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Deformation changes occur in cohesive soils as a result of interaction of their solid and liquid
phases. The paper presents a comprehensive geological engineering evaluation of the ability to volume
changes of overconsolidated Mio-Pliocene clay from the Warsaw area. To evaluate these changes, we
used grading and mineral composition and the physical properties of soil as well as its specific surface,
MBG, free swelling, swell pressure, suction pressure, and soil-water retention characteristic curves.
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INTRODUCTION

Deformation changes observed as swelling, shrinkage, collapse,
expansivity, heaving, etc. may result in adverse effects of subsoil
on constructions. An appropriate assessment of susceptibility of
cohesive soils to deformation changes is thus needed for practi-
cal reasons since it enables a more economical planning and full
exploitation of the actual properties of the soil.

Mio-Pliocene clay in the area of Warsaw is at present and
will be in the future a subsoil of newly-built edifices because of
an extensive development of underground constructions such as
parking lots, tunnels, and the subway. The last decades brought
numerous constructions several dozen storeys high, with a
few levels of underground parking lots. Mio-Pliocene clays in
Warsaw occur from 2 to 100 m bgl, and their thickness varies
from 50 up to 100-150 m. Because of their expansion proper-
ties and a complex geological history they require both field and
laboratory studies.

TESTED SOILS

Soils from the Geological Engineering Experimentation Site
Stegny and from the bed of a deep excavation of the Warsaw sub-
way station A19 Marymont were used for assessing the deforma-
tion changes of Warsaw clay. This clay is overconsolidated. The
Stegny site is located in the valley of the Vistula River, and the
subway station is in a moraine upland.

The soil deformability assessment was based on the analy-
sis of its properties and parameters such as grading and mineral
composition, specific area, MBC, free swelling, swell pressure,
suction pressure, and soil-water retention characteristic curves.

Geological engineering experimentation sites exist in a great
number in the United States (e. g., the National Geotechnical

Experimentation Sites, VanMarcke and Fenton, 2003), but they
are scarce in Poland. The Stegny site is located in a residential
area in the Mokotow district in Warsaw (Fig. 1). Morphologically,
itislocated in the valley of the Vistula River, on a flood plain. The
object of geological engineering studies is Mio-Pliocene clays of
the Poznan formation. Samples of clay for analysis were collect-
ed from 4.5 to 36 m bgl to Shelby thin-walled tube samplers.

The geological engineering site facilitates continuation and
development of field and laboratory studies of Neogene clay. The
soil and groundwater conditions of the Stegny site was inves-
tigated by test drilling down to 36 m bgl and by CPTU sound-
ing down to 46 m bgl (Baranski, 2004). The soil complex of the
Poznan formation is located below a layer of alluvial sands about
4 m bgl (Kaczynski et al., 2000).

The Warsaw subway is of shallow type. The station A 19
Marymont was constructed with the use of an open excavation
method. The station is located about 200 m away from a steep
bank separating a moraine upland from the Vistula valley (Fig. 1).

Monolith soil samples were collected from the station ex-
cavation pit from about 14 m bgl. The subsoil of the station is
composed solely of Mio-Pliocene clay. The soil is mainly com-
posed of clay, silty clay, sandy clay, silt and fine sand. The roof of
Tertiary structures at the site of the station is glacio-tectonically
disturbed and uplifted.

GEOLOGICAL-ENGINEERING PROPERTIES

The basic properties and parameters of the soils under discussion
are presented in Tables 1 and 2. The tables list statistical para-
meters such as minimum and maximum values, mean, standard
deviation, coefficients of variability and the number of samples.
The highest variability is observed in the liquidity degree
and the liquidity index. In the case of the liquidity degree I , the
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Fig. 1. Localization of test Mio-Pliocene clay
from Stegny and Marymont

