Betchatéw, 42 — Warszawa, 43 — Warszawa, V/I/46 — Betchatdw,
VIl/47 — Betchatéw, 48 — Mystowice, 49 — Brzesko, 50 — Pilzno, 57 — Warszawa, VI/52 — Warszawa, VI/53 — Warszawa, VI/54 — Warszawa, 55 — Tarnobrzeg, 56 — Gliwice-
Ostropa, 57 — Chréscina near Opole, 58 — Smolec near Wroctaw, 59 — Swidnica, 60 — Jastrzebia Géra, 67 — Whoszczowa, 62 — Wodzistaw, 63 — Lipiny Dolne, 64 — Oleszyce
near Lubaczoéw, VIIl/65 — Debe on the Narew river, /66 — Turza Wielka near Dziatdowo, ////67 — Poznan, X/68 — Polichno near Piotrkéw Trybunalski, /X/69 — Moszczenica,
X/70 - Polichno near Piotrkow Trybunalski, /72 — Turza Wielka near Dziatdowo, 73 — Wozniki Slaskie, XI/74 — Koztowa Géra near Piekary Slaskie, X/l/75 — Pszczyna-Stara
Wies, Xlll/76 — Zachowice, XIll/77 — Zachowice, XIV//78 — Ptock Podolszyce, XIV//79 — Ptock Podolszyce, XI///80 — Ptock Podolszyce, XV/81 — Bolmin, IX/82 — Moszczenica,
IX/83 — Moszczenica, I/84 — Ranty

ing at least two representative areas. The sample surface was then
photographed, using 50x to 5000x magnifications.

The methodology of laboratory tests of the physico-mecha-
nical properties of tills was described in detail by Trzcinski
(1998). Most of these properties (water content, bulk density, dry
density, porosity, void ratio and shear strength) were determined
according to the methodology given by the Polish building stand-
ard (Polska Norma, 1988). The swelling of tills was tested accord-

ing to the method devised by Grabowska-Olszewska, Kaczynski,
1994 and the degree of slaking according to the methodology of
Kaczynski (1981). The consolidation test was carried out in an
oedometer and a consolidometer. Procedures suggested in the
instruction ITB nos. 288, 289 (Piaskowski, 1989a; 1989b) and
given by Scott (1961), Vu Cao Minh, Glazer (1977), Kaczynski
(1981), Dobak (1986) were applied to determine the deforma-
tion of tills in the consolidometer.
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TILL MICROSTRUCTURE

The analysis allowed to determine the presence of three types
of microstructure in the tills (according to the classification of
Sergeyev et al., 1980; Grabowska-Olszewska et al., 1984): matrix,
skeletal, and matrix-turbulent. Taking into account the relative
packing of structural elements, three subtypes were determined
within the matrix microstructure: subtype A — loosely packed,
subtype B — medium packed, and subtype C - tightly packed
(Trzcifiski, 2003). Outcrops with the identified type / subtype of
the microstructure are presented in Table 1.

The matrix microstructure (Fig. 2-4) comprises mainly
a clayey matrix, with singular sandy grains, and subordinate
thicker silty grains. The grain surface is covered with clay
particles — a “clay film”. In subtype A (Fig. 2), sandy grains are
loosely connected with the clayey-silty matrix. Clayey-silty
microaggregates of the matrix are loosely packed and random-
ly distributed. Contacts among the clayey microaggregates are
of the face-to-edge type. In subtype B (Fig. 3), the clayey-silty
matrix is medium-packed and evenly distributed. The clayey
microaggregate contacts are of face-to-face, subordinately of
face-to-edge type. In subtype C (Fig. 4), the sandy and silty
grains are tightly connected with the clayey matrix. Clay films
tightly cover the surfaces of the sandy grains and are closely
connected with them. The matrix is tightly packed and evenly
distributed. The clayey microaggregate contacts are of the face-
to-face type.

The skeletal microstructure (Fig. 5) comprises mainly
sandy grains with subordinate coarser silty grains among which
clayey and fine silty material is present. The clayey-silty micro-
aggregates are loosely and randomly distributed on the grains of
the skeleton or form connections among them. Contacts among
the clayey microaggregates are mainly of the face-to-edge type.

