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The pa per deals with the col lapse set tle ment of dump soils i.e., made grounds com posed of the over bur den soils of min eral
de pos its, which were worked out with the open-pit method, trans ported and de pos ited as a dumped fill. The prin ci pal aim of
the stud ies was the anal y sis of fac tors con trol ling the col lapse set tle ment pro cess, mostly the struc tural model of dump soil
and ex ter nal de ter mi nants: ini tial com pac tion, ini tial wa ter con tent and his tory of its changes in time as well as the his tory of
load ing of stud ied soil be fore sat u ra tion. In or der to re flect the nat u ral struc ture of dump soils, ex per i ments were car ried out
on sam ples of spe cially mod elled li thol ogy and struc ture. Hence, the sam ples rep re sented three ba sic struc tural mod els of
such soils: non-co he sive, co he sive and tran si tional, partly co he sive/partly non-co he sive. At ten tion was paid to di ver si fied
dy nam ics of col lapse set tle ment, which re sults from two clearly dif fer ent pro cesses: re build ing of soil struc ture and ad di tional 
con sol i da tion set tle ment. It was found that from the phys i cal point of view the col lapse set tle ment re sults from the re lease of
elas tic en ergy de liv ered to the sam ple by load ing be fore in un da tion and ac cu mu lated at the con tact sur faces of soil lumps.
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INTRODUCTION

The col lapse set tle ment is a pro cess of vol ume re duc tion of
a soil with the in creas ing wa ter con tent at con stant load. Sev -
eral al ter na tive terms were pro posed in the lit er a ture:
“hydrocompression” (Brandon et al., 1990), “hydrocompaction”
or “hydroconsolidation” (Lawton et al., 1989), “col lapse com -
pres sion” (Charles, 1994), “ad di tional set tle ment” (Dmitruk,
1963) and “set tle ment due to in un da tion”. How ever, the term
“col lapse set tle ment” is most com monly used as it is ob served
in the field as sig nif i cant, quickly in creas ing set tle ments of col -
lapse char ac ter. Also the char ac ter of in creas ing wa ter con tent
may vary sig nif i cantly – it can be in un da tion, per me ation, sat u -
ra tion or soak ing and, un der lab o ra tory con di tions – wet ting,
flood ing or sluic ing.

The col lapse set tle ment has al ready been rec og nized as a
the o ret i cal prob lem in early days of the de vel op ment of mod ern
soil me chan ics. How ever, fur ther prog ress in un der stand ing of
this prob lem was rel a tively slow and usu ally forced by grow ing
de mand for so lu tions of prac ti cal is sues for the pur poses of
build ing in dus try in the ar eas cov ered by macroporous or arid
soils. At pres ent, the col lapse set tle ment of nat u ral soils (par tic -

u larly the macroporous and arid ones, which are of cru cial im -
por tance) has been quite well-rec og nized and ad e quately de -
scribed (see e.g., Holtz and Hilf, 1961; Dudley, 1970; Barden et
al., 1973; Mitch ell, 1976; Hauss and Heibaum, 1990; Rybicki
and WoŸniak, 1994; Hous ton et al., 1997; Day, 1999; Alonso
and Oldencop, 2000).

Un til the 1960’s, the im por tance of col lapse set tle ment in
en gi neered fills had been ap par ently un der es ti mated or even
de pre ci ated due to an er ro ne ous opin ion pop u lar among
geotechnicians that thor oughly de signed and prop erly com -
pacted fills, com monly made of ad e quately se lected ma te ri als,
should not re veal any sig nif i cant set tle ment. How ever, nu mer -
ous fail ures and se ri ous dam ages of earth works (Terzaghi,
1960; Clay ton, 1980; Justo and Saura, 1983; Leo nards and
Davidson, 1984; Brandon et al., 1990; Burford and Charles,
1991; Tadepalli and Fredlund, 1991; Goodwin et al., 1993;
Booth, 1997 and many oth ers) clearly dem on strated that col -
lapse set tle ment is not lim ited to macroporous, silty soils. Anal y -
ses of fail ures led to an al ter na tive con cept of phys i cal con trols
of the pro cess and fa cil i tated the im ple men ta tion of changes in
tech nol ogy of dump ing, which en abled the en gi neers to re duce
un fa vour able pro cesses.

