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The pa per pres ents a brownfield site in ves ti ga tion of the area where lig nite was for merly ex ploited with an un der ground min -
ing method. The Mio cene lig nite seams were folded by gla ciers and cov ered with a layer of highly com pacted sed i ments with
sands on top. Yet eighty years af ter the ex trac tion ceased, new sink holes still de velop. The aim of this work is to de ter mine
both the me chan i cal pa ram e ters of soil in the area of sink holes and the changes in the val ues of these pa ram e ters in duced
by the pro cess of sink hole for ma tion. The ap plied meth od ol ogy in volves in situ in ves ti ga tions. Soil state and strength pa ram -
e ters were ex am ined with the use of CPTU and DPL tests, while stiff ness pa ram e ters were de ter mined in the SDMT test. The 
eval u ated pa ram e ters of soil may pro vide data for nu mer i cal mod el ling of the pro cess of sink hole for ma tion and may sig nif i -
cantly sim plify fu ture in situ in ves ti ga tions in the area where the soil pro file shows high nat u ral change ability of state. The
knowl edge of val ues of pa ram e ters in a sink hole and out side it en ables eas ier dif fer en ti a tion be tween the zones of un dis -
turbed soil and zones where sink holes formed in the past (and were then back filled) or where the sink hole for ma tion pro cess
is cur rently in prog ress.
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INTRODUCTION

The cur rent ex ploi ta tion of for mer in dus trial sites
(brownfield) ba si cally re quires con sid er ation of two prob lems:
pos si ble con tam i na tion of soil and wa ter, as well as pos si ble
bur ied frag ments of struc tures still re main ing in the soil. In the
case of un der ground min ing ter rains, old cavings and mine
shafts pres ent po ten tial haz ards of sur face in sta bil i ties that may 
de velop over such struc tures and in their vi cin ity.

The sur round ings of Zielona Góra, west ern Po land (Fig. 1), is 
the re gion where lig nite was mined for over 100 years un til World
War II. The lig nite seams oc cur within a fron tal mo raine of the
Saalian Gla ci ation (Warthanian Stage), which is called Wa³
Zielonogórski. The glaciotectonic phe nom ena tak ing place in the 
Pleis to cene caused the lig nite seams to up lift and fold. Lig nite
was mined down to a depth of sev eral tens of metres, mainly in
the anticlines. Cur rently, over eighty years af ter the ex ploi ta tion
was fin ished, land sub si dence still oc curs in this area.

Par tic u larly dan ger ous forms of sub si dence are sink holes,
which are dis con tin u ous de for ma tions of the soil sur face, cov -
er ing small ar eas. The struc tures may have steep or even over -
hung walls. The shapes of sink holes from near Zielona Góra

are usu ally oval in hor i zon tal plane. Their di am e ters range from
a few to sev eral metres, and the av er age depth is a few metres.
The pro cess of their for ma tion can be sud den.

In Feb ru ary 2012, three sink holes oc curred in Rybno, a
ham let in the vil lage of Wilkanowo lo cated west of Zielona Góra, 
in a close prox im ity to build ings. The larg est one, approx. 20 m
long, 10 m wide and 3–4 m deep, ap peared in the lo ca tion
which in cluded a lo cal road (Fig. 2A). The time of its for ma tion
was pre cisely de ter mined. The sink hole was formed within two
hours. The small est sink hole is cir cu lar in pla nar shape, with a
di am e ter and depth of 2.5 m (Fig. 2B). This sink hole is the sub -
ject of in ves ti ga tion pre sented in this pa per.

The ma jor causes of the for ma tion of sink holes are:

– the pres ence of a void within the soil mass (nat u ral or
anthropogenic) and its de vel op ment in duced by the de -
struc tion of mine cas ing, karst phe nom ena or fail ure of
un der ground ob jects dur ing in stal la tion, op er a tion or af -
ter its com ple tion;

– in con sid er able strength and ri gid ity of over bur den;

– in ter nal suf fu sion caus ing the outwash of small par ti cles
and the loos en ing of the soil struc ture;

– the al ter ation of pore pres sures (seep age force, the in -
crease in pore pres sure in the soil);

– con sid er able loads (static and dy namic).
A sink hole most fre quently oc curs when sev eral of the fac -

tors men tioned above ap pear si mul ta neously. Due to the va ri -
ety of rea sons, it is very dif fi cult to fore cast the time and the
place of sink hole for ma tion. One of the key prob lems for pre dic -
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tion is to rec og nize the mech a nism of its evo lu tion and to pre -
pare ap pro pri ate math e mat i cal model of the oc cur rence.

Land sub si dence as a phe nom e non has been in ves ti gated
by min ing en gi neers, ge ol ogy en gi neers, as well as civil en gi -
neers. De spite the com mon ob jec tive of the in ves ti ga tion, i.e.
the causes and fore cast ing of sink hole for ma tion, each field ap -
plies spe cific re search meth od ol ogy.

The works on min ing-in duced sub si dence (e.g., Chudek et
al., 1988; Whittaker and Red dish, 1989; Singh and Dhar, 1997;
Pilecki and Kotyrba, 2007) fo cus on the de ter mi na tion of depth
and ex ploi ta tion meth ods as well as the man ner of liq ui da tion of
work ings, tun nels and shafts. The stress is put on the sig nif i -
cance of geo phys i cal in ves ti ga tions al low ing the de ter mi na tion
of the un der ground voids. Thomas and Roth (1999) pres ent ad -
di tional eval u a tion of in va sive in ves ti ga tion meth ods. Drill ing
and static prob ing CPT (cone pen e tra tion test) have been given
the high est notes.