The matrix-turbulent microstructure (Fig. 6) comprises a
clayey matrix with single sandy and coarser silty grains. Sandy
grains are tightly covered with clay films which are tightly con-
nected with them. The structural elements of the matrix are
tightly packed, in some cases the clayey microaggregates are
turbulently arranged. The clayey microaggregate contacts are
frequently of the face-to-face type.

Generally, the structural elements of the skeletal microstruc-
ture are loosely packed, and those of the matrix-turbulent micro-
structure are tightly packed. The matrix microstructure is the most
common, while the matrix-turbulent one is the least frequent.

PHYSICO-MECHANICAL PROPERTIES OF TILLS
IN RELATION TO THEIR MICROSTRUCTURE

The following parameters were analysed: water content, bulk
density, dry density, porosity, void ratio, free swell, slaking,
compressibility and shear strength. The results are presented in
Tables 2-5 and Figs. 7-9. Values given in Tables are based on all
data obtained for tills from all exposures. Average values were
used to construct the diagrams.

Table 1. Compilation of outcrops with identified type / subtype of the microstructure (numbering as in Fig. 1)

Microstructures . ) ) ) X
Reference sites (Fig. 1) Observation sites (Fig. 1) Number of outcrops | % of outcrops
Type / subtype
Skeletal 1/84,V/66,V/72, XIl/77, XV/81 18,19, 21, 22,29 10 12
1710, /7, 11/67,1V/36, IV/37,
1,3,4,6,17,23,24,26,51,56,62 19 23
VI/52,VI/46, XIV/80
Matri 2,8,9,11,15,16, 20, 25, 27, 28, 30,
atrix
8 1/5,1V/13,1V/14,VI/53,1X/82, 32,33, 34, 35, 39, 42, 48, 55, 57, 58, 35 0
IX/83, X1/74, X11/75, XIIl/76 59,61, 63,64, 73
C VI/54,VII/47,VIII/65, X/70, XIV/78 12, 31,40, 41, 43, 44, 45, 49, 50, 60 15 18
Matrix—turbulent IV/38, 1X/69, X/68, XIV/79 4 5

Table 2. Relation of the physical properties of tills (water content, bulk and dry density, porosity, void ratio) to types/subtypes of their microstructures

Microstructures Water content Bulk density Dry density . . A
Porosity n, % Void ratio e (-)
Type / subtype w, % P, mg/m? p,, mg/m?
R 6.1-25.9 1.75-2.13 1.48-1.97 26.5-45.8 0.36-0.84
Skeletal —
X 13.5 1.90 1.68 38.0 0.62
A R 9.6-23.1 1.78-2.15 1.49-1.96 26.5-44.6 0.36-0.81
X 14.6 1.94 1.70 36.4 0.58
i R 7.7-21.6 1.75-2.18 1.44-1.98 24.7-47.4 0.32-0.90
Matrix B —
X 13.6 2.00 1.75 345 0.53
c R 7.8-15.9 1.95-2.30 1.72-2.13 22.5-36.3 0.29-0.74
X 10.9 2.15 1.94 27.8 0.41
R 12.1-15.3 2.11-2.19 1.85-1.90 25.2-31.3 0.34-0.45
Matrix-turbulent =
X 134 2.14 1.88 29.3 0.42