An other type of soil in which col lapse set tle ment plays im -
por tant role is the dump soil. Dumps are un con trolled fills com -
posed of over bur den soils cov er ing the min eral de pos its. Dur -
ing the open-pit min ing, the over bur den is worked out, trans -
ported and de pos ited in over bur den dump. The dump soils are
a spe cific type of soils as: (1) their ini tial, nat u ral struc ture is de -
stroyed, (2) var i ous soils are dis placed and ran domly mixed,
and (3) soils are af fected by var i ous changes and trans for ma -
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tions caused by ex ter nal fac tors. As a re sult, dump soils are
lithologically di ver si fied, highly po rous and their struc ture and
phys i cal/me chan i cal prop er ties are highly un sta ble.

These fea tures are par tic u larly ev i dent for co he sive dump
soils. Pri mar ily, in the de posit these soils formed lay ers of co he -
sive ma te ri als, whereas af ter work ing out these be came mix -
tures of ran domly dis trib uted lumps show ing highly di ver si fied
shapes and di men sions. Dif fer ent be hav iour of such soils in
com par i son with the nat u ral soils, par tic u larly un der load, gave
rise to the def i ni tion of co he sive dump soil as the sec ond-type
frag mented soil dif fer ent from frag mented soil which is the sub -
ject of in ter est of clas sic soil me chan ics (Dmitruk, 1965). Feda
(1998) and Mašin et al. (2005) in tro duced the term “dou ble po -
ros ity soils” and dis tin guished the intragranular po ros ity (ni, ei)
within the undestructed lumps and inter gra nu lar (inter-lump)
po ros ity (ne, ee) be tween the lumps them selves. Both the po -
ros i ties  con trib ute to the to tal po ros ity (nt, et) given by the for -
mu lae:

( )n n n nt i e e= - +1 [1]

( )e e e et e i i= + +1 [2]

In com par i son with rel a tively well-un der stood col lapse set -
tle ment of nat u ral soils and con struc tion fills, as re vealed by lab -
o ra tory ex per i ments, field ob ser va tions and build ing in dus try
prac tice, the knowl edge of col lapse set tle ment in dump soils is
very lim ited. The prob lem was stud ied at the Build ing Re search
Es tab lish ment in Brit ain for the pur pose of de vel op ment of
waste dumps left af ter hard coal open-pit min ing. The re sults
were pub lished by Charles and Burford (1987) who ana lysed
some fail ures in build ings founded on such waste dumps, and
found ex ces sive in fil tra tion of me te oric wa ters as the rea son, by 
Charles et al. (1993) who cor re lated the re sults of long-term
mea sure ments of dump set tle ment with the as sess ment of
ground wa ter ta ble re con struc tion af ter clo sure of the mine and
ces sa tion of drain age, and by Hills and Denby (1996) who pre -
sented pre dic tions of dump set tle ment caused by creep ing and
col lapse set tle ment us ing the OBSett (Opencast Back fill Set tle -
ment Pre dic tion Pack age) soft ware.

Fur ther more, the num ber of pa pers re port ing on the re sults
of lab o ra tory stud ies is in ad e quate. Feda and Boháè (1997)
and Feda (1998) pre sented the re sults of ex per i ments run on
mod elled sam ples of dump soils. These sam ples were pre -
pared from lumps of clays col lected from the over bur den of coal 
seams in south west ern Bo he mia. An in ter est ing and valu able
pa per was pub lished by Blanchfield and An der son (2001) who
pre sented the re sults of large-scale lab o ra tory ex per i ments car -
ried on sam ples of di ver si fied lump com po si tion pre pared from
over bur den mudstones col lected at the open pit mine in
Pithouse near Shef field.