There is a large num ber of pub li ca tions on the study of karst
sink holes in ar eas of non-rock over bur den (e.g., Chang and
Basnett, 1999; Kannan,1999; Waltham et al., 2005; Gutierrez
et al., 2008). Waltham et al. (2005) at tempted to link the mor -
phol ogy of sink holes with the causes, time and rate of their for -
ma tion. They sug gested that cy lin dri cal sink holes were formed
in soils with co he sive over bur den due to soil col lapse into voids
and de velop within min utes, whereas con i cal-shaped sink -
holes, char ac ter is tic for the area of non-co he sive over bur den,
re sulted from in ter nal suf fu sion and de velop slowly (months or
years). The de scribed re search meth ods were lim ited to geo -
phys i cal stud ies which traced un der ground voids. Kannan
(1999) and Chang and Basnett (1999) dis cussed the uti li sa tion
of in va sive meth ods SPT (stan dard pen e tra tion test) and CPT
for the in ves ti ga tions of sink hole ar eas.

Spe cial ists in soil me chan ics have also been in volved in the
in ves ti ga tion of the mech a nisms of sink hole for ma tion, al most
since the first stages of this branch of sci ence. Terzaghi (1936)
car ried out ex per i men tal and an a lyt i cal stud ies of changes in
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Fig. 1. Contour line map of Wa³ Zielonogórski

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



the state of stress in loose soils above a trapdoor, de fin ing the
phe nom e non of arch ing. Newer model stud ies con ducted on
cen tri fuges (e.g., Craig, 1990; Iglesia et al., 1990; Abdulla and
Goodings, 1996; Costa et al., 2009) en abled a better un der -
stand ing of the mech a nism of sink hole for ma tion and im pli -
cated the ap pli ca tion of an other sci en tific area, i.e. an a lyt i cal
and nu mer i cal mod el ling, for sink hole anal y sis (e.g., Tharp,
1999; Ambroziæ and Turk, 2003; Augarde et al., 2003).

Hav ing dis cussed the ap proaches to the in ves ti ga tions of
sink hole ar eas, the at ten tion will be now drawn onto the sub ject
of this re search. The method of op er a tion used in Zielona Góra
lig nite mines (within the Ger man bor ders be fore World War II)
has been de scribed on the ba sis of ar chi val ma te ri als, in com -
plete though, in the work of Gontaszewska and Kraiñski (2012). 
The av er age depth at which lig nite was ex tracted was 20–40 m, 
gal ler ies were 1.5 m wide and 2 m high, and the area of typ i cal
ex trac tion cham ber was 4–5 m2 with the height of 3–4 m.

Geo phys i cal tests MASW (mul ti chan nel anal y sis of sur face
waves), car ried out on the dis cussed area by a com mer cial
com pany, de scribed in part by Szajna (2013), did not show
clearly the ex is tence of voids, while they in di cated zones of
prob a ble ground loos en ing. These zones are the sub ject of the
in va sive tests de scribed in this pa per.

Nat u ral un dis turbed soils dem on strate con sid er able
change ability of fea tures and state pa ram e ters, es pe cially the
ones of gla cial or i gin. This change ability im pedes the in ves ti ga -
tions, in clud ing the iden ti fi ca tion of sink hole-caused loos en ing
zones. It re fers to the iden ti fi ca tion of both old back filled sink -
holes which are not re vealed by the mor phol ogy of the area,
and new ones which are in the pro cess of for ma tion. In this con -
text, an im por tant ques tion arises: how the for ma tion of sink -
holes in flu ences the change in the values of soil parameters?

GEOLOGICAL SETTING

Zielona Góra and its sur round ings were the ar eas of lig nite
min ing for more than 110 years. A ten-odd of lig nite mines,

mostly un der ground, op er ated in the area. The old est and the
great est ven ture was the “Consolidierte Grünberger Gruben”
com pany op er at ing un til the end of World War II. Min ing was
con cen trated mainly west of Zielona Góra, within the vil lages of
Wilkanowo–S³one–Letnica, and in the west ern pe riph ery of the
town (Bujkiewicz, 1997; Gontaszewska and Kraiñski, 2010,
2012; Gontaszewska, 2011). The lo ca tion and the mor phol ogy
of the dis cussed area are shown in Fig ure 1.

The avail able Ger man ma te ri als, in com plete though, in -
clude min ing maps in the scale of 1:1000 (from the 1930s) and
an nual re ports from 1923–1940.

This pa per re fers to the area ad ja cent di rectly to the town,
i.e. the ham let of Rybno, be long ing to the vil lage of Wilkanowo.
The study was con ducted at the pre mises of Zielona Góra For -
estry Ad min is tra tion.

To day’s Rybno is among the first min ing ar eas near Zielona
Góra. The ex ploi ta tion took place on both sides of the
Wilkanowo – Zielona Góra road, and the four lig nite seams
stretched par al lel to that road (as seen in Fig. 3). The min ing
was car ried out in stages within the pe riod 1853–1929 in  an ti cli -
nal parts of folds. Parts of syn clines with pos si ble lig nite de pos -
its are lo cated to the south and north of the seams. Di rectly to
the west of the shafts, there was a glass works that op er ated in
the area. It is still pos si ble to find pro duc tion wastes, in clud ing
slag and glass lumps, at nu mer ous places. They were also
used to back fill the mine shafts and land sub si dence.

