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The vari abil ity of the se lected prop er ties of min ing waste un der the in flu ence of its long-term stor age and in creas ing ver ti cal
pres sure is as sessed, through tests con ducted on five sam ples of waste rock used in the rec la ma tion of an open-pit mine. It
was found that the con sid er able vari abil ity in the min ing waste grain size, ex hib it ing ex treme strength and slakeability pa ram -
e ter val ues, in flu ences the fil tra tion prop er ties of the rock ma te rial. In creas ing ver ti cal pres sure ex erted un der lab o ra tory
con di tions re sulted in sig nif i cant grain deg ra da tion, ma te rial con sol i da tion and per me abil ity re duc tion. Ex po nen tial func tions
are the most ac cu rate way of char ac ter is ing the cor re la tions be tween the rock sam ple vol ume den sity and the fil tra tion co ef fi -
cient. The test re sults dem on strated that the old est waste was char ac ter ised by the low est per me abil ity and high est com -
press ibil ity. The ma te rial with half a year stor age time ex hib ited the high est fil tra tion prop er ties. Waste stored for 15 years
and sub jected to coal re cov ery was also char ac ter ised by high per me abil ity. The min ing waste fil tra tion co ef fi cients ob tained
for each ver ti cal pres sure value were ref er enced to val ues char ac ter is tic for soil and rock at a wa ter tem per a ture of 10°C (the
av er age an nual tem per a ture of shal low ground wa ter in the area of waste sam pling for lab o ra tory test ing).
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INTRODUCTION

The global ex trac tion of min eral raw ma te ri als as well as fos -
sil fu els and metal ores gen er ates enor mous quan ti ties of waste,
which is com monly stored on the sur face in the form of waste
dumps, re sult ing in per ma nent al ter ations to the land scape and
to chang ing forms of land use. For many years, re search ers
world wide have been in ves ti gat ing crit i cal and in no va tive tech -
nol o gies for min ing waste man age ment, while im ple ment ing the
re sults of their work (BRGM, 2001; Lebre et al., 2017). The re -
cov ery of min ing waste and tail ings with their sub se quent use in
min ing, build ing en gi neer ing and geo engi neering is con sid ered
good prac tice around the world. The so cial, eco nomic and prac ti -
cal suc cess of an in vest ment de pends on the abil ity to se lect the
type and prop er ties of the waste ap pro pri ate for the pur pose of a
pro ject as well as for lo cal con di tions and needs. The ul ti mate
pur pose of an infrastructural el e ment built in whole or in part us -
ing waste from the min ing sec tor poses a num ber of re quire -
ments in terms of the physico-me chan i cal, hydrogeological,
geotechnical and chem i cal prop er ties of the waste (Adamczyk,
2012; Vo et al., 2021; Segiu et al., 2023).

In rail way and high way en gi neer ing, such waste finds ap pli -
ca tion as subcrust, ag gre gate for road pav ing and for con struct -
ing fills and em bank ments. In hydrotechnical en gi neer ing,
waste finds com mon ap pli ca tion e.g. in the con struc tion of lev -
ees, dams and the mod i fi ca tion of river beds, whereas in min ing 
ar eas it can be used for the rec la ma tion of open-pit mines and
for lev el ling de formed post-min ing sur faces (Bian et al., 2012;
Galis and Szlugaj, 2014; Shengo, 2021). These prod ucts must
ful fil the ap pro pri ate tech ni cal cri te ria for their qual ity pa ram e -
ters. To guar an tee the sta bil ity and du ra bil ity of the build ings
be ing erected, the ag gre gate pre pared us ing min ing waste
must be char ac ter ised by the ap pro pri ate soil bear ing ca pac ity,
strength pa ram e ters, co he sion, com press ibil ity (Agarwal, 2009; 
Lamani et al., 2016), gra da tion, vol ume and ac tual den sity, re -
sis tance to abra sion (Alinabiwe et al., 2021), max i mum re sis -
tance to frost im pact, po ros ity (Skar¿yñska, 1995), as well as
the hu mid ity, wa ter re ten tion and per me abil ity of the waste
(Newman et al., 1997; Ferdos et al., 2015).

Al most all these physico-me chan i cal and hydrogeological
pa ram e ters show vari abil ity in terms of their val ues rel a tive to
the time-vary ing pro cesses of weath er ing, wa ter ac cu mu la tion,
dis in te gra tion, and com pac tion as these af fect the rock ma te -
rial. The vari able prop er ties of the min ing waste re sult from its
na ture and or i gin, as well as the scope and man ner of its use.

The test ing of se lected physico-me chan i cal and hydrogeo -
logical prop er ties of min ing waste has been much stud ied in re -
cent years, both in situ at the waste dumps us ing ra dar,
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geoelectrical (Vil lain et al., 2011, 2015) and ra dio ac tive meth -
ods (Diodato and Parizek, 1994) and un der lab o ra tory con di -
tions. This made it pos si ble to better un der stand the be hav iour
of var i ous types of the rock ma te ri als in volved un der dif fer ent
con di tions and states of stress and hu mid ity. The lab o ra tory
tests con ducted by Alonso et al. (2016) con firmed the in flu ence
of wa ter on the deg ra da tion of the min ing waste rock struc ture
and dem on strated a strong re la tion ship be tween the prop a ga -
tion of rock grain frac tures and the wa ter en ergy ex pressed in
rel a tive hu mid ity and suc tion pres sure. These tests re vealed
the col lapse of the gran u lar skel e ton of rock un der con di tions of
con stantly ris ing stress and rel a tive hu mid ity. In the case of min -
ing waste struc tur ally sim i lar to gran u lar soils, a loss of per me -
abil ity can also be ob served to gether with ris ing suc tion pres -
sure (Azam et al., 2020). In creas ing the min ing waste hu mid ity
re sults in a de crease in suc tion pres sure, and con se quently in a 
re duc tion in strength pa ram e ters (Zawadzki and Bursa, 2018).
The as sess ment of these pa ram e ters, spe cif i cally the rock ma -
te rial per me abil ity and hu mid ity, is par tic u larly im por tant in the
de sign of lev ees, in clud ing when us ing min ing waste.

In a triaxial state of stress, min ing waste gen er ally ex hib its a
strain hard en ing char ac ter is tic with the si mul ta neous loss of
vol ume un der the in flu ence of load ing (Xiao et al., 2014; Huang
et al., 2019). These phe nom ena are ob served in all types of
sites formed from min ing waste. They par tic u larly con cern ar -
eas of subsurface waste de po si tion, e.g., within the bound aries
of open-pit mines to tally re claimed by back fill ing us ing waste
rock, or sub si dence troughs lev elled us ing waste. In such ar -
eas, the re sis tance of the ex ter nal slopes lim its the lat eral dis -
place ment of the ma te rial (e.g., creep ing, flow ing, slid ing) or
even makes it im pos si ble. In such con di tions, the ver ti cal stress 
s1 (s1>0 and s1>s2,s3) leads to ter rain sub si dence as a re sult of 
ma te rial com pac tion, in creas ing the den sity of the waste and
de creas ing its po ros ity and per me abil ity. The pro cesses tak ing
place within the mass of the waste de pos ited in an open-pit ex -
ca va tion are sim i lar to those ob served in back filled shal low
mine work ings. Guo et al. (2022) in di cated that to gether with the 
in crease in ax ial stress, min ing waste used as back fill ing ma te -
rial shows a log a rith mic in crease in ax ial strain. At low stress
(<5 MPa), the greater coarse grain (>20 mm) con tent con trib -
utes to a greater soil bear ing ca pac ity of the waste. On the other 
hand, Wickland et al. (2010) in di cated that the pres ence of
fine-grain flo ta tion tail ing ad di tions in the struc ture of min ing
waste formed from ho mo ge neous rock is a fac tor ben e fi cial to
the im prove ment of the min ing waste soil bear ing ca pac ity, as it
re sults in the si mul ta neous re duc tion of fil tra tion co ef fi cients by
over one or der of mag ni tude.