Be low are shown the re sults of stud ies which aimed: (1) to
eval u ate the im por tance of ex ter nal fac tors for col lapse set tle -
ment of dump soils and (2) to point out the dif fer ences in prog -
ress and scale of this pro cess in dump soils, nat u ral soils and
com pacted soils. In or der to re flect the nat u ral struc ture of a
dump soil, sam ples of mod elled li thol ogy and struc ture were
pre pared. These sam ples rep re sented three ba sic struc tural
mod els of soils: co he sive, non-co he sive and in ter me di ate,
partly co he sive/partly non-co he sive. Sam ples were pre pared
from Qua ter nary sands and silty loams as well as from Neo -
gene clays, all col lected at the Be³chatów lig nite open-pit (cen -
tral Po land; Fig. 1). Mod el ing of lump com po si tion of co he sive
soils was run with hand frag men ta tion of  mono lith sam ples col -
lected from dumps into 3 or 4 pop u la tions of ir reg u lar lumps of

di am e ters 5–10, 10–15 and 15–20 or 15–25 mm. These frac -
tions were then thor oughly mixed in equal weight pro por tions. In 
or der to con sider the in flu ence of mois ture on the lump de for -
ma tion pro cess, sam ples of var i ous mois ture were col lected.
Sand used in the ex per i ments was me dium-grained, of wa ter
con tent 7–10%. Sim i lar pro ce dure was ap plied to sam ples of
partly non-co he sive/partly co he sive soils.

Ex per i ments were run un der uni ax ial strain con di tions with
the Rowe hy drau lic con sol i da tion cells of 151 mm di am e ter and
40 mm height (WoŸniak, 2001). Lim ited di men sions of the test
cham ber en abled to run ex per i ments only for sam ples of re -
duced lump size. Ob vi ously, such re sults do not re flect the true
pro cess with suf fi cient ac cu racy. If re ferred to the true con di -
tions, the re sults should be cor rected us ing a num ber of re quire -
ments com ing out from the prob a bil ity the ory (Rozsypal, 1990).
Un for tu nately, the in tro duc tion of such cor rec tions is dif fi cult
and, some times, even im pos si ble. WoŸniak (2009b) pre sented
a method of ex trap o la tion with the hy per bolic func tions of set tle -
ment de pend ent on the av er age lump di am e ter ob tained from
tests of sam ples of suc ces sively in creas ing ranges of lump size.

PHYSICAL CONTROLS

Gen er ally, there is an agree ment be tween re search ers con -
cern ing the ex ter nal rea sons of col lapse set tle ment. The con di -
tions nec es sary for gen er a tion of col lapse set tle ment due to in -
creased wa ter con tent in made grounds (in clud ing nat u ral and
dump soils) were spec i fied by Charles (1994) as:

– in ad e quate com pac tion of fills dur ing their con struc tion;

– undersaturation (i.e., be low the crit i cal de gree of sat u ra -
tion Src) if, si mul ta neously, the fill was never fully sat u -
rated be fore;

– pres ence of load which can be very low but does not
equal zero.

How ever, opin ions be come dif fer ent when the ex pla na tion
of in ter nal fac tors is at tempted. Ac cord ing to var i ous hy poth e -
ses, the most com monly pro posed rea sons of col lapse set tle -
ment are: (1) loss of co he sive ness and dis tur bance of
microporosity, (2) in ad e quate con sol i da tion of macroporous
soils, (3) dis in te gra tion and dis so lu tion by wa ters lead ing to
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Fig. 1. Location of the Be³chatów lignite open pit



dam age of ag gre gates, (4) break ing of crys tal li sa tion bonds
and (5) re duc tion of ma trix suc tion. Such fac tors are typ i cal of
nat u ral, par tic u larly macroporous soils. In dump soils, in which
at least lo cal ef fects of the above-men tioned fac tors can not be
pre cluded, the prin ci pal rea son for col lapse set tle ment is to tal
re struc tur ing of the ground caused by weak en ing of bonds be -
tween the com po nents of soil struc ture, not weak ness of in ter -
nal bonds within the lumps. Such re struc tur ing is fa cil i tated by
rel a tively loose spa tial ar range ment of com po nents, weak
bonds be tween them (or even the lack of bonds) and the pres -
ence of large open spaces. Re struc tur ing is par tic u larly im por -
tant in co he sive dump soils. When wa ter con tent in creases,
plas tic de for ma tions ap pears in such soils and large open
spaces be tween lumps are re duced, which re sults in sig nif i cant
set tle ment.