R — minimum—maximum, X — arithmetical mean.
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Fig. 2. Scanning electron photomicrographs of the matrix microstructure (subtype A). Microstructure of till from exposure number I11/67, location in Fig. 1. Orientation: S—N
(S — left part of the photos). A — sandy and silty grains (arrows) within a clayey matrix. Grains loosely joined with matrix. The pore space is formed by anisometric and isometric
large mesopores (black areas) among the sandy-silty aggregates; B — enlarged detail of A: unevenly distributed and loosely packed clayey matrix between sandy grains. The pore
space is formed by isometric and anisometric intermicroaggregate micropores (arrows); C — enlarged detail of B: microaggregate (in the centre of the photograph) within sandy
grains. Intergranular mesopores (black areas) visible on the left and right side of the microaggregate; D — enlarged fragment of microaggregate from C: clayey microaggregate.
Intraparticle isometric micropores are visible in the upper right part of the photo (arrows)
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Fig. 3. Scanning electron photomicrographs of the matrix microstructure (subtype B). Microstructure of till from exposure number 30, location in Fig. 1. Orientation: S—N (S — left
part of the photos). A — sandy and fine silty grains (arrows) within clayey matrix. Structural elements of the microstructure are medium packed. The pore space is formed by
isometric and anisometric small mesopores among the aggregates (black areas); B — enlarged detail of A: medium packed clayey and silty-clayey microaggregates. Note aniso-
metric mesopores (lower arrow) and intermicroaggregate isometric and anisometric micropores (upper arrows); C — medium packed clayey and silty-clayey microaggregates;
pore space of matrix formed by isometric and anisometric intermicroaggregate micropores (arrows); D — enlarged detail of C: face-to-edge contacts (arrows) among clayey
microaggregates
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Fig. 4. Scanning electron photomicrographs of the matrix microstructure (subtype C). Microstructure of till from exposure number 31, location in Fig. 1. Orientation: W-E
(W — left part of the photos). A — sandy and silty grains (arrows) within clayey matrix, closely linked with it. The pore space is formed by small anisometric mesopores (black
areas) between aggregates; B — enlarged detail of A: tightly packed sandy-clayey and silty-clayey aggregates. The matrix pore space is formed mainly by anisometric intermicro-
aggregate micropores (arrows); C — enlarged detail of B: surface of silty grain is covered by thin film of clayey microaggregates and particles (arrow); D — enlarged detail of C:
face-to-face contacts between clayey microaggregates (arrows)
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Fig. 5. Scanning electron photomicrographs of the skeletal microstructure. Microstructure of till from exposure number V/66, location in Fig. 1. Orientation: W—E (W — left part
of the photos). A — unevenly distributed clay and fine silt material between the skeleton composed of sandy and coarse silty grains. The clayey and silty-clayey aggregates and
microaggregates form connectors between the skeleton sandy grains (arrows). The pore space is formed mainly by intergranular large isometric and anisometric mesopores
(black areas); B— fragment of sandy grain (upper part of photo-arrows) with loosely attached silty-clayey aggregates (fragment of connector among grains); C — enlarged detail
of B: loosely packed and unevenly distributed silty grains (upper left part of the photo) and clayey microaggregates (arrows). The pore space is formed by anisometric intermicro-
aggregate micropores (black areas); D — enlarged detail of C: face-to-edge contacts between clayey microaggregates (arrow)
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Fig. 6. Scanning electron photomicrographs of the matrix-turbulent microstructure. Microstructure of till from exposure number IX/69, location in Fig. 1. Orientation: W—E
(W —left part of the photos). A — sandy and silty grains (arrows) in clayey matrix; sandy grain very closely covered by “clay film” (lower arrow). Note that the matrix fills the space
among the grains very tightly and adheres tightly to their surface. The pore space is formed by small isometric and anisometric mesopores (black areas) among aggregates;
B — clayey matrix formed by tightly packed clayey and silty-clayey microaggregates. Pore space of matrix formed by anisometric intermicroaggregate micropores (arrows),
(- enlarged detail of B: “clay film"” (lower arrow) around silty grain. A discontinuity plane is present above, along which face-to-face contacts among clayey microaggregates
occur (upper arrow); D — enlarged detail of C: turbulent arrangement (arrow in the right side of the photo) of clayey microaggregates. Note face-to-face (upper left arrow) and
face-to-edge at small angle (lower left arrow) contacts between microaggregates
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Table 3. Relation of the physical properties of tills (free swell, final water content of free swell, slaking) to types / subtypes of their microstructures

(explanations in Table 2)