1 — Geological Engineering Experimentation
Site Stegny

2 — Subway station A19 Marymont

Table 1. Basic properties of Mio-Pliocene clay from Stegny

Properties
Parameter
p.Mg/m* | p,Mg/m* | p,, Mg/m® e | w, % | w,, % | w,, % | 1, % | I, | A
Min 2.67 1.85 1.36 0.45 16.67 16.8 355 16.9 -0.27 0.52
Max 2.73 217 1.86 0.99 36.52 41.0 96.0 58.0 0.24 1.04
X 2.70 2.04 1.64 0.67 24.78 29.0 721 43.1 -0.10 0.80
G 0.02 0.07 0.12 0.13 4.68 6.1 16.2 12.1 0.10 0.13
v % 1 4 7 19 19 21 22 28 103 16
Table 2. Basic properties of Mio-Pliocene clay from Marymont
Properties
Parameter
p,,Mg/m* | p,Mg/m* | p,, Mg/m? | e w, % | w,, % | w,, % | 1, % | I | A
Min 2.65 1.97 1.49 0.68 24.04 257 70.1 40.8 -0.26 0.49
Max 271 2.04 1.61 0.78 33.01 49.8 115.9 729 -0.01 1.16
X 2.68 2.00 1.57 0.71 27.42 36.4 91.7 553 -0.16 0.87
o 0.02 0.02 0.04 0.03 2.82 6.6 13.5 79 0.08 0.21
v % 1 1 3 4 10 18 15 14 48 24
N 1 7 7 7 15 15 15 15 15 1

coefficient of variability is equal to 103% for the Stegny clay and
48% for the subway clay. The coefficient of variability for the li-
quidity index I, is equal to 28% for the Stegny clay and to 14%
for the subway clay. The coefficients of variability of the other
parameters do not exceed 24%.

The content of clay in the Stegny samples is 53%, of silty
clay 32% and of sandy clay 13%. Concerning its mineral com-
position, beidelite is more abundant than illite and kaolinite:
B8 [0-53% > K3-38% (Baraniski et al., 2004).

In samples from the Marymont subway station, clay makes up
91% of the samples collected, and the rest are silty clays. Analysis
of the mineral composition of clay from the subway excavation

suggests that the dominant mineral is beidelite (B2 > K>-'7*),
The analysis did not show illite (Wszedyrowny, 2006).

ASSESSMENT OF DEFORMATION CHANGES OF
SOILS

The assessment of susceptibility of soil to deformation was
begun with an analysis of the percentage of the clay fraction
and of its mineral composition. Because of the content of clay
minerals (on the average 60%), of the clay fraction (on the
average 50%), and of the domination of beidelite (on the average
29%), the Mio-Pliocene clay from the Stegny site should be
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deformable, similarly to the clay from the subway station: the
average content of clay minerals exceeds 70%. The dominant
mineral being also beidelite, while the mean content of the clay
fraction is about 59%.

Assessment of susceptibility to volume changes of cohesive
soils was carried out with the use of indirect methods as well.
Analysis of the Casagrande chart suggests that about 50% of
the test samples of the Stegny clays and almost all samples from
the subway station show a very high or extremely high liquid-
ity (Fig. 2). Hence also a very high and extremely high swelling
should be expected.

Analysis of the relation between the swelling index Is = w/w,
and water content at liquid limit w/, proposed by Vijayvergiya
and Ghazzaly (1973), showed that for the samples of Mio-
Pliocene clay from the Stegny site one can expect a variable swell
pressure as shown in Fig. 3. For more than 50% of the samples,
the estimated values of swell pressure should exceed 150 kPa. In
the case of clay samples from the subway station, the expected
swell pressure values also exceed 150 kPa.

Swell pressure was determined using the method of constant
volume of a soil sample. The tests were performed using an au-
tomatic h-200A swell pressure analyzer from the GEONOR AS
company, Norway.

Generally, the swell pressure values obtained for clay samples
from the Stegny site agree with expectations. The results are with-
in 36-323 kPa. Results for clay samples from the subway station
do not agree with the expected values: the variability interval is
19-93 kPa. Table 3 shows the measured swell pressure values.

For a quick assessment of the ability of cohesive soils to
swell, the method of free swell test FS,, according to Holtz and
Gibbs (1956) was used. Susceptibility to volume changes under
the influence of water was found in cohesive soils with high
values of specific area S, clay fraction f, and with large values
of MBC.

The results are listed in Table 3. The mean value of free
swell for clay from Stegny is equal to 96% and for clay from the
subway station to 65%. Clay from the Geological Engineering
Experimentation Site Stegny is expansive down to 20 m bgl
(Baranski et al., 2004). In the case of clay from the subway sta-
tion, the free swell pressure is about half as low as in the Stegny
clay. This is related to differences in the mineral composition of
these soils.