PARAMETERS AND DETERMINATION METHODS

The col lapse set tle ment pro cess un der uni ax ial strain con -
di tions can be char ac ter ized by two pa ram e ters: col lapse po -
ten tial CP and rel a tive ax ial strain e. Col lapse po ten tial de -
scribes sus cep ti bil ity of soils to col lapse set tle ment whereas ax -
ial strain ex presses pro gress ing in cre ment of de for ma tions with 
time, both be fore and af ter wettening.

De ter mi na tion of col lapse po ten tial with field meth ods were
not as widely ap plied as com mon field meth ods, such as:
soundings, dilatometer tests and pressuremeter. These tests
gen er ally used in geotechnics can not be ap plied be cause dif fi -
cul ties arise  when one at tempts to link the ob tained pa ram e ters 
with those rep re sent ing the col lapse set tle ment. Si mul ta -
neously, un sat is fac tory re sults were ob tained from plate load -
ing tests un der in un da tion. In this case con sid er able er rors ap -
pear caused by non uni form in un da tion of the base ment. In com -
plete sat u ra tion by wa ters in fil trat ing from the sur face oc curred,
de spite uni form sprin kling.

There fore, oedometer tests are re garded to be most cred i -
ble. Among a va ri ety of ver sions dif fer ing in load ing-sat u ra tion
se quences (see Jennings and Knight, 1957; Hous ton et al.,
1988; Lawton et al., 1991), the sin gle oedometer test was ap -
plied. In this method, af ter ap pli ca tion of ini tial load sse, which
aims to cause com pac tion sim i lar to that achieved by soil af ter
dump ing, the sam ple is sub jected to fur ther, pro gres sive load
up to a de fined stress si, and then sat u rated un der this load un til 

the wa ter con tent bal ance is achieved (Fig. 2). Con struc tion of a 
set tle ment-load curve af ter sat u ra tion re quires tests of sev eral
sam ples, each sat u rated un der dif fer ent load and rep re sented
as a sin gle point of the curve. The ad van tage of this method is
the correcttion of er rors that re sult from inhomogeneity of stud -
ied sam ples. This fea ture makes the sin gle oedometer test par -
tic u larly suit able for stud ies on dump soils.

De pend ing on re corded data, the value of col lapse po ten tial
can be cal cu lated us ing one of the fol low ing equiv a lent for mu -
lae (Reznik, 2000):
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Used sym bols are ex plained in Fig ure 2.

ANALYSIS OF FACTORS CONTROLLING
 THE COLLAPSE SETTLEMENT IN DUMP SOILS

Col lapse set tle ment is a func tion of many com po nents,
which can be di vided into two groups. The first group em braces
fac tors con trol ling the type of dump soil and its sus cep ti bil ity to
col lapse set tle ment:

– structural model of the soil, i.e., quan tity of lumps com -
posed of co he sive soils and grains com posed of non-co -
he sive soils to gether with their spa tial ar range ment;

– lump-size dis tri bu tion of co he sive soils and grain-size
dis tri bu tion of non-co he sive soils;

– inter-lump and inter gra nu lar bonds (ce men ta tion, suc -
tion);

– li thol ogy of source ma te rial;

– strength of source ma te rial and re sis tance against wa ter
ac tion.

The sec ond group in cludes the ex ter nal fac tors:
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Fig. 2. The single-oedometer test method

h0, hus, hs – sample height (initial, before saturation, after saturation); e0, eus, es – void

ratio (initial, before saturation, after saturation); e0, eus, es – axial strain (initial, before

saturation, after saturation); sse – initial load; si – load at saturation



– ini tial com pac tion, i.e., com pac tion of soil be fore wa ter
sat u ra tion,

– ini tial wa ter con tent and his tory of wa ter con tent
changes,

– ini tial load, stress state and stress his tory be fore wa ter
sat u ra tion.