Site re search de scribed in this pa per was car ried out on the
Hütten seam. The seam was ex ploited in the years 1870–1878
and again from 1922 to 1925. The shaft was built in 1922, and it
was 26 m deep. The low est min ing level (127.2 m) in di cates that
the ex trac tion reached a depth of about 40 m. The lig nite was not
mined un der the build ings of the glass works (safety pil lar).

The rel a tively shal low oc cur rence of lig nite in the Zielona
Góra area is re lated to the struc ture called Wa³ Zielonogórski
(Fig. 1). It is a mo raine formed dur ing the Warthanian Stage and 
com posed of lay ers of Mio cene and older Pleis to cene de pos its. 
The lig nite seams oc cur in glaciotectonically dis turbed de pos its
of the Wa³ Zielonogórski, to gether with the Poznañ For ma tion
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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 – Hütten, O – Otto, 
V – Versuch, K – Krug von Nidda, and lines of archival maps



clays. Lig nite was mined mainly in anticlines and de scended to
the depth of the ground wa ter ta ble, al though gen er ally not
deeper than 50 m.

The lig nite over bur den con tains Pleis to cene for ma tions and 
blue and grey clays of Poznañ For ma tion. The thick ness of the
lig nite is in con sid er able, typ i cally of 3–4 m. The lig nite floor con -
sists of grey clays with quartz sands be low. The age of the lig -
nite is de ter mined as the first group of lig nite lay ers – Mid dle
Mio cene.

The map of the in ves ti gated area is pre sented in Fig ure 4.
Ar chi val bore holes and the geo log i cal cross-sec tion are
marked on the map. The cross-sec tion goes through the points
68-69-1-2. The map also shows cavings, lo ca tions of the east -
ern bore hole as well as the in ves ti ga tion points de scribed in fur -
ther chap ters.

The geo log i cal struc ture of the de scribed area does not de -
vi ate from the above pat tern. The Up per Mio cene is rep re -
sented mainly by clays with in serts of silt and sand, con tain ing a 
lig nite seam. Above it, there are Pleis to cene boul der tills of the
Warthanian Stage un der a cover of sandy and gravel sed i -
ments of the Vistulian Gla ci ation, as shown in a cross-sec tion
(Fig. 5). As a re sult of glaciotectonic dis tur bances caused by
Warthanian Stage, these sed i ments were folded or even
over-folded.

In the Rybno area, there are two overthrust faults: south ern
fault mined with the Hütten and Versuch shafts, and north ern
one ex ploited with the Otto shaft (Fig. 3). N–S cross-sec tions
through the south ern overthrust faults (Hütten seam) are shown 
in the orig i nal Ger man map (Fig. 6).

The lig nite seam in the overthrust faults was up lifted to the
el e va tions of around 132–154 m above the sea level (about
11–50 m depth). Both overthrust faults are sep a rated by deep

an ti cli nal zones filled with glaciofluvial sand and gravel de pos -
its. On the ba sis of deep drillings, the depth of the syn clines may 
be es ti mated at least at 50 m.

Vir tu ally, the ter rain de for ma tions are found over the en tire
area of the for mer lig nite min ing. Most fre quently, they are now
con i cal-shaped forms (par tic u larly in the re gions of the ear li est
ex ploi ta tion in the 19th cen tury) with lon gi tu di nal de pres sions
that de vel oped over the gal ler ies. There were also re ports of the 
for ma tion of sink holes, usu ally cy lin dri cal in shape. In the
1970s, a sink hole of sev eral metres in di am e ter ap peared in the 
area of neigh bour ing vil lage of Bucha³ów (Szafran and Wróbel,
1975), where most prob a bly one of the shafts, which op er ated
on the “Schloin” seam, fell in. In 2005, a sink hole of a few
metres in di am e ter ap peared in the place of the ven ti la tion shaft
at the “Pohlenz” seams.

Ter rain de for ma tions that have oc curred in this area are
closely re lated to the method of lig nite ex ploi ta tion. The seam
was ap proached from ver ti cal shafts, tun nels and in clined shafts
con ducted from the sur face. The ex ploi ta tion was car ried out in
hor i zon tal gal ler ies par al lel to the seam, thus the gal ler ies de -
scended grad u ally deeper and deeper. The lig nite was mined
with a col lapse method. Wooden cas ings were par tially or com -
pletely re moved af ter the min ing was fin ished, whereas the
shafts were back filled. De pend ing on the type of the over bur den
(sand, clays or tills), the col lapse of the roof and the ap pear ance
of sur face de for ma tions lasted sev eral years. De for ma tions had
cer tainly ap peared yet when lig nite was still mined, which may be 
con cluded from the fact that a pro tec tive pil lar un der the glass
fac tory was es tab lished in 1924 (two years af ter min ing was
started; now the of fices of the For estry; Betriebsbericht, 1931).

The doc u men ta tion of the For estry build ings (Gontaszew -
ska and Kraiñski, 2012) de scribes the ap pear ance of a new
sink hole in the place of a bore hole, where no ev i dence of voids
or ex ploi ta tion was found. An other bore hole re vealed a
14 metre layer of slag, how ever not drilled through. It may be
con cluded that it was a for mer back filled cav ing.

