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The paper presents a brownfield site investigation of the area where lignite was formerly exploited with an underground min-
ing method. The Miocene lignite seams were folded by glaciers and covered with a layer of highly compacted sediments with
sands on top. Yet eighty years after the extraction ceased, new sinkholes still develop. The aim of this work is to determine
both the mechanical parameters of soil in the area of sinkholes and the changes in the values of these parameters induced
by the process of sinkhole formation. The applied methodology involves in situ investigations. Soil state and strength param-
eters were examined with the use of CPTU and DPL tests, while stiffness parameters were determined in the SDMT test. The
evaluated parameters of soil may provide data for numerical modelling of the process of sinkhole formation and may signifi-
cantly simplify future in situ investigations in the area where the soil profile shows high natural changeability of state. The
knowledge of values of parameters in a sinkhole and outside it enables easier differentiation between the zones of undis-
turbed soil and zones where sinkholes formed in the past (and were then backfilled) or where the sinkhole formation process

=

is currently in progress.

Key words: sinkholes, abandoned lignite mining, in situ testing, soil parameters.

INTRODUCTION

The current exploitation of former industrial sites
(brownfield) basically requires consideration of two problems:
possible contamination of soil and water, as well as possible
buried fragments of structures still remaining in the soil. In the
case of underground mining terrains, old cavings and mine
shafts present potential hazards of surface instabilities that may
develop over such structures and in their vicinity.

The surroundings of Zielona Géra, western Poland (Fig. 1), is
the region where lignite was mined for over 100 years until World
War Il. The lignite seams occur within a frontal moraine of the
Saalian Glaciation (Warthanian Stage), which is called Wat
Zielonogorski. The glaciotectonic phenomena taking place in the
Pleistocene caused the lignite seams to uplift and fold. Lignite
was mined down to a depth of several tens of metres, mainly in
the anticlines. Currently, over eighty years after the exploitation
was finished, land subsidence still occurs in this area.

Particularly dangerous forms of subsidence are sinkholes,
which are discontinuous deformations of the soil surface, cov-
ering small areas. The structures may have steep or even over-
hung walls. The shapes of sinkholes from near Zielona Goéra
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are usually oval in horizontal plane. Their diameters range from
a few to several metres, and the average depth is a few metres.
The process of their formation can be sudden.

In February 2012, three sinkholes occurred in Rybno, a
hamlet in the village of Wilkanowo located west of Zielona Goéra,
in a close proximity to buildings. The largest one, approx. 20 m
long, 10 m wide and 3—4 m deep, appeared in the location
which included a local road (Fig. 2A). The time of its formation
was precisely determined. The sinkhole was formed within two
hours. The smallest sinkhole is circular in planar shape, with a
diameter and depth of 2.5 m (Fig. 2B). This sinkhole is the sub-
ject of investigation presented in this paper.

The major causes of the formation of sinkholes are:

— the presence of a void within the soil mass (natural or
anthropogenic) and its development induced by the de-
struction of mine casing, karst phenomena or failure of
underground objects during installation, operation or af-
ter its completion;

— inconsiderable strength and rigidity of overburden;

— internal suffusion causing the outwash of small particles
and the loosening of the soil structure;

— the alteration of pore pressures (seepage force, the in-
crease in pore pressure in the soil);

— considerable loads (static and dynamic).

A sinkhole most frequently occurs when several of the fac-
tors mentioned above appear simultaneously. Due to the vari-
ety of reasons, it is very difficult to forecast the time and the
place of sinkhole formation. One of the key problems for predic-
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Fig. 1. Contour line map of Wat Zielonogérski

Study area marked with white circle

Fig. 2. Sinkholes at Rybno

A — largest sinkhole (western), as of February 2012,
B — smallest sinkhole (eastern), as of March 2012

tion is to recognize the mechanism of its evolution and to pre-
pare appropriate mathematical model of the occurrence.

Land subsidence as a phenomenon has been investigated
by mining engineers, geology engineers, as well as civil engi-
neers. Despite the common objective of the investigation, i.e.
the causes and forecasting of sinkhole formation, each field ap-
plies specific research methodology.

The works on mining-induced subsidence (e.g., Chudek et
al., 1988; Whittaker and Reddish, 1989; Singh and Dhar, 1997,
Pilecki and Kotyrba, 2007) focus on the determination of depth
and exploitation methods as well as the manner of liquidation of
workings, tunnels and shafts. The stress is put on the signifi-
cance of geophysical investigations allowing the determination
of the underground voids. Thomas and Roth (1999) present ad-
ditional evaluation of invasive investigation methods. Drilling
and static probing CPT (cone penetration test) have been given
the highest notes.