TYPE OF SOIL

Among fac tors of the first group the most im por tant is the
struc tural model of dump soil. Its im por tance is well-il lus trated
by the re sults of tests car ried out on three sam ples of Be³chatów 
ma te rial rep re sent ing three prin ci pal struc tural mod els of dump
soils: “non-co he sive”, “partly co he sive/partly non-co he sive” and 
“co he sive” (Fig. 3).

The low est val ues of col lapse po ten tial CP oc cur in the
“non-co he sive” model. How ever, for stud ied sand sub jected to
25 kPa load, the CP value was 0.032, which ex ceeds by 50%
the bound ary value (CP = 0.02) be tween soils of sta ble and un -
sta ble (col lapse) struc ture. Small set tle ment in cre ments due to
in un da tion were ob served even dur ing com pac tion un der
800 kPa load.

The high est val ues of col lapse set tle ment were ob served in
“co he sive” dump soils. The highly fa vour able fac tor is the loose, 
un sta ble lump struc ture, which is sub jected to ad vanced re -
struc tur ing caused by in creas ing wa ter con tent and re lated
soak ing, and pro gress ing plas tic de for ma tions. The CP po ten -
tial for stud ied semisolid clay com pacted un der 25 kPa load
reached 0.182, which is nine times over the bound ary value for
soils of sta ble struc ture (i.e. re sis tant to wa ter ac tion). The re -
sults of stud ies of other “co he sive” dump soils dem on strated
that, in the ex treme cases, the CP value may reach even 0.28.
De pend ence be tween CP and strain for such soils is close to
hy per bolic, which in di cates that the col lapse set tle ment of “co -
he sive” dump soils is a non-lin ear pro cess of dy nam ics clearly
de creas ing with the in creas ing strain.

The pres ence of non-co he sive soils in the “partly co he -
sive/partly non-co he sive” model causes dras tic de crease of
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Fig. 3. Influence of structural model of dump soils on the value of collapse potential

wi – natural (initial) water content; wP – plastic limit; wL – liquid limit

Fig. 4. Influence of the content of non-cohesive soil on collapse 
potential of “partly cohesive/partly non-cohesive” soil

n-cV – volume of non-cohesive soils; cVep – volume of inter-lump
pores in cohesive soils; ni – intragranular porosity; other

explanations as in Figure 3



col lapse po ten tial (Fig. 4) as a re sult of fill ing the open spaces
be tween lumps of co he sive soil with the non-co he sive ma te rial.
As the inter-lump po ros ity of un com pacted clay sam ples of
given lump-size dis tri bu tion var ied from 37 to 41%, a 20% ad -
mix ture of sand re sults in ap prox i mately two-fold de crease in
the pos si bil ity of fur ther vol ume changes, which may ap pear
due to re duc tion of inter-lump pores.

The im por tance of non-co he sive soils in the re duc tion of
col lapse po ten tial CP ap pears as a dis tinct drop in the slope of
the curve of CP ver sus con tent of non-co he sive soils in Fig -
ure 4. At the point at which the vol ume n-cV equals the vol ume of 
inter-lump pores in co he sive soils cVep. a 40% drop is ob served.
A sim i lar drop is ob served at the point at which the con tent of
non-co he sive soils is equal to the vol ume of inter-lump pores in
co he sive soils was found dur ing com press ibil ity stud ies of other 
dump soils rep re sent ing this model  (WoŸniak, 2009a, b).

COMPACTION

The prin ci pal rea son for col lapse set tle ment pro cess is in -
ad e quate com pac tion, i.e. the pres ence of struc tural pat tern
which may be sub jected to fur ther com pac tion un der fa vour able 
wa ter con tent. Hence, any ini tial com pac tion, i.e., com pac tion
be fore in un da tion, de creases the ex ist ing col lapse po ten tial
and de ci sively in flu ences the on go ing re duc tion of the col lapse
set tle ment pro cess.