The great est de for ma tion at Rybno, elon gated fun nel in
shape, is lo cated di rectly to the north of the For estry of fices, in
the place where al most a ver ti cal limb of the anticline was ex -
ploited, which is vis i ble on the pro file 1+385 (Fig. 6). To tal thick -
ness of the ex tracted lig nite can be es ti mated at about 12–14 m, 
and the max i mum depth of the sink hole is about 6 m.

In Feb ru ary 2012, at a time of in tense frost, three new sink -
holes ap peared at Rybno (Fig. 2). The larg est sink hole, about
20 m long, approx. 10 m wide, and 3–4 m deep, ap peared in the 
pro tec tion pil lar area. The lo ca tions of the sink holes are shown
on the min ing map (Fig. 7). They do not co in cide with any of the
shafts, which was the case in the pre vi ous sink holes. The
causes of the de vel op ment of these de for ma tions are dif fi cult to
ex plain. The sink hole in the east ern part, which de vel oped on
the For estry grounds (Figs. 5 and 7), may be as so ci ated with
the re peated ex ploi ta tion in 1923 at a depth of about 21 m, in
the area ex ploited al ready in 1870. How ever, there is no data on 
the ear lier ex ploi ta tion.

The or i gin of the two re main ing sink holes, which de vel oped
in the west ern part of the For estry pre mises, is much more dif fi -
cult to ana lyse and ex plain. They both de vel oped over the gal -
ler ies per formed be tween 1923 and 1925, but they are lo cated
on the area which was most likely ex ploited af ter this date. In
ad di tion, the larg est sink hole is lo cated over the north ern end of
the north-south-ori ented gal lery marked on the map as
“Zieh-Scht.”. It could be a trans port shaft (or an in clined shaft)
back filled only in the subsurface part. This “cork” may have slid -
den down along the shaft, which even tu ally re sulted in the for -
ma tion of the sink hole.
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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

Fig. 5. Geolo

gical cross-section

 through

 the inv

estigated area



THE SELECTION OF INVESTIGATION AREAS,
SUITABLE PARAMETERS AND RESEARCH

METHODS

Sink holes that de vel oped at Rybno in Feb ru ary 2012 ap -
peared rap idly. Both the size (the larg est sink hole was ap prox i -
mately 20 ´ 10 m in pro jec tion and 3–4 m deep) and the short
for ma tion time (within 2 h) aroused fears of fur ther pos si ble land 
sub si dence, which may threaten the ex ist ing build ings. Ac cord -
ingly, the plan of in ves ti ga tions in cluded sub soil tests car ried
out in five ar eas (Fig. 4). The re sults of two of them, i.e. in the vi -
cin ity of build ings and in the sink holes and their sur round ings,
are pre sented in de tails in the pa per. The larg est sink hole
(west ern) de vel oped un der a paved road (Fig. 2A). It pre vented
from in va sive test ing of this sink hole, for the con crete bricks
could dam age the test equip ment. Thus, the east ern sink hole
was se lected as the sub ject of in ves ti ga tions (Fig. 7).

The area is owned by the State For estry Ad min is tra tion. As
sug gested by its em ploy ees, the area has de clined near one of
the build ings, so the re search was started in the vi cin ity of that
build ing. Fears that sink holes may de velop in this area were jus -
ti fied by the lay out of the gal ler ies in old maps (Fig. 7), and by
the men tioned MASW in ves ti ga tions. The build ing, lo ca tion of

Shallow site investigation of Quaternary sands inside and in the vicinity of a sinkhole... 351

Fig. 5. Geological cross-section through the investigated area

Fig. 6. A sketch of original mine profiles

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 gal ler ies and the MASW test line, and the in di vid ual re -
search points are shown in Fig ure 4.

The area of sub se quent re search was the east ern sink hole
and its vi cin ity. In or der to com pen sate for the land cav ity, the
sink hole had been back filled with non-co he sive soil with out
com pac tion a year be fore. The lo ca tion and the par tic u lar in -
ves ti ga tion points are also pre sented in Fig ure 4.

The sub stan tial ob jec tive of the in ves ti ga tion is the de ter mi -
na tion of the stiff ness of the soil and its state and strength pa -
ram e ters. The geo log i cal study in di cated that the soil un der a
slag em bank ment con sists of non-co he sive ma te rial, mainly
fine sands. The ba sic pa ram e ter of state for sand is rel a tive
den sity in dex (ID). The Mohr-Cou lomb model, a pa ram e ter of
which is the ef fec tive fric tion an gle (f’), has been as sumed as a
strength model. Stiff ness pa ram e ters to be de ter mined are the
con strained modulus (M) and ini tial shear modulus (G0).

Due to the dif fi cul ties in re ceiv ing un dis turbed sand sam -
ples for triaxial tests, me chan i cal pa ram e ters of soil have been
de ter mined by in situ tests. Lunne (2001) and Mayne et al.
(2009) eval u ated var i ous ap pa ra tuses for de ter mi na tion of soil
pa ram e ters. They con cluded that for the de scribed soil con di -
tions, CPTU (CPT with pore wa ter pres sure mea sure ment) is
best suited for strength pa ram e ters de ter mi na tion, whereas
SDMT – for stiff ness pa ram e ters de ter mi na tion.  Both ap pa ra -
tuses were ap plied in the pre sented in ves ti ga tions. The points
marked in Fig ure 4 re fer to the places where prob ing was per -
formed with the use of a pi ezo elec tric cone (CPTU) and a seis -
mic dilatometer test (SDMT).