Another nomogram used to assess potential expansion was
after van der Merwe (1965). It enables determining the expan-
sivity based on a relation between the liquidity index I, and the
percentage of the clay fraction f. Figure 4 shows a nomogram
with the values obtained for test samples of clay. Based on this
nomogram, most of the clay samples tested should feature a very
high expansion.

Figure 5 presents a classification of the soils studied with
respect to their potential expansion according to a nomogram
developed by McKeen (1992). This classification takes into ac-
count suction pressure. Samples of the Mio-Pliocene clay from
Stegny were classified as highly and moderately expansive (class
IT and III), while clay from the subway station as highly expan-
sive (class II).
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Fig. 2. Plasticity chart for evaluation of expansive ability with values for Mio-Pliocene
clay from Stegny and Marymont

Table 3. Values of swell pressure of clay from Stegny and from Marymont

Fig. 3. Vijayvergiya and Ghazzaly chart for evaluating swell pressure values

Specific surface Sorption capacity Swell pressure Free swelling Swell pressure Free swelling
Parameter S, m?/g MBC g/100g soil osp, kPa FS, ., % osp, kPa FS, %
Geological Engineering Experimentation Site Stegny Subway station A19 Marymont
Min 85 4.03 36 50 19 35
Max 389 18.57 323 172 93 85
X 228 10.88 165 96 55 65
o 82 3.91 104 30 25 19
v % 36 36 63 31 46 29
n 34 34 17 43 12 7
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Fig. 4. Van der Merwe chart for evaluation of potential expantion

Fig. 5. McKeen (1992) classification
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Assessment of deformation changes was also based on the
analysis of characteristic curves of soil retention. The SWCC
curve is a basic characteristic of the behaviour of unsaturated
soil. It represents a relation between the water content and suc-
tion pressure of the soil and is very important for analysis of
strength, compressibility, permeability, thermal properties, dif-
fusion, heat conductivity, etc. (Fredlund, 1996).

The relation between water content and suction pressure in
Mio-Pliocene clay was determined at various depths at the Stegny
Experimenation Site (9.0-9.6-34.5-36.0 m bgl), as well as in the
clay from the subway station excavation (Marymont 1,2, 1a, 2a).

The tests were carried out with the use of pressure plate
extractors from the Soilmoisture Equipment Corporation. The
characteristic curves were determined from 9 to 11 tests carried
out from 0.1 to 1600 kPa. Each determination was performed on
at least three identical soil samples, and the results were adopted
as their arithmetical mean values. They are shown in Fig. 6.

A number of empirical formulas were proposed to interpret
SWCC characteristics. In this paper, a three-parameter equation
of Fredlund and Xing (1994) was used:

0

s

T

- experimental data line — best-fit curve.

where:

0, - volumetric water content,

0__volumetric water content at saturation,

u - u - matrix suction,

u - pore air pressure,

u - pore water pressure,

a, n, m — approximation parameters.

The characteristic formula describing the soil-water system
was fitted to the data set of water content and suction pressure
values with the use of the mean-squares method. The model
curve calculated with the parameters found from the fitting
showed a sufficient agreement with the data points (W¢jcik,
2003). The parameters are listed in Table 4.

Table 4. Parameters of Fredlund and Xing (1994) equation

X Parameters of equation
Location
a n m

Geological

Engineering 1.60-12.35  0.792-1.392  0.261-0.439
Experimentation

Site Stegny
Subway station

11.80-20.00 0.65-1.80 0.159-0.371

A19 Marymont
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Table 5. Estimation of ability to deformation changes of test clay

Parameter / method Geological Engineering Experimentation Site Stegny Subway station A19 Marymont
Content of clay size D <2 um Average 50% Average 59%
Content of clay minerals Average 60% Average 70%

Mineral composition

B'H*BZ% > IU*SS% > K3738%

BA7—72% > K9—17%

Swell pressure

36-323 kPa

19-93 kPa

Free swelling

50-172%

35-85%

Casagrande chart

High plasticity - 24% of samples
very high plasticity - 47% of samples

High plasticity - 64% of samples
very high plasticity - 36% of samples

Vijayvergiya, Ghazzaly chart

>150 kPa - over 50% of samples

>150 kPa - over 90% of samples

Van der Merwe chart

Very high expansion 80% of samples

Very high expansion 90% of samples

Mc Keen chart

Class Il - 33% of samples

Class Il

Class Ill - 67% of samples

Volumetric water content changes 18%
Relative volumetric water content

Soil water characteristic curves
changes 35-49%

Volumetric water content changes 15%
Relative volumetric water content
changes 28-33%

Clay samples from the subway excavation show a higher
volumetric water content than clay samples from the Stegny site.
The air entry pressure is equal to 3-8 kPa for the clay from the
Stegny site and 6-10 kPa for the clay from the subway station.