In con trast to the dis tinctly curvilinear de pend ence of col -
lapse po ten tial on strain, the col lapse po ten tial-po ros ity re la tion
in di cates very good lin ear cor re la tion (cor re la tion co ef fi cients
close to 1, Fig. 5).

The pre sented plots dem on strate that prop erly high ini tial
com pac tion may re duce or even elim i nate the col lapse set tle -
ment. Based upon stud ies on com pacted clayey sands, Lawton 
et al. (1989) pro posed the con cept that a crit i cal value of the rel -
a tive com pac tion ex ists, above which the soils does not re veal
col lapse set tle ment due to in creas ing wa ter con tent. Fur ther -
more, these au thors found that the crit i cal value of the de gree of 

com pac tion is not con stant for given soil but in creases with the
in creas ing load from the over bur den. This con cept was con -
firmed by Charles (1994) who found that the es sen tial con di tion
for such state of com pac tion is the re duc tion of the vol ume of
pores filled with the air be low the crit i cal value (usu ally about
5%). Per analogiam it can be con cluded that, also for dump
soils, there ex ists a com pac tion value for which the in creas ing
wa ter con tent does not re sult in fur ther vol ume changes.

WATER CONTENT

Ini tial wa ter con tent of a soil is an im por tant fac tor in flu enc -
ing the com pac tion un der given load from the over bur den. It is
par tic u larly valid for “co he sive” dump soils in which the in creas -
ing wa ter con tent fa cil i tates de for ma tion of lumps and re duc tion
of inter-lump po ros ity, which re sults in in creas ing com pac tion. It
can be con cluded that ini tial wa ter con tent be fore in un da tion in -
flu ences the col lapse po ten tial in the same de gree as it in flu -
ences soil com pac tion.

Fig ure 6 dis plays re sults of stud ies on three sam ples of
lumpy silty clay of wa ter con tents 8.8; 17.1 and 25.2%, re spec -
tively, sub jected to 100 kPa load. Be fore sat u ra tion, de for ma -
tion val ues for all three sam ples var ied from 3.3% in sam ple of
8.8% wa ter con tent to 15.2% for sam ple of 25.2% wa ter con -
tent. How ever, af ter sat u ra tion the de for ma tion val ues were re -
mark ably sim i lar. The au thor’s stud ies (WoŸniak et al.,1997;
WoŸniak, 2009b, c) in di cated that such be hav ior of soils oc -
curred as well at dif fer ent loads and that, in de pend ently of the
load, the in crease of ini tial wa ter con tent sig nif i cantly af fects de -
creas ing col lapse po ten tial and de creas ing col lapse set tle ment
val ues.

The re sults of stud ies pub lished by many au thors in di cate
that full sat u ra tion of pore spaces with wa ter is not nec es sary for 
full set tle ment. Based on the stud ies on nat u ral soils,
El-Ehwany and Hous ton (1990) re ported that only 50% sat u ra -
tion re sults in 85% of to tal col lapse set tle ment and at 65–70%
sat u ra tion, even 95% of to tal col lapse set tle ment can be
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Fig. 5. Collapse potential versus initial compaction in selected dump soils



achieved. Sim i lar val ues were pub lished by Charles (1994) for
com pacted soils, whereas Blanchfield and An der son (2001),
who stud ied coarse-grained dump soils in large-di men sion ap -
pa ra tus (di am e ter 775 mm), ob tained a curve which dem on -
strates that full set tle ment of these soils took place un der
80–85% sat u ra tion. How ever, Lawton et al. (1992) pro posed
that the crit i cal sat u ra tion at which col lapse set tle ment can be
ne glected de pends on the over bur den pres sure.

Based upon the ob tained re sults, the above-men tioned au -
thors state that sat u ra tion at the level of 90% ob tained in lab o ra -
tory ex per i ments is suf fi cient for col lapse set tle ment stud ies,
and pro ce dures lead ing to the full sat u ra tion are un nec es sary.
El-Ehwany and Hous ton (1990) dem on strated that, un der field
con di tions, the lower sat u ra tion is achieved for the same soils in 
com par i son with lab o ra tory ex per i ments. Hence, the set tle ment 
val ues ob tained from lab o ra tory ex per i ments can be re garded
as over es ti mated in re la tion to the true val ues.