There is a large number of publications on the study of karst
sinkholes in areas of non-rock overburden (e.g., Chang and
Basnett, 1999; Kannan,1999; Waltham et al., 2005; Gutierrez
et al., 2008). Waltham et al. (2005) attempted to link the mor-
phology of sinkholes with the causes, time and rate of their for-
mation. They suggested that cylindrical sinkholes were formed
in soils with cohesive overburden due to soil collapse into voids
and develop within minutes, whereas conical-shaped sink-
holes, characteristic for the area of non-cohesive overburden,
resulted from internal suffusion and develop slowly (months or
years). The described research methods were limited to geo-
physical studies which traced underground voids. Kannan
(1999) and Chang and Basnett (1999) discussed the utilisation
of invasive methods SPT (standard penetration test) and CPT
for the investigations of sinkhole areas.

Specialists in soil mechanics have also been involved in the
investigation of the mechanisms of sinkhole formation, almost
since the first stages of this branch of science. Terzaghi (1936)
carried out experimental and analytical studies of changes in
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the state of stress in loose soils above a trapdoor, defining the
phenomenon of arching. Newer model studies conducted on
centrifuges (e.g., Craig, 1990; Iglesia et al., 1990; Abdulla and
Goodings, 1996; Costa et al., 2009) enabled a better under-
standing of the mechanism of sinkhole formation and impli-
cated the application of another scientific area, i.e. analytical
and numerical modelling, for sinkhole analysis (e.g., Tharp,
1999; Ambrozi¢ and Turk, 2003; Augarde et al., 2003).

Having discussed the approaches to the investigations of
sinkhole areas, the attention will be now drawn onto the subject
of this research. The method of operation used in Zielona Géra
lignite mines (within the German borders before World War 1)
has been described on the basis of archival materials, incom-
plete though, in the work of Gontaszewska and Krainski (2012).
The average depth at which lignite was extracted was 20—40 m,
galleries were 1.5 m wide and 2 m high, and the area of typical
extraction chamber was 4-5 m? with the height of 3—4 m.

Geophysical tests MASW (multichannel analysis of surface
waves), carried out on the discussed area by a commercial
company, described in part by Szajna (2013), did not show
clearly the existence of voids, while they indicated zones of
probable ground loosening. These zones are the subject of the
invasive tests described in this paper.

Natural undisturbed soils demonstrate considerable
changeability of features and state parameters, especially the
ones of glacial origin. This changeability impedes the investiga-
tions, including the identification of sinkhole-caused loosening
zones. It refers to the identification of both old backfilled sink-
holes which are not revealed by the morphology of the area,
and new ones which are in the process of formation. In this con-
text, an important question arises: how the formation of sink-
holes influences the change in the values of soil parameters?

GEOLOGICAL SETTING

Zielona Géra and its surroundings were the areas of lignite
mining for more than 110 years. A ten-odd of lignite mines,

mostly underground, operated in the area. The oldest and the
greatest venture was the “Consolidierte Griinberger Gruben”
company operating until the end of World War Il. Mining was
concentrated mainly west of Zielona Gora, within the villages of
Wilkanowo—Stone—Letnica, and in the western periphery of the
town (Bujkiewicz, 1997; Gontaszewska and Krainski, 2010,
2012; Gontaszewska, 2011). The location and the morphology
of the discussed area are shown in Figure 1.

The available German materials, incomplete though, in-
clude mining maps in the scale of 1:1000 (from the 1930s) and
annual reports from 1923—-1940.

This paper refers to the area adjacent directly to the town,
i.e. the hamlet of Rybno, belonging to the village of Wilkanowo.
The study was conducted at the premises of Zielona Géra For-
estry Administration.

Today’s Rybno is among the first mining areas near Zielona
Gora. The exploitation took place on both sides of the
Wilkanowo — Zielona Géra road, and the four lignite seams
stretched parallel to that road (as seen in Fig. 3). The mining
was carried out in stages within the period 1853—1929 in anticli-
nal parts of folds. Parts of synclines with possible lignite depos-
its are located to the south and north of the seams. Directly to
the west of the shafts, there was a glass works that operated in
the area. It is still possible to find production wastes, including
slag and glass lumps, at numerous places. They were also
used to backfill the mine shafts and land subsidence.