Analysis of the SWCC curves suggests that for the suction
pressure interval 1-1580 kPa relative changes of the volumetric
water content are equal to 35-49% for clay from the Stegny site
and to 28-33% for clay from the subway station.

Results of all tests are collected in Table 5. The assessment of
compressibility of the samples was based on 10 parameters and
test methods.

CONCLUSIONS

The paper presents an analysis of susceptibility to volume
changes of overconsolidated Mio-Pliocene clay from the Warsaw
area (the Stegny Geological Engineering Experimentation Site and
the excavation of the Warsaw subway station A19 Marymont).

Samples of clay from the Stegny Geological Engineering
Experimentation Site were obtained from boreholes with the use
of thin-wall Shelby tube samplers, and samples of clay from the
subway station trench excavation were collected as soil mono-
liths. One has to realize that the process of collection of sam-
ples in the field and of their preparation for lab tests affect the
measured values of suction and swell pressures (Chandler et al.,
1992). Sample collection and preparation for tests induces una-
voidable changes in the stress-strain state and in the structure
of the soil samples. Therefore, the values obtained from lab tests
are somewhat overestimated. An attempt to quantitatively assess
the influence of the sampling procedure on changes in sample
structure is the subject of this research.

The assessment of compressibility of soils discussed in this
paper was based on the analysis of a number of properties and
parameters. Only such complex studies enable a correct and
credible assessment of the potential expansion of cohesive soils.
Based on the analysis of the data obtained, we concluded that
a higher compressibility is expected in the soil from the Stegny
Geological Engineering Experimentation Site.

The clay fraction in clay from the subway station did not in-
clude illite. The mean content of beidelite was lower than in clay
from the Stegny site.

The test samples were collected from trench excavation in
the form of soil monolith. This method of sampling is less harm-
ful the soil structure than in the case of collection to thin-walled
Shelby samplers.

One should also note that clay from the subway station had a
higher natural water content than clay from the Stegny site. Both
these factors explain the differences between the expected swell
pressure and the measurement values obtained from tests per-
formed by the method of constant volume of a soil sample.
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VARSUVOS RAJONO MIOCENO-PLIOCENO MOLIO
DEFORMACINIU SAVYBIU JVERTINIMAS

Santrauka

Straipsnyje pateikiamas perkonsoliduoto mioceno—plioceno molio
tario pokyc¢iy jvertinimas. Tyrimai atlikti Stegny eksperimentingje
aiksteléje ir metro stotyje (A19 Marymont). Istirta molio mineraliné
ir granuliometriné sudétis, pagrindinés fizikinés savybés, nustatyta
savitasis pavirsius, sorbciné talpa, brinkimo jtempiai, retencijos rodi-
kliai. Laboratoriniais tyrimais uzfiksuotas didelis ir labai didelis mo-
lio bandiniy brinkimas. Pagal nomogramas jvertintos brinkimo slégio
vertés atitinka laboratorinius duomenis. Mazesnio tirio deformacijos
stebétos metro stotyje paimtuose éminiuose. Siy éminiy maZesnés plé-
timosi deformacijos sietinos su drégnesniu gruntu ir illito nebuvimu.
Pastebéta, kad jtakos turi éminiy paémimo badas ir jy paruodimas
laboratoriniams tyrimams. Eminiai metro stotyje paimti tiesiogiai i
masyvo, o eksperimentinéje aiksteléje — i§ greZinio. Taigi galima dary-
ti prielaid, jog didesnés deformacijos atsiranda deél i§ dalies pazeistos
grunto struktaros.
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OCENA ZDOLNOSCI DO ZMIAN DEFORMACYJNYCH
IEOW MIO-PLIOCENSKICH Z OBSZARU WARSZAWY

Streszczenie

Zmiany deformacyjne zachodzg w gruntach spoistych w efekcie ws-
poldziatania fazy stalej gruntu z faza ciekla. W artykule przedstawio-
na zostata kompleksowa, geologiczno-inzynierska ocena zdolnosci do
zmian objetosciowych przekonsolidowanych itéw mio-pliocenskich z
obszaru Warszawy, tj. z poligonu badawczego Stegny oraz z podloza sta-
¢ji metra A19 Marymont.