. Slaking SL, % Time of slaking t_ , hour
Microstructures Free swell Final water - 2 9%
Type / Subtype FS, % content of tree Natural water | Hygroscopic | Natural water | Hygroscopic
swell w, % content moisture content moisture
R 0.0-1.6 17.3-31.9 50-100 79-100 0.1-24.0 0.01-24.0
Skeletal —
X 0.6 243 81 98 12.2 2.6
R 0.1-12.7 16.4-36.5 18-100 67-100 0.17-24.0 0.02-24.0
A —
X 2.2 24.2 77 97 16.8 4.1
. R 0.0-6.7 12.4-35.7 2-100 31-100 0.05-24.0 0.02-24.0
Matrix B —
X 1.2 21.5 76 93 13.5 4.8
R 0.0-11.7 13.6-30.2 7-100 15-100 0.5-24.0 0.02-24.0
C -
X 1.5 18.9 61 78 18.3 10.8
X R 0.0-0.5 15.8-21.0 3-100 17-100 12.0-24.0 0.9-24.0
Matrix-turbulent —
X 0.2 17.6 36 56 21 18.2

Table 4. Relation of the mechanical properties of tills (oedometer and consolidometer modulus) to types / subtypes of their microstructures

(explanations in Table 2)

Oedometer modulus M, MPa Consolidometer modulus M_, MPa
Microstructures Load, MPa Load, MPa
Type / Subtype
0.1 0.2 0.4 0.1 0.2 0.4
R 5.4-48.6 45-274 4.3-61.2 3.0-15.2 4.2-17.3 7.4-32.6
Skeletal
i 16.1 139 24.8 6.9 9.4 15.8
R 3.7-25.7 3.1-33.9 2.9-396.0 1.6-21.3 2.8-27.2 4.8-38.9
A —
X 13.1 17.3 455 8.1 10.8 15.6
. R 3.5-42.3 2.9-50.8 2.5-80.6 1.8-37.2 3.0-44.5 5.4-52.3
Matrix B —
X 16.7 18.5 26.6 10.7 14.4 19.8
R 4.0-180.6 10.8-190.4 10.2-185.6 3.5-101.5 5.7-120.5 9.7-140.3
C —
X 49.7 59.3 65.3 30.5 35.1 47.7
X R 25.1-71.8 29.4-95.7 44.1-130.5 21.4-58.2 27.8-49.6 36.5-81.2
Matrix-turbulent —
X 443 49.2 75.3 36.5 38.1 53.5

Table 5. Relation of the mechanical properties of tills (angle of shear resistance and apparent cohesion) to types / subtypes of their microstructures

(explanations in Table 2)

Shearbox test Triaxial compression test
Microstructures carboxtes Total stress Effective stress
Type / Subtype
®,° ¢, kPa Q,° c (kPa) o ° ¢, kPa
R 13.1-24.7 21.0-93.6 6.2-19.5 15.0-78.6 15.6-22.5 14.0-70.4
Skeletal —
X 21.1 46.7 13.2 38.3 19.9 331
R 14.5-35.5 18.0-122.8 6.0-27.5 16.0-101.3 11.5-32.0 12.5-95.6
A —
X 229 47.1 15.1 37.0 20.3 34,5
X R 15.5-32.0 13.5-138.5 8.0-25.6 0.5-121.3 13.0-28.5 2.0-117.3
Matrix B
X 234 47.0 16.4 39.5 21.0 36.5
R 18.0-40.5 36.0-160.3 8.5-32.0 37.5-153.0 17.0-35.5 30.5-145.2
C —
X 30.7 79.3 226 70.2 27.2 64.9
. R 21.4-29.0 40.5-181.5 15.3-23.5 39.0-153.2 19.8-27.5 35.5-140.1
Matrix-turbulent —
X 25.6 105.8 20.6 86.5 237 79.0

¢ —angle of shear resistance, ¢ — apparent cohesion.
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Fig. 7. Relation between selected physical properties of tills (water content, bulk den-
sity, porosity) and their microstructure

Water content, density, porosity

The obtained results are presented in Table 2 (water content,
bulk density, dry density, porosity and void ratio) and in Fig. 7
(water content, bulk density and porosity).

The highest variability of water content occurs in tills with
the skeletal microstructure (6.1% to 25.9%). For tills with the
matrix microstructure, the average water content changes from
subtype A (14.6%) to subtype C (10.9%). The coefficient of varia-
tion varies between 10% and 39%. The lowest variability of water
content is noted in tills with the matrix-turbulent microstruc-
ture (12.1% to 15.3%).