Site research described in this paper was carried out on the
Hitten seam. The seam was exploited in the years 1870-1878
and again from 1922 to 1925. The shaft was built in 1922, and it
was 26 m deep. The lowest mining level (127.2 m) indicates that
the extraction reached a depth of about 40 m. The lignite was not
mined under the buildings of the glass works (safety pillar).

The relatively shallow occurrence of lignite in the Zielona
Gora area is related to the structure called Wat Zielonogorski
(Fig. 1). Itis a moraine formed during the Warthanian Stage and
composed of layers of Miocene and older Pleistocene deposits.
The lignite seams occur in glaciotectonically disturbed deposits
of the Wat Zielonogorski, together with the Poznan Formation
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Fig. 3. Current map of Rybno hamlet with approximately indicated exploitation regions

Mining shafts are marked with dots: E — Emilie, FW — Friedrich Wilhelm, H — Hitten, O — Otto,
V — Versuch, K — Krug von Nidda, and lines of archival maps
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Fig. 4. Map of the investigated area

BH — borehole, CPT — cone penetration tests, DPL — dynamic
probing light, SDMT — seismic dilatometer test

clays. Lignite was mined mainly in anticlines and descended to
the depth of the groundwater table, although generally not
deeper than 50 m.

The lignite overburden contains Pleistocene formations and
blue and grey clays of Poznan Formation. The thickness of the
lignite is inconsiderable, typically of 3—4 m. The lignite floor con-
sists of grey clays with quartz sands below. The age of the lig-
nite is determined as the first group of lignite layers — Middle
Miocene.

The map of the investigated area is presented in Figure 4.
Archival boreholes and the geological cross-section are
marked on the map. The cross-section goes through the points
68-69-1-2. The map also shows cavings, locations of the east-
ern borehole as well as the investigation points described in fur-
ther chapters.

The geological structure of the described area does not de-
viate from the above pattern. The Upper Miocene is repre-
sented mainly by clays with inserts of silt and sand, containing a
lignite seam. Above it, there are Pleistocene boulder tills of the
Warthanian Stage under a cover of sandy and gravel sedi-
ments of the Vistulian Glaciation, as shown in a cross-section
(Fig. 5). As a result of glaciotectonic disturbances caused by
Warthanian Stage, these sediments were folded or even
over-folded.

In the Rybno area, there are two overthrust faults: southern
fault mined with the Hutten and Versuch shafts, and northern
one exploited with the Otto shaft (Fig. 3). N-S cross-sections
through the southern overthrust faults (Hitten seam) are shown
in the original German map (Fig. 6).

The lignite seam in the overthrust faults was uplifted to the
elevations of around 132—154 m above the sea level (about
11-50 m depth). Both overthrust faults are separated by deep

anticlinal zones filled with glaciofluvial sand and gravel depos-
its. On the basis of deep drillings, the depth of the synclines may
be estimated at least at 50 m.

Virtually, the terrain deformations are found over the entire
area of the former lignite mining. Most frequently, they are now
conical-shaped forms (particularly in the regions of the earliest
exploitation in the 19th century) with longitudinal depressions
that developed over the galleries. There were also reports of the
formation of sinkholes, usually cylindrical in shape. In the
1970s, a sinkhole of several metres in diameter appeared in the
area of neighbouring village of Buchatéw (Szafran and Wrabel,
1975), where most probably one of the shafts, which operated
on the “Schloin” seam, fell in. In 2005, a sinkhole of a few
metres in diameter appeared in the place of the ventilation shaft
at the “Pohlenz” seams.

Terrain deformations that have occurred in this area are
closely related to the method of lignite exploitation. The seam
was approached from vertical shafts, tunnels and inclined shafts
conducted from the surface. The exploitation was carried out in
horizontal galleries parallel to the seam, thus the galleries de-
scended gradually deeper and deeper. The lignite was mined
with a collapse method. Wooden casings were partially or com-
pletely removed after the mining was finished, whereas the
shafts were backfilled. Depending on the type of the overburden
(sand, clays or tills), the collapse of the roof and the appearance
of surface deformations lasted several years. Deformations had
certainly appeared yet when lignite was still mined, which may be
concluded from the fact that a protective pillar under the glass
factory was established in 1924 (two years after mining was
started; now the offices of the Forestry; Betriebsbericht, 1931).