The tests used a rig of 100 kN max i mum al low able trust,
mounted on a track of 1 tonne to tal dead weight. Due to the ex is -
tence of non-co he sive in dus trial waste (slag with large lumps of
glass) in the su per fi cial zone, he li cal an chors were used for sta -
bi li za tion.

Sink hole in ves ti ga tions started in the cen tral part of the
east ern sink hole with the use of SDMT. The pen e tra tion with
the dilatometer blade was car ried out down to a depth of 4 m,
i.e. 1.5 m be low the bed of the sink hole, and then it was
stopped. The val ues of soil resistances were too low for p0 to be
read. At the same time, the glass lumps caused dam age to the
mem brane of the SDMT blade. In ad di tion, the vi bra tions of the
rig gen er ated dur ing the pen e tra tion threat ened a col lapse of
the track and caused the com pac tion of the ex am ined soil. In
the view of the oc curred dif fi cul ties, fur ther stud ies were per -
formed with the use of the light dy namic prob ing light test (DPL). 
The lo ca tions of par tic u lar DPL test points are shown in Fig -
ure 4.

In the CPTU test, a con i cal tip with a cy lin dri cal sleeve of
35.7 mm in di am e ter is pushed into the ground at a con stant
speed of 2 cm/s (e.g., Lunne et al., 1997). The fol low ing pa ram -
e ters are mea sured: cone re sis tance (qc), sleeve fric tion (fs) and 
pore pres sure (u) in duced by the cone pen e tra tion. How ever,
none of the mea sured val ues is a strength pa ram e ter. Thus, in
or der to de ter mine the soil strength (an gle of in ter nal fric tion),
the cor re la tion equa tions should be used.

A sim i lar sit u a tion oc curs in the case of DPL tests, dur ing
which the con i cal tip is im mersed dy nam i cally, and the re sult of
the mea sure ment is the num ber of blows per 10 cm pen e tra tion
(N10). Also in this case, the soil state pa ram e ters, such as the
de gree of com pac tion ID, may be de ter mined only with cor re la -
tion equa tions.

Cor re la tion equa tions used for the in ter pre ta tion of CPTU
and DPL tests are valid only for spe cific types of soil. Ad mit -
tedly, for CPTU in ves ti ga tions, the type of soil may be es ti mated 
on the ba sis of the mea sured val ues of qc and fs. How ever, two
ad di tional bore holes (BH1 and BH2; Fig. 4) were per formed
and sam ples were taken in the vi cin ity of both tests. Thus, the
type of soil was de ter mined on the ba sis of grain-size anal y sis.
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Fig. 7. Mining map of the Hütten seam, approx. 1940, with marked sinkholes from 2012



An SDMT test ac tu ally con sists of two types of in de pend ent
tests. The first type is a stan dard (DMT) flat dilatometer test
(e.g., Marchetti et al., 2001), dur ing which pres sures caus ing
hor i zon tal de for ma tion of the mem brane, which is im mersed in
soil, are mea sured, i.e. con tact pres sure (p0) and ex pan sion
pres sure (p1). The sec ond type of test in volves mea sure ment of 
the ve loc ity VS of trans verse waves gen er ated on the sur face
and re corded by the geo phones mounted above the
dilatometer blade.

TEST RESULTS AND PARAMETER
INTERPRETATION

The ap plied re search meth od ol ogy does not al low ob tain ing 
the val ues of strength and stiff ness pa ram e ters di rectly. In or der 
to ob tain the val ues, the test re sults need to be in ter preted with
the use of suit able cor re la tion equa tions, which are pre sented
be low. The pre sen ta tion and in ter pre ta tion of the re corded val -
ues will first re fer to the tests car ried out in the vi cin ity of the
build ing (in ves ti ga tion point 1 in Fig. 4), and then – to the tests
of the east ern sink hole (in ves ti ga tion point 2 in Fig. 4).

Fig ures 8A and B show the re sults of static prob ing per -
formed in the vi cin ity of the build ing, marked as CPT1 (Fig. 4).
The fig ures show the re sults of mea sure ments of cone re sis -
tance (qc) and fric tion ra tio (Rf = fs/qc). This is a stan dard way of
re sult pre sen ta tion of CPTU tests, where pa ram e ter qc is a
good mea sure of the soil state, and Rf in di cates the type of
tested soil. Due to the low ground wa ter ta ble level within the
stud ied depths, pa ram e ter u = 0.

In or der to in ter pret the re sults of CPTU test, the type of soil
should be de ter mined. On the ba sis of nomograms pro posed
by Rob ert son in 1986 (e.g., Lunne et al., 1997), the soil type
was de ter mined to fall within the lim its from sandy silt to sand.
Granulometric tests of sam ples from bore hole BH1 showed that 
the grad ing of the tested soil ranged be tween silty sand with
gravel and sand.

In dex of den sity ID was de ter mined from a cor re la tion equa -
tion for sand, pro posed by Lancellotta (2009):
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where: s’v0 – an ef fec tive nor mal ver ti cal stress, patm – an at mo -
spheric pres sure. The de ter mined value of the de gree of com pac -
tion is pre sented in Fig ure 8C.

Ef fec tive fric tion an gle f’ was also de ter mined from the cor -
re la tion be tween this value and the mea sured pa ram e ter qc,
pro posed by Mayne (2007):
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Fig ure 8D pres ents the val ues of in ter nal fric tion an gle at
par tic u lar depths.