The high pres sure ex erted on the min ing waste dumps by
the mass of the de pos ited ma te ri als re sults in con sid er able dis -
in te gra tion of the rock par ti cles, mod i fy ing the ini tial grain and
pore dis tri bu tion of their rock struc ture and in flu enc ing their per -
me abil ity (Valenzuela et al., 2008). The ex per i ments con ducted 
by Tovele et al. (2021) on sam ples of min ing waste with var i ous
pro por tions of stone, sand and dust in di cate sig nif i cant dif fer -
ences in the fil tra tion co ef fi cients and po ros ity for var i ous ver ti -
cal pres sure val ues (rang ing from 100 to 1600 kPa). The
adopted con sol i da tion pres sure val ues, at a level of 100 kPa,
roughly cor re spond to an over bur den with a thick ness of 5 to
10 m (Klojzy-Kaczmarczyk et al., 2016). The au thors of these
stud ies ob served that, gen er ally, the greater the coarse grain
con tent in the waste mix ture, the higher the po ros ity and per me -
abil ity ob tained dur ing lab o ra tory test ing. How ever, the pro cess
also de pends on the min eral con tent of the min ing waste mix -
ture. Chen et al. (2019) con firmed in their stud ies that the pres -
ence of a high quan tity of de tri tal quartz with high ma tu rity and
strong com pac tion re sis tance in the rock sam ples re sults in an

in creased sig nif i cance of the rock ma te rial grain size dis tri bu -
tion in the form ing of the waste pore space, which in flu ences the 
ac tual po ros ity and per me abil ity.

In terms of the hydrogeological and geotechnical pa ram e -
ters, vari abil ity can be ob served with re gard to the age of the
waste. De pend ing on the min eral and petrographic com po si tion 
of the waste, the man ner of its stor age, its pur pose, method of
pro cess ing for spe cific uses etc., these changes can oc cur with
dif fer ent in ten sity and rate of prop a ga tion over time. In the case
of Car bon if er ous waste rock from a mine in the Lower Silesian
Coal Ba sin in Po land (Filipowicz and Borys, 2004), stor ing the
waste in dumps for seven years re sults in a sig nif i cant re duc tion 
of the gravel con tent with re spect to the sand and dust con tent,
an in crease in op ti mal mois ture from 13% to 19%, a de crease in 
dry den sity by nearly 10% and a re duc tion of this rock me dium’s 
per me abil ity by over two or ders of mag ni tude. The re duc tion in
the fil tra tion pa ram e ters of waste stored for seven years fol lows
pri mar ily from the changes in grain size. Long-term min ing
waste weath er ing leads to rock par ti cle dis in te gra tion and dis -
place ment, re sult ing in a change in the hydrogeological con di -
tions within the waste dump. Due to its small pore sizes,
fine-grained waste (ma trix-sup ported struc ture) is strongly re -
spon si ble for the gen eral hu mid ity of a waste dump.
Coarse-grained waste usu ally con sti tutes a drain age layer
(Herasymuik et al., 1995, 2006).

Con sid er ing the cur rent state of knowl edge re gard ing the
hydrogeological prop er ties of min ing waste used in land and
en vi ron men tal en gi neer ing as well as their vari abil ity un der dif -
fer ent states of stress and hu mid ity, this pa per at tempts to
com ple ment the gaps in the as sess ment of the in flu ence ex -
erted by in ter de pen dent wa ter in ter ac tions, the age of the min -
ing waste and in creas ing ver ti cal pres sures on the waste grain
struc ture and inter gra nu lar space. Tests of hydrogeological
and se lected physico-me chan i cal prop er ties were made on
min ing waste used in the rec la ma tion of an open-pit. The anal -
y sis en com passed ma te rial char ac ter ised by var i ous stor age
times (from half a year to over 35 years). The tests in volved
the as sess ment of pa ram e ters such as the rock ma te rial grain
size dis tri bu tion, po ros ity, fil tra tion co ef fi cient, vol ume den sity
and com press ibil ity. The re sponses of these se lected pa ram e -
ters to vari able con sol i da tion pres sures were de ter mined and
their mu tual cor re la tions iden ti fied. The as sess ment also in -
cluded the in flu ence of wa ter on the rock ma te rial com pac tion,
and changes in se lected hydrogeological and physico-me -
chan i cal pa ram e ters as a re sult of min ing waste re lo ca tion
within the spoil bank/waste dump to gether with coal re cov ery
from the rock de bris. The aim of the pro posed and ver i fied lab -
o ra tory test se ries was to pro vide in for ma tion on the po ten tial
ranges of vari abil ity for the se lected pa ram e ters of min ing
waste char ac ter ised by dif fer ent stor age times, and sub jected
to var i ous states of ver ti cal stress and wa ter ac cu mu la tion.
The in for ma tion ob tained on the ef fects of the nat u ral and/or
tech ni cal rock ma te rial reconsoli dation for var i ous states of
hu mid ity can be ap plied to pre dict the be hav iour of struc tures
formed from min ing waste, as well as to as sess the en vi ron -
men tal im pact of waste use and stor age.

TEST METHODOLOGY

The lab o ra tory tests were con ducted on sam ples of min ing
waste orig i nat ing from hard coal ex trac tion and used as back fill -
ing ma te rial in the rec la ma tion of an open-pit mine. Five sam -
ples of min ing waste were col lected, with a mass of about
120–150 kg each, char ac ter ised by var i ous stor age times in the
ex ca va tion, i.e. from half a year to over 35 years. The lab o ra tory 
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tests were aimed at as sess ing the waste gra da tion, slakeability, 
po ros ity and per me abil ity, as well as den sity and com press ibil ity 
un der var i ous states of ver ti cal stress. The tests were per -
formed ac cord ing to the test meth od ol ogy shown in Fig ure 1.
The en tire re search meth od ol ogy, from sam pling, through lab o -
ra tory tests to the de vel op ment of re sults and con clu sions, was
car ried out by the au thor of this ar ti cle.

MINING WASTE GRAIN COMPOSITION TESTING

The grain size anal y sis was per formed in three stages for
each waste sam ple:

– the first stage in volved a grain size as sess ment of waste
sam pled di rectly from the top layer of the spoil bank, i.e.
from the aer a tion zone,

– the sec ond stage pro vided in for ma tion ex clu sively on
the in flu ence of ground wa ter on the de gree of grain deg -
ra da tion. The test was per formed on model sam ples af -
ter wa ter ab sorp tion de ter mi na tion,

– the third stage en com passed grain size anal y ses of
waste sam ples of dif fer ent ages, af ter prior as sess ment
of the fil tra tion prop er ties of ma te ri als sub jected to cy clic
com pres sion.

The re sults ob tained served as the ba sis for as sess ing the
range of grain size of the min ing waste and of its vari a tions un -
der the in flu ence of wa ter and ver ti cal pres sure.

MINING WASTE SLAKEABILITY ASSESSMENT

The slakeability test re sults were used to as sess the in flu -
ence of wa ter on the in teg rity of the rock form ing the ma te rial
used in the open-pit rec la ma tion. The tests were con ducted us -
ing two meth ods: Skutta’s (Skutta, 1962) and GIG’s (Cen tral
Min ing In sti tute) ac cord ing to Kidybiñski (1982) for sand stones
and mudstones col lected from each waste sam ple. The test
sam ples were col lected at ran dom, as in the meth od olog i cal
rec om men da tions of the meth ods ap plied.

Skutta’s method con sists in soak ing the sam ple once in wa -
ter then ob serv ing and not ing the vari a tion of its state af ter 1/2h,
4h and 48h. The forms of rock dis in te gra tion are eval u ated ac -
cord ing to a scale rang ing from A to H, where: A means no
changes within the sam ple, and H means to tal dis in te gra tion
into grit and/or mud.

The GIG three-day test con sists in de ter min ing the de gree
of deg ra da tion for rock sam ples sub jected to a cy cle of sub -
merg ing (24h), drain ing (24h) and re peated sub merg ing (24h)
in wa ter. The im pact of the wa ter on the sam ple con di tion is as -

sessed ac cord ing to a scale of 0.1 to 1.0, where 1.0 means no
changes to the sam ple’s form and con sis tency, and 0.1 means
the dis in te gra tion of the sam ple into sludge.