In tills with the skeletal microstructure, the average bulk
density is lowest (1.90 mg/m?) and increases in tills with the
matrix microstructure from subtype A (1.94 mg/m’) to subtype
B (2.00 mg/m’®). A particularly large increase of this parame-
ter is observed in tills with the subtype C matrix (2.15 mg/m?)
and matrix-turbulent microstructures (2.14 mg/m’). The

Fig. 8. Relation between selected physical properties of tills (final water content of
swell, slaking) and their microstructure (explanations in Fig. 7)

coefficient of variation is low (between 1% and 6%). Similar
trends are noted for the dry density values. Only in the case
of tills with the matrix-turbulent microstructure the aver-
age value of this parameter is much lower (1.88 mg/m?) in
comparison to tills with the subtype C matrix microstruc-
ture. The coeflicient of variation is low and varies between 1%
and 8%.

In tills with the skeletal and matrix microstructures (subtype
A and B), the porosity values lie within the same range (between
24.7% and 47.4%), whereas the average value is highest in tills
with the skeletal microstructure (38.0%). In tills with the ma-
trix microstructure, the porosity values decrease from subtype
A (36.4%) to subtype C (27.8%). Also, in tills with the matrix-
turbulent microstructure the parameter reaches lower average
values (29.3%) than in the subtype C matrix microstructures.
The coeflicient of variation varies from 10% to 16%. Similar
trends were noted for the void ratio values.
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Fig. 9. Relations between selected mechanical properties of till (oedometer modulus-
load 0.2 MPa, angle of shear resistance-shearbox test, apparent cohesion-shearbox
test) and their microstructure (explanations in Fig. 7)

Swelling and slaking

The obtained results are presented in Table 3 (free swell, final
water content of free swell, slaking and the time of slaking for
natural water content and hygroscopic moisture) and in Fig. 8
(final water content of free swell, slaking for natural water con-
tent, slaking for hygroscopic moisture).

Free swell was analysed on samples of tills with natural water
content. Tills with the skeletal and matrix-turbulent microstruc-
ture show the lowest swelling (1.6% at the maximum). The values
of this parameter increase in tills with the matrix microstruc-
ture — maximally up to 12.7%. In tills with the matrix micro-
structure, the average value of the final water content of swelling
decreases from subtype A (24.2%) to subtype C (18.9%).

The analysis of slaking was carried out on samples with natu-
ral water content and hygroscopic moisture; the results are shown
in Table 3 and Fig. 8. Tills with the skeletal microstructure have
the highest degree of slaking in samples with a natural water
content (81% on the average). In tills with the subtype A matrix
microstructure the average value is 77%, and it decreases to 61%
in subtype C. A particularly large decrease of this parameter (to

36%) is observed in tills with the matrix-turbulent microstructure.
The degree of slaking in tills with hygroscopic moisture is much
higher in comparison to values obtained for samples with natural
water content; nevertheless, they indicate a similar tendency. The
coefficient of variation lies between 6% and 71%.

The time of slaking for tills (with a natural water content)
with the skeletal microstructure is the shortest (12.2 h on the
average). The average slaking time for tills with the matrix
microstructure varies between 13.5 h for subtype B and 18.3 h
for subtype C. In turn, the slaking time for tills with the matrix-
turbulent microstructure is the longest and reaches an average
of 21 h. The slaking time for tills with hygroscopic moisture is
much shorter than that for tills with natural water content. The
general tendency is nevertheless similar to that observed for tills
with natural water content. The coefficient of variation lies be-
tween 63% and 288%.

Compressibility and shear strength

The obtained results are presented in Table 4 (oedometer modu-
lus, consolidometer modulus), Table 5 (angle of shear resistance
and apparent cohesion for shearbox test and triaxial compres-
sion test) and Fig. 9 (oedometer modulus, angle of shear resist-
ance and apparent cohesion).

In laboratory conditions, the analyses of tills in one-dimen-
sional deformation states were carried out in an oedometer
and a consolidometer. The compressibility moduli obtained in
oedometers were higher in comparison to those obtained in
consolidometers. For tills with the skeletal microstructure, the
average value of the modulus was generally the lowest. In tills
with the matrix microstructure, the average values of the mod-
ulus increased from subtype A to subtype C. For tills with the
matrix-turbulent microstructure, the parameter attains similar
values as for tills with the subtype C matrix microstructure.