The documentation of the Forestry buildings (Gontaszew-
ska and Krainski, 2012) describes the appearance of a new
sinkhole in the place of a borehole, where no evidence of voids
or exploitation was found. Another borehole revealed a
14 metre layer of slag, however not drilled through. It may be
concluded that it was a former backfilled caving.

The greatest deformation at Rybno, elongated funnel in
shape, is located directly to the north of the Forestry offices, in
the place where almost a vertical limb of the anticline was ex-
ploited, which is visible on the profile 1+385 (Fig. 6). Total thick-
ness of the extracted lignite can be estimated at about 12—14 m,
and the maximum depth of the sinkhole is about 6 m.

In February 2012, at a time of intense frost, three new sink-
holes appeared at Rybno (Fig. 2). The largest sinkhole, about
20 mlong, approx. 10 m wide, and 3—4 m deep, appeared in the
protection pillar area. The locations of the sinkholes are shown
on the mining map (Fig. 7). They do not coincide with any of the
shafts, which was the case in the previous sinkholes. The
causes of the development of these deformations are difficult to
explain. The sinkhole in the eastern part, which developed on
the Forestry grounds (Figs. 5 and 7), may be associated with
the repeated exploitation in 1923 at a depth of about 21 m, in
the area exploited already in 1870. However, there is no data on
the earlier exploitation.

The origin of the two remaining sinkholes, which developed
in the western part of the Forestry premises, is much more diffi-
cult to analyse and explain. They both developed over the gal-
leries performed between 1923 and 1925, but they are located
on the area which was most likely exploited after this date. In
addition, the largest sinkhole is located over the northern end of
the north-south-oriented gallery marked on the map as
“Zieh-Scht.”. It could be a transport shaft (or an inclined shaft)
backfilled only in the subsurface part. This “cork” may have slid-
den down along the shaft, which eventually resulted in the for-
mation of the sinkhole.
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The locations of cross-sections are shown in the map; mine
galleries are marked; 40 m-S refers to a seam at a depth of 40 m

THE SELECTION OF INVESTIGATION AREAS,
SUITABLE PARAMETERS AND RESEARCH
METHODS

Sinkholes that developed at Rybno in February 2012 ap-
peared rapidly. Both the size (the largest sinkhole was approxi-
mately 20 x 10 m in projection and 3—-4 m deep) and the short
formation time (within 2 h) aroused fears of further possible land
subsidence, which may threaten the existing buildings. Accord-
ingly, the plan of investigations included subsoil tests carried
outin five areas (Fig. 4). The results of two of them, i.e. in the vi-
cinity of buildings and in the sinkholes and their surroundings,
are presented in details in the paper. The largest sinkhole
(western) developed under a paved road (Fig. 2A). It prevented
from invasive testing of this sinkhole, for the concrete bricks
could damage the test equipment. Thus, the eastern sinkhole
was selected as the subject of investigations (Fig. 7).

The area is owned by the State Forestry Administration. As
suggested by its employees, the area has declined near one of
the buildings, so the research was started in the vicinity of that
building. Fears that sinkholes may develop in this area were jus-
tified by the layout of the galleries in old maps (Fig. 7), and by
the mentioned MASW investigations. The building, location of



352 Waldemar S. Szajna and Agnieszka Gontaszewska

oS G bth
D cavingarea -
mining galleries

== = = cross-section lines

QO sinkhole from 2012

Fig. 7. Mining map of the Hiitten seam, approx. 1940, with marked sinkholes from 2012

the galleries and the MASW test line, and the individual re-
search points are shown in Figure 4.

The area of subsequent research was the eastern sinkhole
and its vicinity. In order to compensate for the land cavity, the
sinkhole had been backfilled with non-cohesive soil without
compaction a year before. The location and the particular in-
vestigation points are also presented in Figure 4.

The substantial objective of the investigation is the determi-
nation of the stiffness of the soil and its state and strength pa-
rameters. The geological study indicated that the soil under a
slag embankment consists of non-cohesive material, mainly
fine sands. The basic parameter of state for sand is relative
density index (/p). The Mohr-Coulomb model, a parameter of
which is the effective friction angle (¢’), has been assumed as a
strength model. Stiffness parameters to be determined are the
constrained modulus (M) and initial shear modulus (Gp).

Due to the difficulties in receiving undisturbed sand sam-
ples for triaxial tests, mechanical parameters of soil have been
determined by in situ tests. Lunne (2001) and Mayne et al.
(2009) evaluated various apparatuses for determination of soil
parameters. They concluded that for the described soil condi-
tions, CPTU (CPT with pore water pressure measurement) is
best suited for strength parameters determination, whereas
SDMT - for stiffness parameters determination. Both appara-
tuses were applied in the presented investigations. The points
marked in Figure 4 refer to the places where probing was per-
formed with the use of a piezoelectric cone (CPTU) and a seis-
mic dilatometer test (SDMT).