To de ter mine soil stiff ness pa ram e ters for in ves ti ga tion
point 1 (Fig. 9) SDMT1 test was per formed. Fig ure 9A pres ents
the re corded pres sures p0 and p1. Based on the so lu tion to the
prob lem of a cir cu lar plate pushed into an elas tic half-space
(Marchetti, 1980), the con strained modulus (M) may be de ter -
mined (e.g., Marchetti et al., 2001):

( )M p p RM= -347 1 0. [3]

where: RM – a cor re la tion func tion de pend ent on the soil type and the 
p0 and p1 val ues.

The ob tained val ues M are shown in Fig ure 9B.
Dur ing the seis mic dilatometer test in point SDMT1, val ues

of shear waves ve loc ity VS prop a gat ing in the sub soil were also
mea sured. The re corded val ues are pre sented in Fig ure 9C.
Since the soil vi bra tions dur ing seis mic tests oc cur for very
small de for ma tions, the ve loc i ties of waves may be trans formed 
into val ues G0 as for an elas tic me dium (e.g., Lancellotta, 2009)

G VS0
2=r [4]
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Fig. 8. Results and interpretation of the CPT1 test

A – cone resistance (qc); B – friction ratio (Rf); C – index of density (ID); D – effective friction angle (f’);
VL – very loose, L – loose, MD – medium, dense, D – dense, VD – very dense, Z – depth



whereas the sub soil den sity r may be de ter mined by the cor re -
la tion ( )r s= × - × -864 074 04 9810. log . log ' . / .VS v  (Mayne et al.,
2009). The solid line in Fig ure 9D dem on strates the val ues of
shear modulus de ter mined in SDMT tests.

A dif fer ent test ing method was ap plied in the soil ex am i na -
tion in the east ern sink hole (in ves ti ga tion point 2 in Fig. 4). Due
to the dif fi cul ties in car ry ing out the SDMT tests dis cussed
above, DPL tests were per formed. To de ter mine the state of soil 
in the sink hole, a prob ing was per formed in its cen tral part, de -
noted as DPL1. Two more tests were also per formed in its vi cin -
ity, marked as DPL2 and DPL3, in or der to com pare the state of
soil be fore the sink hole for ma tion. The fourth test, DPL4, was
car ried out be tween the north ern edge of the sink hole and the
old sink holes formed be fore 1984 (prob a bly in the first half of
the 20th cen tury). The south ern out skirts of the area of old sink -
holes cur rently form a slope in clined to the north. The DPL4 test
was per formed at a dis tance of 1 m from the edge of the sink -
hole of 2012 and ap prox i mately 1 m from the edge of the be -
fore-men tioned slope. The mea sured val ues of N10 for each of
the tests are shown in Fig ure 10A.

The in ter pre ta tion of DPL tests re quires the de ter mi na tion of 
par ti cle size of the tested soil. For this pur pose, a bore hole
(down to a depth of 10 m) was drilled (named as BH1), and then 
a granulometric anal y sis was made. While drill ing, five sep a rate 
soil lay ers were iden ti fied. The char ac ter is tics of par ti cle size in
the form of uni for mity co ef fi cient (CU) and cur va ture co ef fi cient
(CC) are shown in Ta ble 1.

The granulometric anal y sis re vealed that the grad ing pa -
ram e ters of the last three soil lay ers shown in Table1 prac ti cally
co in cide, and the only dis crim i nat ing fac tor in the mac ro scopic
anal y sis was the col our. Thus, grad ing curves are shown
(Fig. 11) only for the first three soil lay ers, namely for depths of
1.75, 2.5 and 4.0 m.

Hav ing known the char ac ter is tics of par ti cle sizes and the
val ues N10, the de gree of the com pac tion of soil over ly ing the
ground wa ter ta ble has been cal cu lated with the cor re la tion pro -
posed by Stenzel and Melzer (1978):

I ND = +015 026 10. . log [5]

The ob tained rel a tive den sity val ues for each in di vid ual
prob ing are shown in Fig ure 10B.
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Fig. 9. Results and interpretation of the SDMT1 test

A – contact pressure (p0) and expansion pressure (p1); B – constrained modulus (M); 

C – shear waves velocity (VS); D – initial shear modulus (G0)

Fig. 10. Results and interpretation of DPL tests
 in the sinkhole and in its vicinity

A – number of blows per 10 cm penetration (N10);
 B – index of density (ID); explanations as in Figure 8

Layer Z [m] Type (ISO) Col our CU CC

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 yel low 1.57 0.96

4 6.5–9.8 FSa or ange 1.58 0.96

5  9.8–10.0 FSa cream 1.53 0.96

CU – uni for mity co ef fi cient, CC – co ef fi cient of cur va ture

T a  b l e  1

Soil de scrip tion and re sults of par ti cle size anal y sis



DISCUSSION OF RESULTS

The in dex of den sity of sand, ob tained from CPT1 test and
pre sented in Fig ure 8C, shows that the state of soil is not worse
than “me dium dense” to a depth of 11 m. The state of the su per -
fi cial layer, to a depth of 1 m, which is formed by slag fill ing, is
im pos si ble to in ter pret be cause there are no suit able cor re la tion 
for mu las for such ma te rial. In the zone of 2–4 m, the soil is in a
“dense” state (D), and at a depth of approx. 8 m and be low 10 m 
– even in a “very dense” state (VD). The high value of in dex of
den sity of gla cial sands caused that it was im pos si ble to con -
tinue prob ing at depths greater than 11 m, us ing the 100 kN rig
and the an chor ing sys tem. The main ob sta cle was the fill ing
(note low val ues of qc to a depth of 1 m in Fig. 8A) con sist ing of
slag with glass lumps, which caused con sid er able fric tional re -
sis tance dur ing an chor ing, and a small load ca pac ity of the an -
chor. The low weight of the track also plays a sig nif i cant role.