The shear strength was tested in a shearbox apparatus and
in a triaxial compression apparatus. Based on shear tests, the
parameters of Coulomb’s equation were determined: ¢ — the
angle of shear resistance and ¢ — cohesion. During analyses in
the triaxial compression apparatus, ¢ and ¢ were determined
in total and effective stresses. For tills with the skeletal micro-
structure, the angle of shear resistance and cohesion attain the
lowest values. In tills with the matrix microstructure, the values
of these parameters increase from subtype A to subtype C. The
average value of the angle of shear resistance in tills with the
matrix-turbulent microstructure is slightly lower than in the
case of tills with the subtype C matrix microstructure. The aver-
age values of cohesion for tills with the matrix-turbulent micro-
structure are among the highest.

INTERPRETATION OF RELATIONS BETWEEN
PHYSICO-MECHANICAL PROPERTIES AND
MICROSTRUCTURE

Intergranular large mesopores, intermicroaggregate micropores
and face-to-edge contacts among clayey microaggregates (Fig. 5)
result from the loose packing of the structural elements in tills
of skeletal microstructure. As a consequence, relatively highest
porosity and lowest bulk density values are noted for tills of this
microstructure (Fig. 7). The factor possibly responsible for the
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origin of such loose packing of the mineral skeleton is a high
water content (Table 2) for such a low amount of clayey particles.
This moisture is almost identical to the water content of tills
with the matrix microstructure (subtypes A and B) in which the
amount of clayey particles is significantly higher. It is, however,
generally known that water content grows with the content of
clayey particles. A high water content was responsible for the
big distances between sandy and silty grains and the formation
of long and loose clayey connectors. These connectors are built
of clayey microaggregates with the face-to-edge type of contacts
(Fig.5A,B,D).

The increase of the packing of structural elements in tills with
the matrix microstructure resulted in the shrinkage of the size of
meso- and micropores, a change of their shape from isometric
to more and more anisometric, as well as in the growing amount
of face-to-face contacts between the clayey microaggregates
(Fig.2-4). This caused a drop of porosity and a growth of bulk den-
sity in tills with subtype A to C matrix microstructure (Fig. 7). Such
a situation could have been caused, among others, by a decrease of
moisture, considerable particularly in tills with the subtype C ma-
trix microstructure. The low water content permitted a reduction
of the distance among the structural elements and an increasingly
closer face-to-face contacts among clayey aggregates. The clay films
around the sandy grains and the clayey connectors could therefore
be more tightly connected with their surface (Fig.4C).

Aslightloosening of packing of the structural elements in the
matrix-turbulent microstructure could result from the turbulent
distribution of clayey microaggregates in the clayey matrix and,
consequently, the formation of face-to-edge contacts at a small
angle among them (Fig. 6). Therefore, as compared with tills of
subtype C matrix microstructure, a slight growth of porosity
and a drop of bulk density are noted in these tills (Fig. 7). Such
a situation is due to the growth of water content in tills with the
matrix-turbulent microstructure to a level usually noted in tills
with the subtype B matrix and skeletal microstructure. However,
the growth of porosity and a decrease of bulk density did not
reach the level obtained for tills with such types of microstruc-
ture (Fig. 7). Most probably such a high moisture content could
be acquired by tills with the matrix-turbulent microstructure
due to a more extensive filling of pore space with water. This ex-
tensive filling of pore space with water can be responsible also
for the turbulent distribution of clayey microaggregates, which
in such an environment could behave in a more elastic manner
enabling the turbulent distribution.

The increase of the packing degree of the structural ele-
ments, the shrinking of pore size and the increasingly frequent
face-to-face contacts in tills with a microstructure varying from
skeletal to matrix-turbulent continuously limited the possibili-
ties of water entering their structure and thus led to a drop of
the final water content of free swell and slaking of tills (Fig. 8).
A possible factor additionally hindering the free swell and slak-
ing of tills with the densely packed microstructure were struc-
tural bonds stronger than in tills with the loosely packed micro-
structure. The relatively lower value of these parameters in tills
with the matrix-turbulent microstructure may result from the
turbulent distribution of clayey microaggregates in this micro-
structure (Fig. 6D), which additionally limited the penetration
of water into this structure.