The tests used a rig of 100 kN maximum allowable trust,
mounted on a track of 1 tonne total deadweight. Due to the exis-
tence of non-cohesive industrial waste (slag with large lumps of
glass) in the superficial zone, helical anchors were used for sta-
bilization.

Sinkhole investigations started in the central part of the
eastern sinkhole with the use of SDMT. The penetration with
the dilatometer blade was carried out down to a depth of 4 m,
i.,e. 1.5 m below the bed of the sinkhole, and then it was
stopped. The values of soil resistances were too low for p, to be
read. At the same time, the glass lumps caused damage to the
membrane of the SDMT blade. In addition, the vibrations of the
rig generated during the penetration threatened a collapse of
the track and caused the compaction of the examined soil. In
the view of the occurred difficulties, further studies were per-
formed with the use of the light dynamic probing light test (DPL).
The locations of particular DPL test points are shown in Fig-
ure 4.

In the CPTU test, a conical tip with a cylindrical sleeve of
35.7 mm in diameter is pushed into the ground at a constant
speed of 2 cm/s (e.g., Lunne et al., 1997). The following param-
eters are measured: cone resistance (q.), sleeve friction (f;) and
pore pressure (u) induced by the cone penetration. However,
none of the measured values is a strength parameter. Thus, in
order to determine the soil strength (angle of internal friction),
the correlation equations should be used.

A similar situation occurs in the case of DPL tests, during
which the conical tip is immersed dynamically, and the result of
the measurement is the number of blows per 10 cm penetration
(N10). Also in this case, the soil state parameters, such as the
degree of compaction /p, may be determined only with correla-
tion equations.

Correlation equations used for the interpretation of CPTU
and DPL tests are valid only for specific types of soil. Admit-
tedly, for CPTU investigations, the type of soil may be estimated
on the basis of the measured values of q. and fs. However, two
additional boreholes (BH1 and BH2; Fig. 4) were performed
and samples were taken in the vicinity of both tests. Thus, the
type of soil was determined on the basis of grain-size analysis.
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A — cone resistance (q.); B — friction ratio (Ry); C — index of density (/p); D — effective friction angle (¢');
VL — very loose, L — loose, MD — medium, dense, D — dense, VD — very dense, Z — depth

An SDMT test actually consists of two types of independent
tests. The first type is a standard (DMT) flat dilatometer test
(e.g., Marchetti et al., 2001), during which pressures causing
horizontal deformation of the membrane, which is immersed in
soil, are measured, i.e. contact pressure (py) and expansion
pressure (p4). The second type of test involves measurement of
the velocity Vs of transverse waves generated on the surface
and recorded by the geophones mounted above the
dilatometer blade.

TEST RESULTS AND PARAMETER
INTERPRETATION

The applied research methodology does not allow obtaining
the values of strength and stiffness parameters directly. In order
to obtain the values, the test results need to be interpreted with
the use of suitable correlation equations, which are presented
below. The presentation and interpretation of the recorded val-
ues will first refer to the tests carried out in the vicinity of the
building (investigation point 1 in Fig. 4), and then — to the tests
of the eastern sinkhole (investigation point 2 in Fig. 4).

Figures 8A and B show the results of static probing per-
formed in the vicinity of the building, marked as CPT1 (Fig. 4).
The figures show the results of measurements of cone resis-
tance (g.) and friction ratio (R = fJ/q.). This is a standard way of
result presentation of CPTU tests, where parameter q. is a
good measure of the soil state, and Ry indicates the type of
tested soil. Due to the low groundwater table level within the
studied depths, parameter u = 0.

In order to interpret the results of CPTU test, the type of soil
should be determined. On the basis of nomograms proposed
by Robertson in 1986 (e.g., Lunne et al., 1997), the soil type
was determined to fall within the limits from sandy silt to sand.
Granulometric tests of samples from borehole BH1 showed that
the grading of the tested soil ranged between silty sand with
gravel and sand.

Index of density /p was determined from a correlation equa-
tion for sand, proposed by Lancellotta (2009):

9 / Paim (M

VdVO/patm

where: 6’0 — an effective normal vertical stress, p.m — an atmo-
spheric pressure. The determined value of the degree of compac-
tion is presented in Figure 8C.