WATER ABSORPTION DETERMINATION

The test was per formed us ing a method de vel oped at the
Cen tral Min ing In sti tute (GIG), en tail ing the cy clic flood ing and
drain ing of rock de bris sam ples (Bukowski, 2004, 2010). For
the pur poses of de ter min ing the min ing waste wa ter ab sorp tion, 
the test setup was mod i fied rel a tive to its orig i nal shape, into the 
form of a ves sel with a dou ble bot tom, where the up per one was 
per fo rated and the lower one had a valve for fill ing and drain ing
the ves sel of wa ter (Fig. 2).

Lab o ra tory sam ples with a mass of ~12 kg were pre pared,
with each hav ing the same grain size dis tri bu tion as in the orig i -
nal sam ple. The de ter mi na tion was con ducted in five cy cles of
sam ple flood ing and drain ing (sat u rat ing the sam ples with wa -
ter from be low in or der to deaerate the ma te rial). Each sam ple
was flooded for a to tal of 37 days. The time dur ing which the
flooded sam ples re mained in the test stands var ied from 2 to 12 
days de pend ing on the stage of test ing. The wa ter ab sorp tion
tests were con cluded af ter the sta bili sa tion of the wa ter vol ume
used to sat u rate the sam ples in the fi nal stages of the de ter mi -
na tion, and af ter the sta bili sa tion of the wa ter vol ume fol low ing
the sam ple drain ing. Bal anc ing the wa ter vol ume used for the
to tal flood ing of the waste, and fac tor ing in the vol ume and
mass of the sam ple be fore and af ter test ing, yielded in for ma tion 
nec es sary to as sess the vol ume of free spaces in the rock ma -
te rial. Fol low ing the con clu sion of all the cy cles, the ma te rial
was dried at room tem per a ture and the grain size dis tri bu tion
was de ter mined.

MINING WASTE PERMEABILITY AND COMPRESSIBILITY TESTING

These tests were con ducted us ing a de vice con structed at
the Cen tral Min ing In sti tute (Bromek and Bukowski, 2002;
Prusek et al., 2014). It is a test stand op er at ing on the prin ci ple
of an oedometer-type ap pa ra tus, where the anal y sis is based
on Kamieñski’s tube method (gra di ent-vary ing method of fil tra -
tion co ef fi cient de ter mi na tion). For the pur poses of min ing
waste pa ram e ter test ing in this study, the test meth od ol ogy was 
mod i fied rel a tive to its orig i nal de sign (the flood ing of sam ples
from be low was in tro duced).

The test en tailed cy clic com pres sion in a test ing press of
min ing waste sam ples (12 kg each) placed in a cy lin dri cal ves -
sel with a per fo rated bot tom that pre vented the lat eral ex pan -
sion of the rock ma te rial. Fol low ing each com pres sion stage,
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Fig. 1. Lab o ra tory test meth od ol ogy for se lected hydrogeological and physico-me chan i cal pa ram e ters of min ing waste
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the vol ume den sity of the sam ples was de ter mined, af ter which
the fil tra tion co ef fi cients were mea sured (test course ac cord ing
to the di a gram shown in Fig. 3).

The loads ex erted on each sam ple were se lected so as to
re flect the pres sure within the spoil bank struc ture at var i ous
depths. 7 mea sure ment cy cles were per formed for each sam -
ple (with 5 mea sure ment cy cles for the old est sam ple) at ver ti -
cal pres sures rang ing from 0.0 MPa to 1.0 MPa. The fil tra tion
co ef fi cients were cal cu lated ac cord ing to the fol low ing for mula
(Rogo¿, 1987):
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where: a – in ter nal area of the scaled tube cross-sec tion [m2], A –
area of the sam ple cross-sec tion [m2], l – fil tra tion path length
(sam ple height) [m], t – time of wa ter ta ble de crease by a value of s
[s], s – value of wa ter ta ble de crease over a time t [m], h0 – pri mary
pres sure [m].
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Fig. 2. Course di a gram of min ing waste wa ter ab sorp tion de ter mi na tion 

Fig. 3. Course di a gram of min ing waste per me abil ity and com press ibil ity test ing 



The test was con ducted us ing wa ter at a tem per a ture of
20 ± 3°C. The ac tual av er age an nual tem per a ture of the wa ter
flow ing through the waste spoil bank is lower. There fore, the fil -
tra tion co ef fi cients ob tained were re cal cu lated to a value char -
ac ter is tic of a tem per a ture of 10°C, us ing the fol low ing for mula
(Turek, 1971):
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where: kt – fil tra tion co ef fi cient ob tained dur ing test ing at a wa ter
tem per a ture t [m/s].

TEST RESULTS, ANALYSIS AND DISCUSSION

MINING WASTE GRADATION

The lab o ra tory anal y ses of grain size dis tri bu tion were con -
ducted on waste sam ples in a state of nat u ral hu mid ity. The
min ing waste col lected for the lab o ra tory test ing was char ac ter -
ised by con sid er able vari a tion in grain size dis tri bu tion. Vari a -
tions could be ob served both with ref er ence to the time of ex po -
sure to ex ter nal fac tors (stage I) as well as the in flu ence of wa ter 
(stage II) and ver ti cal pres sure (stage III; Fig. 4).

In all the sam ples, the gravel frac tion made the great est
con tri bu tion by mass, with an av er age con tent rang ing from
57% in the case of waste stored for 15 years to 68% for waste
stored for 15 years af ter coal re cov ery – stage I. The stone frac -
tion was typ i cally rep re sented by sin gle large chunks of rock,
whose con tri bu tion by mass ranged from 12% (lon gest stor age
time) to 30% (short est stor age time). The con tri bu tion of coarse
par ti cles de creased with the si mul ta neous in crease in finer frac -
tions to gether with the ris ing age of the waste, as a con se -
quence of ma te rial deg ra da tion re sult ing pri mar ily from weath -
er ing pro cesses. The high est sand frac tion con tent was found in 
the old est waste (20%), and its con tri bu tion was over twice as
great as in fresh waste.

Grain size is one of the ba sic clas si fi ca tion cri te ria for clastic
de pos its, in clud ing sub soils and anthropogenic soils. The re -
sults for min ing waste show ing a lithological char ac ter dif fer ent
from the orig i nal al low con clu sions to be drawn about the man -
ner of ma te rial heap ing and con sol i da tion, as well as about the
de gree of re-sed i men ta tion and deg ra da tion of the waste. The
granulometric di ver sity can be as sessed e.g. on the ba sis of the 
uni for mity co ef fi cient CU and the co ef fi cient of grain size dis tri -
bu tion cur va ture CC:
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d

d
U = 60

10

[3]

C
d

d d
C =

´
30

2

10 60

[4]

where: d10, d30, d60 – di am e ters of grains that, to gether with smaller
ones, con sti tute 10%, 30% and 60% re spec tively of the soil sam ple
mass tested [in mm].

In in ter na tional lit er a ture and prac tice, it is typ i cally as -
sumed that CU val ues greater than 4 clas sify soils as non-uni -
form for gravel, whereas val ues greater than 6 in di cate soils
non-uni form for sand (Kea ton, 2018). If CC also ranges from 1 to 
3, then such cohesionless soils are eas ily con sol i dated, and
thereby use ful for em bank ment con struc tion due to their good
grad ing char ac ter is tics.

As re vealed by the sieve anal y sis re sults, the min ing waste
con sti tutes non-uni form, poorly sorted (multimodal) soil with a
con stant granulometric pat tern (Ta ble 1). In geotechnical prac -
tice, sep a rate cat e go ries of multi-frac tion (CU ³ 15) and very
multi-frac tion (CU £ 15) ma te ri als are de fined for such soils
(Wi³un, 1987).

Over all, the waste sam ples col lected for test ing were char ac -
ter ised by a gen eral grow ing ten dency of the uni for mity co ef fi -
cient to gether with the age of the waste (stage I). The old est
waste showed the high est gra da tion uni for mity co ef fi cient val ues
(CU = 26), and the fresh wastes the low est gra da tion uni for mity
co ef fi cient (CU = 15.6). Ac cord ing to the clas si fi ca tion, these are
very poorly sorted anthropogenic soils, i.e. they are char ac ter -
ised by good pro pen sity for con sol i da tion dur ing the for ma tion of
the spoil bank struc ture. This is also cor rob o rated by the CC co ef -
fi cient val ues in the rec om mended range of 1 to 3.