Due to a high porosity and moisture content, a relatively
highest compressibility and the lowest shear strength are noted
in tills with the skeletal and matrix subtype A and B microstruc-
ture. In these tills, compression led to a displacement of grains
and particles, a closure of big mesopores and micropores and a
removal of water and air from the pore space. All these factors
resulted in considerable lateral displacements and, consequent-
ly, in high compressibility values (Table 4 and Fig.9). During the
shearing process, large distances among the structural elements,
loose contacts, mainly of face-to-edge type, as well as unstable
structural bonds caused a minor structural resistance in these
tills and the relatively lowest shear strength.

The shrinking of pores and changes of shape from isometric
to anisometric, the increasingly closer face-to-face and face-to-
edge at a small angle contacts and more stable contacts among
the structural elements led to the growth of shear strength and
a lower compressibility in tills with the matrix microstructure,
subtype C and matrix-turbulent microstructure (Tables 4, 5 and
Fig.9). All these changes were responsible for the drop of poros-
ity and moisture content values.

CONCLUSIONS

The study tills are characterised by three types of microstruc-
tures: skeletal, matrix and matrix-turbulent. In the predominant
matrix microstructure, three subtypes were distinguished ac-
cording to the packing degree: loose — subtype A, medium - sub-
type B, and tight — subtype C. In tills with the skeletal micro-
structure, structural elements are loosely packed, while in the
matrix-turbulent microstructure the packing is tight.

The physico-mechanical properties of tills are extremely
variable, even within tills with the same microstructure. There
are, however, distinct relations between these properties and
the type / subtype of microstructure. Decrease of water content,
porosity, soaking and compressibility, with a parallel increase of
bulk density, swelling and shear strength, are observed in tills
with the skeletal microstructure through tills with the matrix
microstructure and those with the matrix-turbulent micro-
structure (Fig. 7-9). Analysis of some microstructural features
such as the size and shape of pores, types of contacts and their
stability, as well as the degree of packing of the structural ele-
ments suggests that the reason for their variability is the dif-
ferentiated amount of water contained in tills. Changes in the
water content and the microstructural features examined are
responsible for the varying values of some physical and me-
chanical properties.
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Jerzy Trzcinski

MORENINIO PRIEMOLIO MIKROSTRUKTUROS IR
FIZIKINES MECHANINES SAVYBES

Santrauka

Straipsnyje pateikiami mikrostruktary tyrimo, naudojant nuskaitantj
elektroninj mikroskopa (SEM), rezultatai, taip pat Lenkijos moreninio
priemolio fizikinés mechanines savybés. Itirta struktiriniy elementy
sanglauda, kontakty tarp atskiry elementy stiprumas, kontakty tarp
molio mikroagregaty rasys bei pory forma ir dydis. Tiriamame mo-
reniniame priemolyje nustatyti trys mikrostruktiros tipai: karkasinis,
$tampinis ir Stampinis-turbulentinis. Atsizvelgiant i struktariniy ele-
menty sanglauda, dazniausiai aptinkamoje Stampinéje mikrostrukti-
roje i$skirti trys porusiai: A (puri), B (vidutiné) ir C (tanki). Jrodytas
ry8ys tarp atskiry mikrostruktaros rasiy ir fizikiniy mechaniniy savy-
biy. Drégnumo, poringumo, deformacijos vertés mazéja $ia kryptimi:
karkasiné mikrostruktura — $tampiné — Stampiné-turbulenting, o tan-
kio brinkumo, kerpamojo stiprio vertés minéta kryptimi didéja. Sasajy
tarp mikrostruktiros ir fizikiniy mechaniniy savybiy analizé patvirtina
tiesioginj vandens kiekio porose poveikj sgsajoms.