The tested soil, due to a sig nif i cant den sity, is char ac ter ized
by high val ues of in ter nal fric tion an gle shown in Fig ure 8D,
which means that it re veals high strength un der drained load ing 
con di tions. In par tic u lar, within a depth of 2–4.5 m and be low
7 m, the an gle f' ex ceeds 40° in al most the en tire range. At this
point, it is worth men tion ing that the cor re la tion equa tion used to 
de ter mine the fric tion an gle has been de rived for the me dium
com pletely sat u rated with wa ter and thus, for un sat u rated sand, 
the capillarity forces in duce cer tain over es ti ma tion of the ob -
tained strength.

Ana lys ing the stiff ness of the soil, it may be seen in Fig -
ure 9B that the con strained modulus (M), ob tained in the
SDMT1, takes con sid er able val ues of the or der of 100 MPa at a 
depth rang ing from about 2 to 5 m. Be low a depth of 8 m, the M
value is much greater, at tain ing 180 MPa at a depth of ap prox i -
mately 9 m. Low con strained modulus was re corded for depths
of 2 m and 5.4 m, and it ranges from 8 to 12 MPa, re spec tively.

The com par i son of re sults of CPT1 and SDMT1 tests in the
ranges dis cussed above, gives a con sis tent pic ture of the soil
re ac tion on test load. The shapes of curves rep re sent ing the
val ues p0 and p1, shown in Fig ure 9A, are sim i lar to the shape of 
qc, pre sented in Fig ure 8A. Low val ues are re corded for depths
to about 2 m and then be tween 5–7 m, whereas high val ues are
re corded for depths be tween 2–5 m and 7–9 m.

The pic ture of soil stiff ness be comes much more com pli -
cated when con sid er ing the re sults of seis mic SDMT1 tests
(Fig. 9D). At a depth of ap prox i mately 2 m, the mod ule G0

reaches its max i mum val ues whereas its min i mum falls at a
depth of ap prox i mately 4.5 m. The ob tained val ues of shear
modulus do not fit the re sults of con strained modulus (M). This
in con sis tency is dif fi cult to ex plain and would re quire ad di tional
stud ies.

At the end of this part of dis cus sion, it should be stressed
that the SDMT1 tests were per formed only to a depth of 9.6 m.
The rea sons are just the same as in the case of CPT1 tests and
are de scribed in the first para graph of the cur rent sec tion. It is
es ti mated that the soil re sis tance in duced by press ing the
dilatometer blade into the soil is about 10–30% higher than the
re sis tance re sult ing from the stan dard cone penetration.

In ter est ing re sults are ob tained for a dy namic prob ing light
test car ried out in the sink hole it self and in its im me di ate vi cin ity. 
The re sults of DPL1 test (Fig. 10), to a depth of 2.5 m, re fer to a
back fill ing made in 2012 af ter the sink hole for ma tion. Be low 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 un sta ble soil
struc tures, as a sin gle dy namic probe im pulse caused the de -
vice to go into the soil by sev eral centi metres. Due to the dif fi cul -
ties in the pre cise de ter mi na tion of the num ber of strokes per
10 cm cone move ment at these depths, it was as sumed that N10

= 0.5. Be low a depth of 7 m, the soil is in a “me dium dense”
state.

The fol low ing two tests, i.e. DPL2 and DPL3, were per -
formed in the area which does not dem on strate any for mer land
sub si dence, and the soil is in an un dis turbed state. The value of
N10, ob tained in the DPL2 test at a depth be low 3 m, ex ceeds 50 
and pre vents re li able in ter pre ta tion in this type of study
(Fig. 10A). DPL3 test was per formed to ver ify the re sults ob -
tained in test DPL2 and con firms the pre vi ous re sults. Both
tests sug gest that be low the slag em bank ment, N10 val ues are
dis tinctly higher than the val ues ob tained in the DPL1 test and
the sand is in a “me dium dense” state.

The DPL4 test was per formed to ver ify the state of soil in the 
place be tween the sink hole formed in 2012 and the one formed
be fore 1984. As shown in Fig ure 10A, the re sults of DPL4 and
DPL1 tests over lap down to a depth of 4.5 m. In the case of
DPL4 test, N10 val ued zero at a depth of 3.3 m. A cer tain dif fer -
ence in the re corded val ues oc curs at depths rang ing from 4.5
to 8 m. Be low 8 m, the re sults of both tests over lap again. A
com par i son of the graphs shows that de spite the ab sence of
de for ma tion on the sur face within the area of DPL4 test, the
state of soil is sim i lar to that in the sink hole. This may sug gest
that the loos en ing of the soil caused by sink hole af fected the
subsurface of this area as well. An al ter na tive hy poth e sis is also 
pos si ble, i.e. the loos en ing may be caused by an old sink hole.
In this case, it would mean that the newly formed sink hole is just 
an other phase of the sink hole pro cess that started in this re gion
in the 20th cen tury.