Dur ing lab o ra tory test ing, the rock ma te rial deg ra da tion pro -
cess as a re sult of wa ter (stage II) and ver ti cal pres sure (stage
III) in flu ence showed a clear trend for each of the min ing waste
sam ples ana lysed. Re gard less of the age of the waste and the
type of rock form ing the ma te rial, the stone frac tion (an gu lar
frag ments of the orig i nal solid rock mass with di men sion 70 mm 
< d < 200 mm) de creased with a cor re spond ing increasein the
gravel and sand frac tions (Fig. 4). In the over all bal ance, the in -
crease in the mudstone frac tion con tent was par tic u larly clear,
as its con tri bu tion af ter lab o ra tory test ing in creased by a fac tor
rang ing from 3.5 to nearly 9 rel a tive to the state be fore test ing.
A con sid er ably lower frac tion in crease (by a max i mum fac tor
of 3) was noted for the sand frac tion. The dis in te gra tion of large
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Waste sam ple
Stage I Stage II Stage III

CU CC type** CU CC type** CU CC type**

>35 years 26.0 2.0 very poorly
sorted 17.4 3.8 very poorly

sorted 24.7 3.5 very poorly
sorted

15 years* 18.7 1.6 very poorly
sorted 11.5 0.9 poorly sorted 20.0 1.3 very poorly

sorted

15 years 20.0 1.7 very poorly
sorted 51.0 4.4 very poorly

sorted 35.0 2.7 very poorly
sorted

5 years 16.4 2.2 very poorly
sorted 10.4 2.6 poorly sorted 16.6 2.5 very poorly

sorted

<1/2year 15.6 2.4 very poorly
sorted   8.4 0.7 poorly sorted 10.2 1.2 poorly sorted

* – sam ple af ter coal re cov ery; ** – ac cord ing to the clas si fi ca tion of Wi³un (1987)

T a  b l e  1

Uni for mity co ef fi cients CU and co ef fi cients of grain size dis tri bu tion cur va ture CC for min ing waste of var i ous ages, sam pled
from the spoil bank (stage I), af ter wa ter ab sorp tion test ing (stage II) as well as af ter com press ibil ity and fil tra tion co ef fi cient

test ing (stage III)

https://doi.org/10.1007/978-3-319-73568-9_58
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Fig. 4. Min ing waste granulometric curve charts: (A) stor age time over 35 years, (B) stor age time of 15 years, af ter coal
re cov ery, (C) stor age time of 15 years, (D) stor age time of 5 years, (E) stor age time un der half a year, sam pled from the spoil

bank (stage I), af ter wa ter ab sorp tion test ing (stage II) as well as af ter com press ibil ity and fil tra tion co ef fi cient test ing (stage III)



stone  chunks led to changes in the uni for mity co ef fi cient val ues 
for the soils. Fol low ing wa ter ab sorp tion test ing, the CU co ef fi -
cient gen er ally showed a de crease in the sam ples, ex cept for
waste stored for 15 years. In that case, a sig nif i cant in crease of
this co ef fi cient was a re sult of the 8-fold de crease in the ef fec -
tive grain size d10 af ter stage II of test ing, which in di cated a con -
sid er able in crease in the small est frac tion, dis pro por tional to the 
changes of the re main ing size frac tions in the sam ple. Af ter this
stage of test ing was con cluded, the sam ples of waste stored for
35 and 15 years were very non-uni form, while the re main ing
sam ples con sti tuted poorly sorted waste.

Fol low ing the com press ibil ity and fil tra tion co ef fi cient test ing 
(stage III), an other in crease in the CU co ef fi cient was ob served
rel a tive to stage II in sam ples stored for 35 years, 15 years af ter
coal re cov ery, 5 years, and half a year. The sam ple of waste
stored for 15 years ex hib ited a de crease in CU rel a tive to stage II 
and an in crease rel a tive to stage I. Af ter this stage of test ing
was con cluded, the sam ple with the low est stor age time con sti -
tuted a poorly sorted soil, whereas the re main ing waste sam -
ples were very non-uni form. Such a pat tern of CU co ef fi cient
changes in di cates a very reg u lar vari a tion in the in di vid ual size
frac tion pro por tions in the sam ples un der the in flu ence of ver ti -
cal pres sure. On the other hand, the in flu ence of wa ter by it self
re sults in more vari able deg ra da tion of the clastic ma te rial.

MINING WASTE SLAKEABILITY

The slakeability de ter mi na tion re sults for the se lected types
of rock sam pled from the min ing waste, as ob tained us ing
Skutta’s and Kidybiñski’s meth ods, are com piled in Ta ble 2.

Among all the rock sam ples col lected from the min ing waste,
the mudstones sam pled from the ma te rial with the short est stor -
age time were char ac ter ised by the great est sus cep ti bil ity to the
in flu ence of wa ter. The pro longed rec la ma tion of the site, from
which the sam ples were col lected, con ducted us ing ma te ri als
from nu mer ous sup pli ers, made it im pos si ble to de ter mine the
lithostratigraphic or i gin of the waste sam pled for lab o ra tory test -
ing. The sam ple with the short est stor age time was the ex cep -
tion, as the en tre pre neur’s re cords con firmed its or i gin. Waste
rock from hard coal mines ex tract ing coal from the £aziska and
Orzesze units was de pos ited in the lo ca tion of its sam pling. Ac -
cord ing to pub lished val ues, waste rock from this re gion is typ i -
cally char ac ter ised by low strength pa ram e ters (Bukowska,
2009). This was cor rob o rated by the slakeability test ing, where
the mudstone sam ples from the waste with the short est stor age
time un der went sig nif i cant frac tur ing (Kidybiñski’s method) and
frag men ta tion (Skutta’s method) (Fig. 5).

In the re main ing cases, the sand stone and mudstone sam -
ples gen er ally showed no sig nif i cant changes to their forms dur -
ing the tests us ing Skutta’s method. On the other hand, dur ing
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Sam ple
Skutta’s method Kidybiñski’s

method1/2 h 4 h 48 h to tal

> 35 years
sand stone A A A AAA 1.0

mudstone A A A AAA 0.6

15 years*
sand stone A A A AAA 1.0

mudstone A A A AAA 1.0

15 years
sand stone A A A AAA 1.0

mudstone A A A AAA 0.8

5 years
sand stone A A B AAB 1.0

mudstone A A A AAA 1.0

< half year mudstone B D F BDF 0.6

* – af ter coal re cov ery

T a  b l e  2

Slakeability de ter mi na tion re sults by Skutta’s method (Skutta, 1962) and
the GIG three-day test (Kidybiñski, 1982)

Fig. 5. Dis in te gra tion of mudstone sam ples col lected from waste with the low est stor age time as part of slakeability test ing
us ing (A) Skutta’s method, (B) Kidybiñski’s method



the GIG’s three-day tests, only the mudstones sam pled from
waste older than 35 years frac tured along the bed ding planes
(sim i lar to the waste with the short est stor age time).

WASTE WATER ABSORPTION

The cy clic wa ter ab sorp tion test ing re sults for min ing waste
of var i ous ages are com piled in Ta ble 3, pre sent ing data con -
cern ing the vari a tion of wa ter masses ab sorbed by each sam -
ple over time. Wa ter ab sorp tion (W) can be ex pressed as a per -
cent age re la tion ship be tween the mass of wa ter ab sorbed by
each sam ple in all five stages of the test and the mass of the
sam ple be fore lab o ra tory test ing, from the fol low ing for mula:

W
M

M
W

S

= 100% [5]

where: MW – ab sorbed wa ter mass [kg], MS – sam ple mass in an
air-dry state [kg].

The wa ter ab sorp tion cal cu lated from the above for mula
can be equated to the ef fec tive po ros ity of rock and soil.

Based on the test re sults, it was con cluded that the waste
sam ple wa ter ab sorp tion var ied de pend ing on the stage of test -
ing (it de creased over time; Fig. 6). As a re sult of the wa ter’s in -
flu ence (in clud ing the frag men ta tion and dis place ment of var i -
ous grain size frac tions), the pore space in the waste de -
creased, lead ing to a re duc tion in the void vol umes avail able for 
wa ter sat u ra tion. Fresh waste and waste stored for 5 years
(from ~16–16.5% in the first stage of test ing to ~12–13% af ter
its con clu sion) were char ac ter ised by the low est wa ter ab sorp -

tion ranges (sim i lar to each other). Min ing waste with a stor age
time of 15 years showed a de crease in wa ter ab sorp tion rang ing 
from nearly 25.5 to 20% dur ing the tests. Af ter the re cov ery of
coal from this type of waste, its wa ter ab sorp tion de creased
from over 19% to nearly 16%. In the case of the old est waste,
the re duc tion in pore space ranged from nearly 18% to ~15%.