Microstructure and physico-mechanical properties of tills in Poland S39

Jerzy Trzcinski

MIKROSTRUKTURY I WEASCIWOSCI FIZYKO-
MECHANICZNE GLIN LODOWCOWYCH Z POLSKI

Streszczenie

Wykonano badania mikrostruktur z zastosowaniem skaningowego
mikroskopu elektronowego (SEM) oraz wlasciwosci fizyko-mechanicz-
nych glin lodowcowych z Polski. Okreslono nastepujace cechy mikro-
struktury: stopient upakowania elementow strukturalnych, wytrzyma-
fos¢ na kontaktach pomigdzy elementami strukturalnymi, typy
kontaktéw pomigdzy mikroagregatami ilastymi oraz wielko$¢ i ksztatt
poréw. W badanych glinach lodowcowych wystepuja trzy typy mikros-
truktur: szkieletowa, matrycowa i matrycowo-turbulentna. W obrebie
najczesciej wystepujacej mikrostruktury matrycowej wydzielono trzy
podtypy ze wzgledu na upakowanie elementéw strukturalnych: podtyp
A (luzno upakowana), podtyp B (§rednio upakowana) i podtyp C (ci-
asno upakowana). Znaleziono zwigzki pomiedzy typem/podtypem
mikrostruktury a zbadanymi parametrami fizyko-mechanicznymi.
Spadla warto$¢ wilgotno$ci, porowatoci, rozmakania i $cisliwoéci oraz
wzrosta gesto$¢ objetosciowa, pecznienie i wytrzymato$¢ na scinanie od
glin o mikrostrukturze szkieletowej przez gliny o mikrostrukturze ma-
trycowej do glin o mikrostrukturze matrycowo-turbulentnej. Analiza
zwigzkéw pomiedzy fizyko-mechanicznymi wlaciwoéciami glin a ich
mikrostrukturami ujawnita, ze zawarto$¢ wody w przestrzeni porowej i
niektore cechy mikrostruktur maja wptyw na te relacje.

Exn Tpunnbckn

MUKPOCTPYKTYPBI I ®U3MKO-MEXAHMYECKUNE
CBOVICTBA MOPEHHBIX CYITTIMHKOB

Peswme

[IpUBOAATCSA pe3y/IbTaThl MCCIETOBAHNA MUKPOCTPYKTYP, OCYIECT-
B/IEHHOTO C IIOMOIIbI0 CKAHUPYIOLIEro 3MeKTPOHHOIO MUKPOCKOIA
(SEM). IlpencraBiensl GuU3NKO-MeXaHUYeCKIe CBOIICTBA MOPEHHBIX
cyrmmuKoB [Tonbin. VccmenoBaich yakoBKa CTPYKTYPHBIX d/eMeH-
TOB, IPOYHOCTh KOHTAKTOB MEX/Y HIMI, BUBI KOHTAKTOB, hopMa 1t
BE/TMYIHA TIOp. B MOpEHHBIX CYITIMHKAX BBIABIEHBI TPY TUIA MUKPO-
CTPYKTYp: KapKaCHBI/, IITAMIOBBIA I IITAMIOBO-TYpOYIEHTHBIIL.
Yanre BCTpeyaeTcs IMTAMIIOBAs MUKPOCTPYKTYpa. B Heil BbIie/eHbI
Tpu Bua: A (pbIxyias ymakoBska), b (yrmakoBka cpefHeit IIOTHOCTI) 1
C (mnotHas ynakoBka). JokasaHa CBsI3b MEXX/AY TUIIAMM MUKPOCTPYK-
TYp U QU3UKO-MEeXaHNYEeCKUMIU CBOJICTBAMM. SHAUEHNs TAKUX IT0Ka-
3aTesei, KaK BIXKHOCTb, IOPUCTOCTD, AeOPMIUPYEMOCTD, yMEHbIIIa-
I0TCAL TIPK TIepexofie OT KapPKaCHOI MUKPOCTPYKTYPBI K LITAMIIOBOI 1
IITaMIIOBO-TYPOY/IEHTHOI, @ IIOTHOCTD, HA0YXaeMOCTb, COPOTHUBIIE-
HIUe CBUTY COOTBETCTBEHHO YBETMYMBAIOTCSA. AHA/MNM3 Pe3y/IbTaToB
II0KA3aJI, YTO KONMYIECTBO BOABI B IOPOBOM IIPOCTPAHCTBE OKA3bIBAET
IpsAMOe B/IVMsHNUE HA yKa3aHHbIE B3aUMOCBS3IL.