Iy :0268In[ J -0675

Effective friction angle ¢’ was also determined from the cor-
relation between this value and the measured parameter q.,
proposed by Mayne (2007):

9 (21

dv 0"Patm }

Figure 8D presents the values of internal friction angle at
particular depths.

To determine soil stiffness parameters for investigation
point 1 (Fig. 9) SDMT1 test was performed. Figure 9A presents
the recorded pressures py and ps. Based on the solution to the
problem of a circular plate pushed into an elastic half-space
(Marchetti, 1980), the constrained modulus (M) may be deter-
mined (e.g., Marchetti et al., 2001):

¢‘:17.6+11-Iog[

M=347(p, - py )R, [3]
where: Ry — a correlation function dependent on the soil type and the
po and pq values.

The obtained values M are shown in Figure 9B.

During the seismic dilatometer test in point SDMT1, values
of shear waves velocity Vs propagating in the subsoil were also
measured. The recorded values are presented in Figure 9C.
Since the soil vibrations during seismic tests occur for very
small deformations, the velocities of waves may be transformed
into values Gy as for an elastic medium (e.g., Lancellotta, 2009)

Gy =pVs [4]
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Table 1

Soil description and results of particle size analysis

whereas the subsoil density p may be determined by the corre-
lation p=(864:logV; —074-logd, ,-04)/981 (Mayne et al.,
2009). The solid line in Figure 9D demonstrates the values of
shear modulus determined in SDMT tests.

A different testing method was applied in the soil examina-
tion in the eastern sinkhole (investigation point 2 in Fig. 4). Due
to the difficulties in carrying out the SDMT tests discussed
above, DPL tests were performed. To determine the state of soil
in the sinkhole, a probing was performed in its central part, de-
noted as DPL1. Two more tests were also performed in its vicin-
ity, marked as DPL2 and DPLS3, in order to compare the state of
soil before the sinkhole formation. The fourth test, DPL4, was
carried out between the northern edge of the sinkhole and the
old sinkholes formed before 1984 (probably in the first half of
the 20th century). The southern outskirts of the area of old sink-
holes currently form a slope inclined to the north. The DPL4 test
was performed at a distance of 1 m from the edge of the sink-
hole of 2012 and approximately 1 m from the edge of the be-
fore-mentioned slope. The measured values of Ny, for each of
the tests are shown in Figure 10A.

The interpretation of DPL tests requires the determination of
particle size of the tested soil. For this purpose, a borehole
(down to a depth of 10 m) was drilled (hamed as BH1), and then
a granulometric analysis was made. While drilling, five separate
soil layers were identified. The characteristics of particle size in
the form of uniformity coefficient (Cy) and curvature coefficient
(Cc) are shown in Table 1.

The granulometric analysis revealed that the grading pa-
rameters of the last three soil layers shown in Table1 practically
coincide, and the only discriminating factor in the macroscopic
analysis was the colour. Thus, grading curves are shown
(Fig. 11) only for the first three soil layers, namely for depths of
1.75,2.5and 4.0 m.

Having known the characteristics of particle sizes and the

values Ny, the degree of the compaction of soil overlying the

groundwater table has been calculated with the correlation pro-

posed by Stenzel and Melzer (1978):

1, =015+ 026logN,, [5]

Layer Z[m] Type (ISO) | Colour Cu Cec
1 1.5-2.0 FSa cream 2.25 1.25
2 2.0-2.9 grCSa brown 3.06 1.00
3 2.9-6.5 FSa yellow 1.57 0.96
4 6.5-9.8 FSa orange 1.58 0.96
5 9.8-10.0 FSa cream 1.53 0.96

Cy — uniformity coefficient, C¢ — coefficient of curvature

The obtained relative density values for each individual
probing are shown in Figure 10B.
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Fig. 11. Sieving curves for soil from borehole BH2

Cl —clay, Si - silt, Sa — sand, Gr — gravel

DISCUSSION OF RESULTS

The index of density of sand, obtained from CPT1 test and
presented in Figure 8C, shows that the state of soil is not worse
than “medium dense” to a depth of 11 m. The state of the super-
ficial layer, to a depth of 1 m, which is formed by slag filling, is
impossible to interpret because there are no suitable correlation
formulas for such material. In the zone of 2—4 m, the soil is in a
“dense” state (D), and at a depth of approx. 8 m and below 10 m
—even in a “very dense” state (VD). The high value of index of
density of glacial sands caused that it was impossible to con-
tinue probing at depths greater than 11 m, using the 100 kN rig
and the anchoring system. The main obstacle was the filling
(note low values of g, to a depth of 1 min Fig. 8A) consisting of
slag with glass lumps, which caused considerable frictional re-
sistance during anchoring, and a small load capacity of the an-
chor. The low weight of the track also plays a significant role.