Based on these tests and cal cu la tions, it was ob served that
the quan tity of wa ter ab sorbed by each waste sam ple was the
great est dur ing the first stage of ma te rial sat u ra tion. Over time,
the pro cess be came much less rapid. The great est change in
wa ter ab sorp tion (de crease) be tween stage I and II was found for 
sam ples stored for 15 and 5 years (by ~15.7% each), whereas in
the re main ing waste sam ples the vari a tions ranged from 9.2 to
9.6%. In the en tire test cy cle, the min ing waste sam ple wa ter ab -
sorp tion de creased by ~17–25% rel a tive to the first stage of wa -
ter sat u ra tion, with the low est vari a tion for the old est sam ple, and
the great est for the waste stored for 5 years. These phe nom ena
are a con se quence of the ob served com pac tion of the ma te rial,
as well as the de crease in its vol ume and in crease in vol ume
den sity un der the in flu ence of wa ter (Ta ble 3 and Fig. 7A).

A log a rith mic growth of the vol ume den sity of all the sam -
ples oc curred dur ing the lab o ra tory tests, de pend ing on the to tal 
ob ser va tion time and show ing a very strong cor re la tion be -
tween the vari ables (R2 rang ing from 0.982 to 0.996). The
great est change in vol ume den sity over the en tire wa ter ab sorp -
tion test ing cy cle was found for sam ples of waste stored for 5
years (~25%), whereas the low est change was ob served for the 
old est waste sam ples (~13%). Fur ther more, an anal y sis of the
lab o ra tory test data re vealed a cor re la tion be tween the waste
vol ume den sity vari a tion and the wa ter ab sorp tion vari a tion,
which also showed very good fit (R2 from 0.936 to 0.997;
Fig. 7B).
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Sam ple Stage / days /
to tal days

Sam ple mass 
[kg]

Ab sorbed wa ter mass
[kg]

Wa ter ab sorp tion / po ros ity 
[%]

Vol ume den sity
[g/cm3]

>35 years

I / 2 / 2

11.758

2.094 17.809 1.211

II / 6 / 8 1.902 16.176 1.273

III / 12 / 20 1.850 15.734 1.316

IV / 9 / 29 1.785 15.181 1.344

V / 8 / 37 1.741 14.807 1.365

15 years*

I / 2 / 2

11.446

2.214 19.343 1.474

II / 6 / 8 2.010 17.561 1.584

III / 12 / 20 1.924 16.809 1.647

IV / 9 / 29 1.860 16.250 1.688

V / 8 / 37 1.806 15.778 1.713

15 years

I / 2 / 2

11.406

2.894 25.373 1.214

II / 6 / 8 2.440 21.392 1.328

III / 12 / 20 2.396 21.006 1.377

IV / 9 / 29 2.322 20.358 1.412

V / 8 / 37 2.286 20.042 1.443

5 years

I / 2 / 2

11.564

1.860 16.084 1.236

II / 6 / 8 1.568 13.559 1.362

III / 12 / 20 1.480 12.798 1.443

IV / 9 / 29 1.448 12.522 1.487

V / 8 / 37 1.396 12.072 1.545

<1/2 year

I / 2 / 2

11.382

1.864 16.377 1.413

II / 6 / 8 1.684 14.795 1.557

III / 12 / 20 1.570 13.794 1.626

IV / 9 / 29 1.488 13.073 1.694

V / 8 / 37 1.466 12.880 1.721

* – af ter coal re cov ery

T a  b l e  3

 Min ing waste wa ter ab sorp tion de ter mi na tion re sults



The rock ma te rial den sity and wa ter ab sorp tion vari abil ity
was the re sult of deg ra da tion of the waste grain struc ture, which 
con trib uted to the par tial dis in te gra tion of the waste and the fill -
ing of its larger inter gra nu lar pores with finer ma te rial (Fig. 4,
stage II). There fore, the po ros ity of the rock ma te rial form ing the 
waste de creased, though pri mar ily at the ex pense of the big -
gest voids, which in turn led to a de crease in the sam ple per me -
abil ity. Such a trend in the pro cesses oc cur ring in the rock ma -
te rial was also in di cated by the pro gres sively de creas ing wa ter
vol umes ob tained dur ing the tests, both in terms of those
drained from, and those ad di tion ally ab sorbed by, the waste.

WASTE PERMEABILITY AND COMPRESSIBILITY

For each waste sam ple, fil tra tion co ef fi cient test ing was per -
formed sev eral times af ter each com pres sion cy cle, i.e. for dif -
fer ent in ter vals of wa ter ta ble de crease in the scaled tube [pa -
ram e ter s in for mula (1)], as well as in a num ber of re peat ing
test cy cles. The se lec tion of in ter vals and the num ber of cy cles
de pended on the waste per me abil ity and changed to gether with 
the value of the adopted ver ti cal pres sure. Av er age test re sults
are com piled in Ta ble 4.
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Fig. 6. Wa ter ab sorp tion vari a tion chart for min ing waste of var i ous ages

Fig. 7. Vari a tion charts (A) sam ple vol ume den sity de pend ing on sat u ra tion time, (B) wa ter ab sorp tion rel a tive to the vol ume
den sity vari a tion of min ing waste of var i ous ages



The tests con ducted re vealed a sig nif i cant vari a tion in the
waste fil tra tion and den sity pa ram e ters de pend ing on the time
of waste stor age and at dif fer ent val ues of ver ti cal pres sure
(sim u la tion of ver ti cal pres sures at var i ous min ing waste dump
depths un der lab o ra tory con di tions; Fig. 8). The old est waste,
with a stor age time of over 35 years, was char ac ter ised by the
low est per me abil ity. The ma te rial with the short est stor age time
(up to half a year) showed the best fil tra tion prop er ties. Waste
stored for 15 years and sub jected to coal re cov ery was also
char ac ter ised by high per me abil ity.

Gen er ally, as from com mon ob ser va tions, the in tense rock
chunk dis in te gra tion pro cesses, which oc cur in side and on the
sur face of the waste bulk, re sult pri mar ily from weath er ing in the 
aer a tion zone and from the in flu ence of wa ter and the mass of
the over bur den in the sat u ra tion zone (in the case of subsurface 
min ing waste stor age, e.g. in open-pit mines). The fil tra tion co -
ef fi cients in the ver ti cal pres sure pro files for sam ples se lected
for lab o ra tory test ing de creased from 7.97 to 0.015 m/d in the
case of the old est waste, and from 629.627 to 4.061 m/d for

fresh waste. A sig nif i cant fil tra tion co ef fi cient vari a tion, par tic u -
larly in the first two mea sure ment cy cles, was ob served in the
case of waste stored for 15 years be fore and af ter coal re cov -
ery. Both sam ples were char ac ter ised by the same time and
man ner of stor age as well as a sim i lar geo log i cal age of the rock 
form ing the waste. The re peated loos en ing and re lo ca tion of
waste com bined with hard coal re cov ery by flo ta tion re sulted in
an in crease of the fil tra tion co ef fi cients for waste in a loose state 
by a fac tor of nearly 4.5. Be fore coal re cov ery, the waste stored
for 15 years was char ac ter ised by a de crease in fil tra tion co ef fi -
cients rang ing from 59.641 to 1.706 m/d, whereas af ter coal re -
cov ery the val ues were higher and ranged from 272.740 to
5.509 m/d.