Do oceny wykorzystano: sklad granulometryczny i mineralny,
podstawowe wiasciwosci fizyczne oraz parametry gruntowe, takie jak
powierzchnia wlasciwa, pojemnos¢ sorpcyjna, pecznienie swobodne,
ci$nienie pecznienia, ci$nienie ssania oraz charakterystyki w postaci
krzywych retencji itow.

Na podstawie szeregu badan laboratoryjnych stwierdzono, ze po-
tencjalna ekspansywno$¢ jest wysoka lub bardzo wysoka dla wiekszosci
badanych probek itéw. Oszacowane wartosci cisnienia pecznienia byty
zgodne z warto$ciami otrzymanymi z badan laboratoryjnych w przy-
padku itéw z poligonu badawczego Stegny.

Mniejsza zdolno$¢ do zmian deformacyjnych w itach ze stacji metra
Marymont wynika miedzy innymiz brakuillitu oraz wyzszej wilgotnosci
gruntu. Istotnym czynnikiem jest takze naruszenie struktury probek
itéw podczas pobierania i przygotowywania do badan laboratoryjnych.
Prébki ze stacji metra byly pobrane w postaci monolitéw, zas probki
z terenu poligonu pobrano z otworéw do cienko$ciennych prébnikow
typu Shelby. Naruszenie struktury itéw bylo wieksze w przypadku itow
z poligonu badawczego. Z tego powodu nalezy sadzi¢, ze ocena zdol-
noéci do zmian objetosciowych dla itéw z poligonu badawczego jest
W pewnym stopniul zawyzona.

Mapex bapanbcku, Imunusa Boitiyk

OIIEHKA TE®@OPMAIIMMOHHBIX CBOVICTB
MUO-TUVIMOIIEHOBBIX I'TTMH BAPITABCKOT'O
PATIOHA

Peswme

B crarbe oneHnBaTCsA 06beMHble AeOopMaLUM MepeyInoTHeHHBIX
MMOTIIMOLIEHOBBIX INH. VlccenoBanmsa NpoBeieHbl Ha 3KCIEePMMEH-
TabHOI tiouake Crerusl u Ha craniyy MeTpo (A19 MapbiMoHT) B
Bapurase. VMsy4anuch MyHepanbHblii ¥ TPaHY/IOMETPUYECKUIT COCTaB,
OCHOBHBIE (DM3MYECKMe CBOJCTBA MMUOIUIMOLICHOBBIX IMUH. Kpome
TOTO, ONpPEJeTANCD: YeIbHas TOBEPXHOCTD, COPOLIMOHHAS eMKOCTb,
HamnpsDKeHne HabyXaHs, MOKa3aTe/M PeTeHIMN. YCTAHOB/IEHBI BbI-
COKMe ¥ OYeHDb BBICOKME 3HAYeHVs HabyXaHus IIyH. PaccunmtaHHble
[0 HOMOTpaMMaM 3HAYeHNs JAB/IeHNsA HAOYXaHUS COOTBETCTBYIOT
JaHHBIM /TAbOPATOPHBIX MCCIENOBAHMIL. YCIOBHO MEHbIIIE 3HAYEHIS
00beMHBIX AeopMaLuit OMy4eHbI Ha 00pasIiax, B3ATHIX CO CTAHIMN
MeTpo. ITO CBA3AHO C HU3KOJ €CTECTBEHHOI BIaKHOCTBIO U OTCYT-
crBiteM wumnta. OTMEYEeHO, YTO Ha Pe3y/IbTaThl BIMAIOT C1I0co6 0T60-
pa 06pas1oB U KX MOATOTOBKA /I MCTbITaHMiL. [Ipefmonaraercs, 410
HapyLIeH}e eCTeCTBEHHOI CTPYKTYPbI IIMH BbI3bIBAeT HOBBIIICHHbIE
o6beMHBIe iedopMaryn.