The tested soil, due to a significant density, is characterized
by high values of internal friction angle shown in Figure 8D,
which means that it reveals high strength under drained loading
conditions. In particular, within a depth of 2—4.5 m and below
7 m, the angle ¢' exceeds 40° in almost the entire range. At this
point, it is worth mentioning that the correlation equation used to
determine the friction angle has been derived for the medium
completely saturated with water and thus, for unsaturated sand,
the capillarity forces induce certain overestimation of the ob-
tained strength.

Analysing the stiffness of the soil, it may be seen in Fig-
ure 9B that the constrained modulus (M), obtained in the
SDMT1, takes considerable values of the order of 100 MPa at a
depth ranging from about 2 to 5 m. Below a depth of 8 m, the M
value is much greater, attaining 180 MPa at a depth of approxi-
mately 9 m. Low constrained modulus was recorded for depths
of 2mand 5.4 m, and it ranges from 8 to 12 MPa, respectively.

The comparison of results of CPT1 and SDMT1 tests in the
ranges discussed above, gives a consistent picture of the soil
reaction on test load. The shapes of curves representing the
values py and p4, shown in Figure 9A, are similar to the shape of
g., presented in Figure 8A. Low values are recorded for depths
to about 2 m and then between 5-7 m, whereas high values are
recorded for depths between 2—-5 m and 7-9 m.

The picture of soil stiffness becomes much more compli-
cated when considering the results of seismic SDMT1 tests
(Fig. 9D). At a depth of approximately 2 m, the module Gy

reaches its maximum values whereas its minimum falls at a
depth of approximately 4.5 m. The obtained values of shear
modulus do not fit the results of constrained modulus (M). This
inconsistency is difficult to explain and would require additional
studies.

At the end of this part of discussion, it should be stressed
that the SDMT1 tests were performed only to a depth of 9.6 m.
The reasons are just the same as in the case of CPT1 tests and
are described in the first paragraph of the current section. It is
estimated that the soil resistance induced by pressing the
dilatometer blade into the soil is about 10-30% higher than the
resistance resulting from the standard cone penetration.

Interesting results are obtained for a dynamic probing light
test carried out in the sinkhole itself and in its immediate vicinity.
The results of DPL1 test (Fig. 10), to a depth of 2.5 m, refer to a
backfilling made in 2012 after the sinkhole formation. Below this
depth, down to 7 m, the soil is in the “loose” state. In this zone,
at depths of 4-5.5 m, it is likely to find voids or unstable soil
structures, as a single dynamic probe impulse caused the de-
vice to go into the soil by several centimetres. Due to the difficul-
ties in the precise determination of the number of strokes per
10 cm cone movement at these depths, it was assumed that N4
= 0.5. Below a depth of 7 m, the soil is in a “medium dense”
state.

The following two tests, i.e. DPL2 and DPL3, were per-
formed in the area which does not demonstrate any former land
subsidence, and the soil is in an undisturbed state. The value of
N, obtained in the DPL2 test at a depth below 3 m, exceeds 50
and prevents reliable interpretation in this type of study
(Fig. 10A). DPL3 test was performed to verify the results ob-
tained in test DPL2 and confirms the previous results. Both
tests suggest that below the slag embankment, Ny, values are
distinctly higher than the values obtained in the DPL1 test and
the sand is in a “medium dense” state.

The DPL4 test was performed to verify the state of soil in the
place between the sinkhole formed in 2012 and the one formed
before 1984. As shown in Figure 10A, the results of DPL4 and
DPL1 tests overlap down to a depth of 4.5 m. In the case of
DPL4 test, N1g valued zero at a depth of 3.3 m. A certain differ-
ence in the recorded values occurs at depths ranging from 4.5
to 8 m. Below 8 m, the results of both tests overlap again. A
comparison of the graphs shows that despite the absence of
deformation on the surface within the area of DPL4 test, the
state of soil is similar to that in the sinkhole. This may suggest
that the loosening of the soil caused by sinkhole affected the
subsurface of this area as well. An alternative hypothesis is also
possible, i.e. the loosening may be caused by an old sinkhole.
In this case, it would mean that the newly formed sinkhole is just
another phase of the sinkhole process that started in this region
in the 20th century.