The ground wa ter in the aer a tion zone is sub ject to flow un -
der the in flu ence of grav ity, i.e. it flows down un der the in flu ence 
of the liq uid’s own mass and the soil suc tion forces, which de -
crease to gether with prox im ity to the ground wa ter ta ble. This
phe nom e non con cerns in fil tra tion wa ter orig i nat ing from pre cip -
i ta tion. As in the cur rent clas si fi ca tion of loose for ma tions by
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Sam ple Ver ti cal pres sure
[MPa]

Vol ume den sity
[g/cm3]

Fil tra tion co ef fi cient ob tained dur ing
test ing [m/d]

Fil tra tion co ef fi cient  af ter tem per a ture
cor rec tion [m/d]

>35 years

0.00 1.260 8.830 7.970

0.09 1.543 0.598 0.471

0.18 1.630 0.138 0.108

0.36 1.761 0.034 0.027

0.54 1.828 0.019 0.015

15 years*

0.00 1.546 350.471 272.740

0.09 1.691 142.590 110.965

0.18 1.712 131.025 101.197

0.36 1.828 51.233 39.870

0.54 1.866 34.216 26.320

0.72 1.932 13.875 10.673

1.00 2.019 7.162 5.509

15 years

0.00 1.326 77.533 59.641

0.09 1.398 47.749 36.730

0.18 1.420 34.471 26.516

0.36 1.499 11.804 9.080

0.54 1.524 9.217 7.090

0.72 1.559 4.681 3.601

1.00 1.596 2.218 1.706

5 years

0.00 1.318 166.129 126.334

0.09 1.491 46.615 35.449

0.18 1.557 26.977 20.515

0.36 1.692 7.528 5.725

0.54 1.770 3.245 2.468

0.72 1.832 1.231 0.936

1.00 1.867 0.768 0.584

1/2 year

0.00 1.648 875.182 629.627

0.09 1.700 429.700 309.137

0.18 1.732 256.746 184.709

0.36 1.813 105.550 75.935

0.54 1.876 41.801 30.073

0.72 1.943 18.648 13.416

1.00 1.985 5.645 4.061

* – af ter coal re cov ery

T a  b l e  4

Min ing waste fil tra tion co ef fi cient and vol ume den sity test re sults at var i ous (in creas ing) ver ti cal pres sures



ver ti cal per me abil ity (Gawicz, 1983; Ta ble 5), each of the waste
sam ples in the aer a tion zone was char ac ter ised by high and/or
very high per me abil ity, de spite the de crease in the fil tra tion
prop er ties to gether with the in creas ing pres sure. As in di cated
by pub lished data, the av er age fil tra tion co ef fi cients in sat u ra -
tion zones are char ac ter ised by sig nif i cant ani so tropy (Chief et
al., 2008), which de creases to gether with depth as a re sult of
soil pore space com pres sion.

In the sat u ra tion zone, the ground wa ter flow pro ceeds ac -
cord ing to Darcy’s law, and in a po rous soil and rock me dium
such as the bulk min ing waste serv ing as the source of the
waste sam ples, this de pends on the forces ex erted on the wa -
ter, in clud ing grav ity, pres sure, in er tia, fric tion and sur face
forces. Un der con di tions of equal re sis tance, all the forces de -
ter min ing the ground wa ter move ment are dis trib uted evenly
over the en tire course of the flow. In such cases, the wa ter
move ment (the di rec tion and ve loc ity of the flow) de pends on
the hy drau lic gra di ent and the fil tra tion co ef fi cient. The lab o ra -
tory test ing re sults in di cate that for hor i zon tal wa ter fil tra tion, ac -
cord ing to the clas si fi ca tion of Pazdro and Kozerski (1990; Ta -
ble 6), the waste in loose state was char ac ter ised by high (sam -
ples of >35 years and 15 years) and very high (re main ing sam -
ples) per me abil ity. With in creas ing ver ti cal pres sure, its fil tra tion 
prop er ties de creased con sid er ably. Af ter the con clu sion of test -

ing, it con sti tuted semi-per me able waste (sam ple of >35 years), 
as well as waste with low (sam ple of 5 years), and me dium (re -
main ing waste sam ples) per me abil ity. On the other hand, ac -
cord ing to the clas si fi ca tion of Hölting (1989), all the waste sam -
ples be fore the com pres sion cy cle showed very high per me -
abil ity, whereas af ter test ing they were poorly per me able (sam -
ple of >35 years) and per me able (re main ing waste sam ples).
The waste per me abil ity re duc tion was a re sul tant of the rock
ma te rial frag men ta tion de gree and the pore space com pres -
sion.

Many years of ex per i ments con ducted in dif fer ent in ter na -
tional re search in sti tu tions con cern ing the hydrogeological
prop er ties of loose rock, par tic u larly me dium-grained rock,
have re vealed a cor re la tion be tween the fil tra tion co ef fi cient
and soil grain size dis tri bu tion. These ob ser va tions made it pos -
si ble to de velop em pir i cal for mu las for de ter min ing fil tra tion co -
ef fi cients de pend ing on the equiv a lent di am e ters se lected. The
most com monly em ployed and ver i fied for mu las (Dananaj and
Frankovska, 2004) in clude:

a. Hazen’s equa tion, whose ap pli ca tion is lim ited to soils
with an equiv a lent di am e ter d10 within 0.1-3.0 mm and
CU co ef fi cient val ues within 1 and 5:

k c d10 10
2= ´ [m /d] [6]
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Fig. 8. Vari a tion charts of (A) fil tra tion co ef fi cients, (B) vol ume den sity for min ing waste of var i ous ages at in creas ing ver ti cal
pres sure

Rock per me abil ity classes
Fil tra tion co ef fi cient

[m/s] [m/d]

very well per me able >1.1·10–6 >10–1

well per me able 1.1·10–6 ÷ 1.1·10–8 10–1 ÷ 10–3

av er age per me able 1.1·10–8 ÷ 1.1·10–10 10–3 ÷ 10–5

poorly per me able 1.1·10–10 ÷ 1.1·10–11 10–5 ÷ 10–6

very poorly per me able 1.1·10–11 ÷ 1.1·10–12 10–6 ÷ 10–7

prac ti cally im per me able <1.1·10–12 <10–7

T a  b l e  5

 Ver ti cal per me abil ity clas si fi ca tion for rock (per Gawicz, 1983)

https://doi.org/10.2136/vzj2007.0164


b. the “Amer i can” USBSC for mula, de vel oped by Yu go sla -
vian and Pol ish hydrogeologists based on Amer i can
stud ies of the re la tion ship be tween the fil tra tion co ef fi -
cient and the ef fec tive grain size d20, whose ap pli ca tion
is lim ited to soils with an equiv a lent di am e ter d20 within
0.01–2.0 mm:

k d10 20
2 3036= ´. [ ]. cm /s [7]

c. Seelheim’s equa tion, whose ap pli ca tion is lim ited to
loose soils of high uni for mity:

k d10 50
20357= ´. [ ]cm /s [8]

where: k10 – fil tra tion co ef fi cient at a wa ter tem per a ture of 10°C, c –
co ef fi cient de pend ing on the uni for mity co ef fi cient, d10, d20, d50 – ef -
fec tive grain size cor re spond ing to a con tent of 10, 20 and 50% of
grains on the grain size curve, re spec tively [mm].

In terms of tests per formed on min ing waste sam ples, an
anal y sis was con ducted con cern ing the cor re la tion be tween the 
fil tra tion co ef fi cients ob tained [cal cu lated from for mula (1)] and
se lected ef fec tive soil grain sizes (Ta ble 7). The com pi la tion be -
low en com passes the re sults of tests per formed for the stage
be fore de ter min ing the com press ibil ity and per me abil ity of
waste of var i ous ages (stage II) and af ter the tests were con -
cluded (stage III).

The re sults de ter mined in di cate a poly no mial (sec ond de -
gree) re la tion ship be tween the fil tra tion co ef fi cients ob tained (in
both stages of the tests and for all the waste sam ples of var i ous
ages in to tal) and the ef fec tive grain sizes d10, d20 and d50

(Fig. 9A). A sta tis ti cal anal y sis re veals that the re gres sions ex -
plain be tween ~82.5% (for ef fec tive grain size d50) and 86.5%
(for ef fec tive grain size d20) of the data vari abil ity, there fore the
fit ting of all the mod els can be con sid ered good. At the same
time, the high est ob tained cor re la tion be tween fil tra tion co ef fi -
cients and the ef fec tive grain size d20 is re flected in the in di cated 
ap pli ca tion cri te ria of for mula (7). Among the em pir i cal equa -
tions adopted for the as sess ment of fil tra tion co ef fi cients for
min ing waste of var i ous ages, only the “Amer i can” USBSC for -
mula can pro vide the most re li able re sults. In the cases ana -
lysed, Hazen’s and Seelheim’s equa tions are not ap pli ca ble,
given the large range in grain sizes of the waste.