SUMMARY AND CONCLUSIONS

The pa per pres ents the re sults of brownfield site in ves ti ga -
tion. The area was ex am ined due to nu mer ous sink hole ap -
pear ances. They are at trib uted to for mer un der ground lig nite
min ing which was stopped 80 years ago. De spite the ex trac tion
ceased, sink holes still de velop in this area threat en ing the ex ist -
ing build ings and peo ple. The main aim of this work was to de -
ter mine the state pa ram e ters, i.e. strength and stiff ness of the
soil, in the area where sink holes de vel oped, and to de ter mine
the changes in the val ues of these pa ram e ters induced by the
process of sinkhole formation.

Soil strength pa ram e ters in the vi cin ity of the build ing were
de ter mined with the use of cone pen e tra tion test (CPTU), and
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Fig. 11. Sieving curves for soil from borehole BH2

Cl – clay, Si – silt, Sa – sand, Gr – gravel



stiff ness pa ram e ters – with the use of seis mic dilatometer test
(SDMT). This meth od ol ogy could not be ap plied in side the sink -
hole, due to the soil con di tion. In the sink hole and its vi cin ity,
light dy namic prob ing tests (DPL) were performed.

CPTU and SDMT tests car ried out in the vi cin ity of the build -
ing al lowed the de ter mi na tion of the in dex of den sity, ef fec tive
fric tion an gle, con strained modulus and ini tial shear modulus of
the tested soil. DPL tests per formed in the sink hole and its sur -
round ings al lowed only the de ter mi na tion of the in dex of den sity 
of the soil. The ne ces sity of ap ply ing dif fer ent de vices for soil
test ing in the sink hole and its vi cin ity and in a dis tance from the
sink hole, pre vented the full ex e cu tion of the ob jec tives of the re -
search and made the comparison of the results more difficult.

Out side the sink hole, gla cial sands dem on strate rel a tively
high val ues of both state and strength pa ram e ters. The av er age 
value of the in dex of den sity is 0.72, i.e. the soil is in the “dense
state” and its con di tion var ies from “me dium” to “very dense”.
The av er age value of in ter nal fric tion angle is 40.20.

The sink hole de vel op ment in the sands has re sulted in the
loos en ing of the soil struc ture. In the sink hole, the soil is in the
“loose” con di tion with the av er age value of the in dex of den sity
at 0.32, and its state changes from “very loose” to “me dium
loose”. At a depth of 4–5.5 m, there are mi nor voids or clus ters
of very loose sand of un sta ble structure.

The soil, both out side the sink hole and in its in te rior, is char -
ac ter ized by change ability of state at par tic u lar depths. How -
ever, the in dex of den sity of sand in the sink hole is sig nif i cantly
lower than that for the sand of un dis turbed struc ture out side the
sink hole. This fact sim pli fies sig nif i cantly the dif fer en ti a tion be -
tween the zones of un dis turbed soil and zones where sink holes
formed in the past (and were then back filled) or where the sink -
hole for ma tion process is currently in progress.

The re sults of soil stiff ness anal y sis out side the sink hole are 
par tially am big u ous. Dilatometer tests showed the pres ence of
high stiff ness zones, in which the con strained modulus ex -
ceeded 100 MPa, as well as  low stiff ness zones, where the
con strained modulus value fell to 8–12 MPa. The low stiff ness

zones co in cide ap prox i mately with the oc cur rence of lay ers of
sand of looser struc ture. The re sults of seis mic tests dis rupted
the im age at depths down to 2 m. At this depth, the de ter mined
val ues of shear modulus G0 were con sid er able, i.e. of the or der
of 240 MPa, and at the same level the val ues of con strained
modulus were very small, i.e. of 10 MPa or der. A sim i lar phe -
nom e non oc curred in all other SDMT tests per formed in ar eas
3, 4 and 5, which have not been ana lysed in de tail. The ex pla -
na tion of this phe nom e non re quires fur ther re search.

All of the CPTU and SDMT tests failed to ex am ine the soil at 
depths greater than 12 m due to a high de gree of com pac tion of
gla cial sands, dif fi culty in an chor ing the rig in the slag layer that
con tained lumps of glass, and its in suf fi cient power and weight.
Fur ther stud ies of the area should in volve the de ter mi na tion of
the val ues of pa ram e ters for deeper soil lay ers. It will re quire the 
use of more pow er ful de vices, al low ing ef fec tive an chor ing of
the rigs beneath the slag filling.

Fi nally, it should be emphasised that the pre sented in ter pre -
ta tions of site in ves ti ga tions have been drawn with the as sump -
tion of full soil sat u ra tion. Cur rently, there is a lack of in ter pre ta -
tion pro ce dures which would con sider the ef fect of suc tion in
par tially sat u rated soil. How ever, the re sults of the lat est re -
search (e.g., Pournaghiazar, et al., 2013) in di cate that suc tion
may re sult in sig nif i cant over es ti ma tion of the val ues of the pa -
ram e ters. 

The pre sented con clu sions re gard ing the soil state in side
the sink hole are lim ited be cause the tests were car ried out in
only one sink hole, and it would be ad vis able to ex am ine other
sink holes in the study re gion. In the fu ture, also non-in va sive
geo phys i cal sur veys over sink holes should be per formed. 
Such a test would en able the de ter mi na tion of changes of mod -
ule G0 within the sink hole area and would al low the es ti ma tion of 
changes in soil bulk den sity caused by the sink hole for ma tion
pro cess.

Ac knowl edge ments. Z. Veinoviæ and an anon y mous re -
viewer are thanked for their help ful re marks on the pa per.
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