SUMMARY AND CONCLUSIONS

The paper presents the results of brownfield site investiga-
tion. The area was examined due to numerous sinkhole ap-
pearances. They are attributed to former underground lignite
mining which was stopped 80 years ago. Despite the extraction
ceased, sinkholes still develop in this area threatening the exist-
ing buildings and people. The main aim of this work was to de-
termine the state parameters, i.e. strength and stiffness of the
soil, in the area where sinkholes developed, and to determine
the changes in the values of these parameters induced by the
process of sinkhole formation.

Soil strength parameters in the vicinity of the building were
determined with the use of cone penetration test (CPTU), and
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stiffness parameters — with the use of seismic dilatometer test
(SDMT). This methodology could not be applied inside the sink-
hole, due to the soil condition. In the sinkhole and its vicinity,
light dynamic probing tests (DPL) were performed.

CPTU and SDMT tests carried out in the vicinity of the build-
ing allowed the determination of the index of density, effective
friction angle, constrained modulus and initial shear modulus of
the tested soil. DPL tests performed in the sinkhole and its sur-
roundings allowed only the determination of the index of density
of the soil. The necessity of applying different devices for soil
testing in the sinkhole and its vicinity and in a distance from the
sinkhole, prevented the full execution of the objectives of the re-
search and made the comparison of the results more difficult.

Outside the sinkhole, glacial sands demonstrate relatively
high values of both state and strength parameters. The average
value of the index of density is 0.72, i.e. the soil is in the “dense
state” and its condition varies from “medium” to “very dense”.
The average value of internal friction angle is 40.20.

The sinkhole development in the sands has resulted in the
loosening of the soil structure. In the sinkhole, the soil is in the
“loose” condition with the average value of the index of density
at 0.32, and its state changes from “very loose” to “medium
loose”. At a depth of 4-5.5 m, there are minor voids or clusters
of very loose sand of unstable structure.

The soil, both outside the sinkhole and in its interior, is char-
acterized by changeability of state at particular depths. How-
ever, the index of density of sand in the sinkhole is significantly
lower than that for the sand of undisturbed structure outside the
sinkhole. This fact simplifies significantly the differentiation be-
tween the zones of undisturbed soil and zones where sinkholes
formed in the past (and were then backfilled) or where the sink-
hole formation process is currently in progress.

The results of soil stiffness analysis outside the sinkhole are
partially ambiguous. Dilatometer tests showed the presence of
high stiffness zones, in which the constrained modulus ex-
ceeded 100 MPa, as well as low stiffness zones, where the
constrained modulus value fell to 8-12 MPa. The low stiffness

zones coincide approximately with the occurrence of layers of
sand of looser structure. The results of seismic tests disrupted
the image at depths down to 2 m. At this depth, the determined
values of shear modulus Gy were considerable, i.e. of the order
of 240 MPa, and at the same level the values of constrained
modulus were very small, i.e. of 10 MPa order. A similar phe-
nomenon occurred in all other SDMT tests performed in areas
3, 4 and 5, which have not been analysed in detail. The expla-
nation of this phenomenon requires further research.

All of the CPTU and SDMT tests failed to examine the soil at
depths greater than 12 m due to a high degree of compaction of
glacial sands, difficulty in anchoring the rig in the slag layer that
contained lumps of glass, and its insufficient power and weight.
Further studies of the area should involve the determination of
the values of parameters for deeper soil layers. It will require the
use of more powerful devices, allowing effective anchoring of
the rigs beneath the slag filling.

Finally, it should be emphasised that the presented interpre-
tations of site investigations have been drawn with the assump-
tion of full soil saturation. Currently, there is a lack of interpreta-
tion procedures which would consider the effect of suction in
partially saturated soil. However, the results of the latest re-
search (e.g., Pournaghiazar, et al., 2013) indicate that suction
may result in significant overestimation of the values of the pa-
rameters.

The presented conclusions regarding the soil state inside
the sinkhole are limited because the tests were carried out in
only one sinkhole, and it would be advisable to examine other
sinkholes in the study region. In the future, also non-invasive
geophysical surveys over sinkholes should be performed.
Such a test would enable the determination of changes of mod-
ule Gy within the sinkhole area and would allow the estimation of
changes in soil bulk density caused by the sinkhole formation
process.
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