A slightly higher cor re la tion of lin ear char ac ter was ob -
served be tween the ef fec tive grain sizes and the fil tra tion co ef fi -
cients ob tained for sam ples be fore com pres sion, i.e. for a
quasi-loose state (Fig. 9B). For this stage of test ing, the re gres -
sions ex plain be tween ~86.3% (for ef fec tive grain size d20) and
89.5% (for ef fec tive grain size d10) of the data vari abil ity, there -
fore the fit ting of all the mod els can also be con sid ered good. No 
cor re la tion, or weak cor re la tion, was found be tween ef fec tive
grain sizes and fil tra tion co ef fi cients ob tained for the min ing
waste af ter the con clu sion of test ing (stage III).
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Clas si fi ca tion ac cord ing to Hölting (1989) Clas si fi ca tion ac cord ing to Pazdro and Kozerski (1990)

Fil tra tion co ef fi cient
[m/s]

Fil tra tion co ef fi cient
[m/d]

Per me abil ity Per me abil ity Fil tra tion co ef fi cient
[m/s]

Fil tra tion co ef fi cient
[m/d]

>10–4 >8.64
very high per me -

able

very high per me able >10–3 >86.4

high 

per me able 10–4 ÷ 10–3 8.64 ÷ 86.4

10–6 ÷ 10–4
8.64·10–2

÷

8.64

per me able

av er age per me able 10–5 ÷ 10–4
8.64·10–1

÷

8.64

poorly per me able 10–6 ÷ 10–5

8.64·10–2

÷

8.64·10–1

10–8 ÷ 10–6

8.64·10–4

÷

8.64·10–2

low per me able semipermeable rocks 10–8 ÷ 10–6

8.64·10–4

÷

8.64·10–2

<10–8 <8.64·10–4 very low per me -
able im per me able rocks <10–8 <8.64·10–4

T a  b l e  6

Hor i zon tal per me abil ity clas si fi ca tion for rock (af ter Hölting, 1989 and Pazdro and Kozerski, 1990)

Sam ple <1/2 year 5 years 15 years 15 years* > 35 years

Stage of test ing II III II III II III II III II III

Pres sure [MPa] 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 0.54

d10 [mm] 1.05 0.58 0.51 0.27 0.085 0.072 0.48 0.16 0.19 0.15

d20 [mm] 2.40 1.20 1.40 0.66 0.60 0.20 1.10 0.37 0.64 0.32

d50 [mm] 7.10 4.00 3.40 2.20 3.00 1.80 3.10 2.05 2.70 1.60

k [m/d] 629.63 4.06 126.33 0.58 59.64 1.71 272.74 5.51 7.97 0.015

* – af ter coal re cov ery

T a  b l e  7

Fil tra tion co ef fi cients and se lected ef fec tive grain sizes for min ing waste of var i ous ages at dif fer ent states of stress 
and ver ti cal pres sure de ter mined by lab o ra tory test ing



The lab o ra tory tests also re vealed that a cy clic change to
the ana lysed sam ple vol ume den sity (Fig. 8B) oc curred as a re -
sult of large rock chunk frag men ta tion and waste pore space
com pres sion due to the in flu ence of ver ti cal pres sure. An in -
crease in min ing waste den sity oc curred within the range of the
adopted loads. The great est vari a tions were noted for waste
stored for the lon gest time (from 1.26 to 1.83 g/cm3, i.e. an in -
crease by ~45%) and for 5 years (from 1.32 to 1.87 g/cm3, i.e.
an in crease by ~41.6%), but the test ing of the old est waste
sam ple was con cluded at a pres sure of 0.54 MPa due to the
con sid er able re duc tion in fil tra tion co ef fi cients and the silt clog -
ging of its sur face dur ing com pres sion. The low est den sity in -
crease was ob served in the case of waste stored for 15 years
and half a year (up to 20.4% for both sam ples).

The lab o ra tory test re sults in di cated a very strong cor re la -
tion be tween the vol ume den si ties and fil tra tion co ef fi cients ob -
tained at the given de grees of load ing (Fig. 10). The re la tion -
ships be tween these vari ables are char ac ter ised best by an ex -
po nen tial func tion. The re gres sions ex plain be tween 97.4%
and 99.4% of the data vari abil ity for each of the waste sam ples
ana lysed, there fore the fit ting of all the mod els can be deemed
very good.

Waste sam ple height vari a tions were ob served on the ba sis 
of the tests con ducted at the adopted ver ti cal pres sure range,
which can be de scribed by means of power func tions (Fig. 11).
The co ef fi cients of de ter mi na tion R2 in di cate a very good fit ting
of the mod els, and the re gres sions ob tained ex plain be tween
94.3% (waste stored for 15 years af ter coal re cov ery) and
99.5% (waste stored for 35 years) of the data vari abil ity.
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Fig. 9. Cor re la tion charts for ef fec tive grain sizes d10, d20 and d50 and fil tra tion co ef fi cients ob tained by lab o ra tory test ing (A) for
two test stages be fore and af ter sam ple com pres sion, (B) for sam ples be fore com pres sion, i.e. for a quasi-loose state

Fig. 10. Cor re la tion charts for min ing waste vol ume den si ties and fil tra tion co ef fi cients ob tained by lab o ra tory test ing



The com press ibil ity of soils is a phe nom e non con sist ing of
the change in soil den sity un der ex ter nal loads. The lab o ra tory
test ing con di tions as sumed the cy clic com pres sion of the waste 
sam ples each time af ter con clud ing the fil tra tion co ef fi cient test -
ing, at a given de gree of load ing. Given the de struc tive in flu -

ence of wa ter on the gran u lar skel e ton and the inter gra nu lar
space, ob ser va tions of the full destressing of soil as a re sult of
un load ing were not con ducted. Cor re la tions were found af ter
ana lys ing the course of the sam ple height vari a tions with re gard 
to the num ber of load ing cy cles (Ta ble 8), which are most ac cu -
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Fig. 11. Cor re la tion charts for min ing waste sam ple height at dif fer ent de grees of load ing (ver ti cal pres sure)

Sam ple Cy cle Pres sure
[MPa]

Pres sure in cre ment
Dp [MPa]

Sam ple height [cm] Sam ple height change
Dh [cm]

Com press ibil ity
modulus M [MPa]h0 hk

>35 years

I 0.09 0.09 21.7 17.7 4.0 0.49

II 0.18 0.09 17.7 16.8 0.9 1.77

III 0.36 0.18 16.8 15.5 1.3 2.33

IV 0.54 0.18 15.5 15.0 0.5 5.58

15 years*

I 0.09 0.09 17.7 16.2 1.5 1.06

II 0.18 0.09 16.2 16.0 0.2 7.29

III 0.36 0.18 16.0 15.0 1.0 2.88

IV 0.54 0.18 15.0 14.6 0.4 6.75

V 0.72 0.18 14.6 14.1 0.5 5.26

VI 1.00 0.28 14.1 13.5 0.6 6.58

15 years

I 0.09 0.09 20.6 19.6 1.0 1.85

II 0.18 0.09 19.6 19.3 0.3 5.88

III 0.36 0.18 19.3 18.2 1.1 3.16

IV 0.54 0.18 18.2 17.9 0.3 10.92

V 0.72 0.18 17.9 17.5 0.4 8.06

VI 1.00 0.28 17.5 17.1 0.4 12.25

5 years

I 0.09 0.09 20.7 18.3 2.4 0.78

II 0.18 0.09 18.3 17.6 0.7 2.35

III 0.36 0.18 17.6 16.2 1.4 2.26

IV 0.54 0.18 16.2 15.4 0.8 3.65

V 0.72 0.18 15.4 14.9 0.5 5.54

VI 1.00 0.28 14.9 14.6 0.3 13.91

1/2 year

I 0.09 0.09 16.6 16.1 0.5 2.99

II 0.18 0.09 16.1 15.8 0.3 4.83

III 0.36 0.18 15.8 15.1 0.7 4.06

IV 0.54 0.18 15.1 14.6 0.5 5.44

V 0.72 0.18 14.6 14.1 0.5 5.26

VI 1.00 0.28 14.1 13.8 0.3 13.16

* – af ter coal re cov ery

T a  b l e  8

Cy clic load ing test re sults for min ing waste of var i ous ages



rately de scribed by ex po nen tial func tions (co ef fi cients of de ter -
mi na tion R2 from 0.9592 to 0.9892). Ob ser va tions in di cated
that for max i mum ver ti cal pres sures of 1.0 MPa (0.54 MPa for
the old est waste sam ple), no waste sam ple showed a sta bili sa -
tion of the height vari a tion, which means that the soils had not
yet reached a den sity close to the max i mum, at which state they 
would un dergo only elas tic de for ma tion.

The test re sults (Ta ble 8) re vealed that the cor re la tions be -
tween the cal cu lated com press ibil ity modulus for the waste
sam ples ana lysed and the ver ti cal pres sures adopted dur ing
test ing can be de scribed to var i ous de grees of ac cu racy by
power func tions (Fig. 12A). Ac cord ing to the clas si fi ca tion
adopted (Buda and Jarynowski, 2010), the model fit ting ranges
from low for waste stored for 15 years af ter coal re cov ery (R2 =
0.4577), through sat is fac tory for waste stored for half a year and 
15 years (R2 of 0.6280 and 0.7398 re spec tively), to high for
waste stored for 5 years (R2 = 0.8950) and very high for waste
stored for 35 years (R2 = 0.9540). Low and sat is fac tory cor re la -
tions in di cate more ir reg u lar sam ple height vari a tions dur ing
com pres sion. The courses of com press ibil ity de ter mi na tions for 
the sam ples of waste stored for 15 years and half a year clearly
showed stepwise height changes for the ver ti cal pres sure in cre -
ments adopted. This was par tic u larly well seen in the sec ond
com pres sion cy cle, where the sam ples showed a height de -
crease by only 2–3 mm. This phe nom e non was also the cause
of the low and sat is fac tory cor re la tions of these sam ples’ com -
press ibil ity modulus with the vol ume den si ties ob tained dur ing
test ing (Fig. 12B) – R2 from 0.2621 to 0.6464. At the same time,
ex po nen tial func tions de scribe the re la tions of these vari ables
with high (R2 = 0.8561) and very high (R2 = 0.9162) fit for the
sam ples of waste stored for 5 and 35 years.

SUMMARY AND CONCLUSIONS

Se lected hydrogeological and physico-me chan i cal prop er -
ties are ana lysed, of Car bon if er ous min ing waste used for 35
years in the rec la ma tion of an open-pit. The years of waste de -

po si tion in the ex ca va tion cre ate fa vour able con di tions for the
in tense de vel op ment of hypergenic pro cesses re sult ing in the
dis in te gra tion and frag men ta tion of sed i men tary rocks (sand -
stones, mudstones and claystones), lead ing to changes in their
pa ram e ters that af fect the re charge, ac cu mu la tion and flow of
wa ter. This phe nom e non is fur ther en hanced by the ris ing ver ti -
cal pres sure fol low ing the heap ing of ad di tional lay ers of waste
as well as the de struc tive in flu ence of wa ter on rock de bris and
the time of the waste’s ex po sure to these fac tors. The lab o ra -
tory tests con ducted on the sam ples of min ing waste char ac ter -
ised by var i ous ages (with a stor age time of half a year to over
35 years) made it pos si ble to for mu late the fol low ing ob ser va -
tions and con clu sions:

a. The mudstones orig i nat ing from fresh waste are the
most sus cep ti ble to the dis in te gra tion and de te ri o ra tion
of their struc ture un der the in flu ence of wa ter. The
mudstones from the old est waste also show a ten dency
to frac ture along bed ding planes dur ing slakeability
tests.

b. The min ing waste wa ter ab sorp tion, which cor re sponds
to the ef fec tive po ros ity, var ies over time and de creases 
to gether with sub se quent cy cles of sam ple sat u ra tion.
This is re lated to the re duc tion in pore space as a re sult
of the waste grain struc ture deg ra da tion. The waste
stored for the short est time and for 5 years is char ac ter -
ised by the low est wa ter ab sorp tion range, while the
waste stored for 15 years shows the high est range.

c. The cy clic sat u ra tion and drain ing of waste sam ples re -
sult in a log a rith mic in crease of min ing waste vol ume
den sity over time. The rock ma te rial wa ter ab sorp tion
vari a tions show a strong neg a tive cor re la tion with the
val ues of vol ume den sity.

d. The waste with the lon gest stor age time in the ex ca va -
tion is char ac ter ised by the low est fil tra tion prop er ties,
which is the re sult of its deg ra da tion due to the co-oc cur -
rence of mul ti ple fac tors lead ing to its weath er ing and
dis in te gra tion. The high est per me abil ity was de ter -
mined in the case of the fresh waste sam ple with the
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Fig. 12. Cor re la tion charts for min ing waste com press ibil ity modulus in re la tion to (A) the ver ti cal pres sure adopted dur ing
test ing, (B) soil vol ume den si ties at given de grees of load ing



high est con tent of grains and rock chunks with di am e -
ters >20 mm (nearly 52%) and the high est gra da tion
uni for mity.

e. Pore space com pres sion and waste per me abil ity re duc -
tion oc cur to gether with ris ing ver ti cal pres sure. The
high est ab so lute fil tra tion co ef fi cient vari a tions at a
pres sure range of 0.0 to 1.0 MPa (up to 0.54 MPa for the 
old est waste) were found for fresh waste, the re sult of its 
very high ini tial per me abil ity in a loose state as well as
the low strength pa ram e ters of the rock form ing the
waste, which fa cil i tate its deg ra da tion. The high est rel a -
tive fil tra tion co ef fi cient vari a tions (dif fer ence in the val -
ues of co ef fi cient k rel a tive to the val ues de ter mined for
the waste in a loose state) were found for the old est
waste sam ple.

f. In terms of hor i zon tal fil tra tion, in the loose state the
waste ana lysed is char ac ter ised by high and very high
per me abil ity, whereas fol low ing test ing the waste
ranges from semi-per me able to pos sess ing low and
me dium per me abil ity. As re gards ver ti cal fil tra tion,
across the en tire adopted pres sure pro file the min ing
waste ana lysed is char ac ter ised by high and/or very
high per me abil ity.

g. An in crease in the waste vol ume den sity oc curred to -
gether with an in crease in ver ti cal pres sure. The great est
changes were ob served for the old est waste sam ples,
whereas the low est den sity in crease could be seen for
the waste with a stor age time of 15 years, and half a year.

h. In the ini tial state (be fore the lab o ra tory test ing), the
gravel frac tion showed the great est con tri bu tion by
mass in all the waste sam ples. The coarse grain con tent 
de creased with the si mul ta neous in crease in finer frac -
tions to gether with the ris ing age of the waste. All the
waste con sti tuted very poorly sorted soils with a ten -
dency for in creases in the uni for mity co ef fi cient with the
stor age time. Af ter the lab o ra tory test ing of the waste
was con cluded, the stone frac tion un der went to tal re -
duc tion in all the waste sam ples, lead ing to an in crease
in the gravel and sand frac tions.

i. Af ter mine clo sure and com ple tion of pit rec la ma tion the
com pacted waste mass will cause a change in the lo cal
con di tions of ground wa ter cir cu la tion around the ex ca -
va tion. Due to the much lower val ues of po ros ity and fil -
tra tion co ef fi cients of wastes than na tive sed i ments
around the ex ca va tion, ground wa ter ta ble may ac cu mu -
late in the di rec tion of their flow and cause flooded ar eas 
on the ground sur face.

Fund ing sources. This study was pub lished as part of an
in ter na tional pro ject co-fi nanced by the Re search Fund for Coal 
and Steel (RFCS), pro ject 847299 RAFF – Risk As sess ment of
Fi nal Pits dur ing Flood ing and us ing funds of the “PMW”
programme by the Min is try of Sci ence and Higher Ed u ca tion in
the years 2019-2023; con tract No. 5058/FBWiS/19/2020/2
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