LOAD

The pres ence of high load be fore wa ter sat u ra tion is re -
garded as one of the fac tors nec es sary for the ap pear ance of
col lapse set tle ment. How ever, the re sults of au thor’s stud ies in -
di cated that dump soils set tle even un der self-weight due to wa -
ter sat u ra tion when be ing only tens of centi metres thick. There -
fore, the ap pear ance of col lapse set tle ment at the prac ti cal lack
of any load should be re garded as one of the fac tors which
make col lapse set tle ment in dump soils dif fer ent than in nat u ral
or com pacted soils.

Al though the load is not a nec es sary fac tor for the ap pear -
ance of col lapse set tle ment in dump soils, it is still the fac tor
which con trols the de vel op ment of col lapse set tle ment pro cess. 
The load ing of soil be fore in un da tion re sults in in creas ing com -
pac tion and re duc tion of high po ros ity. In such a case, the ac ti -
va tion of com pac tion due to wa ter in flow is more gen tle and its
val ues are lower.

An abrupt de crease of col lapse po ten tial with the load is ac -
com pa nied by de crease in the share of col lapse set tle ment in
to tal set tle ment of a soil (Fig. 7). In stud ied clay sam ples at
50 kPa load, the col lapse set tle ment con sti tutes over 50% of to -
tal set tle ment. At 100 kPa load, col lapse set tle ment is re duced
to 29% of to tal set tle ment, and it dis ap pears un der 800 kPa. It
in di cates that, un der nat u ral con di tions, the val ues of col lapse
set tle ment can be highly di ver si fied within the vol ume of given
dump.

The in crease of wa ter con tent may re sult in two dif fer ent
pro cesses: vol ume de crease due to col lapse set tle ment and
vol ume in crease due to swell ing. In nat u ral soils and com pacted 
fills, which re veal ex pan sion, the cri te rion di ag nos tic for both
pro cesses is the load – un der lower loads the swell ing oc curs,
whereas un der higher loads the col lapse set tle ment ap pears.
The value of bound ary load is not con stant. Apart from the type
of soil, it de pends mostly on com pac tion and wa ter con tent un -
der which the soil was com pacted (Brandon et al., 1990) and on
suc tion pres sure (Vilar, 1994). For dump soils, the load cri te rion 
does not ap ply. Very high po ros ity of dump soils causes that
large set tle ments oc cur even un der in sig nif i cant loads that neu -
tral ize any pos si ble swell ing. How ever, mea sur able val ues of
swell ing may ap pear in overconsolidated dump soils. Rzeszut
(1989) stud ied swelled sam ples com posed of lumps of dump
clays (5–15 mm in di am e ter and wa ter con tent of 10.8%) and
found swell ing af ter com pac tion un der 200 kPa load.

DYNAMICS OF COLLAPSE SETTLEMENT
PROCESS

The shapes of de for ma tion-af ter-sat u ra tion ver sus time
plots (Fig. 8) dem on strate that the de vel op ment of col lapse set -
tle ment in time is highly di ver si fied. Three main phases of this
pro cess can be dis tin guished: I – the phase of in stan ta neous or
al most in stan ta neous de for ma tions, II – the tran si tional phase
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Fig. 6. Influence of initial water content of “cohesive” soil on its strain
 before and after water saturation



Collapse settlement of dump soils revealed by studies on soil samples of modelled lithology and lump-size distribution 397

Fig. 7. Influence of initial load on collapse potential

Explanations as in Figure 3

Fig. 8. Deformation phases in collapse settlement process



and III – the phase of long-term de for ma tions. Dis tin guish ing of
dis tinct phases of di ver si fied in cre ment rates of de for ma tions
points out that the col lapse set tle ment in cludes two sep a rate
pro cesses: re struc tur ing and con sol i da tion. In or der to dis tin -
guish clearly be tween the re sults of both pro cesses, it is pro -
posed (af ter ter mi nol ogy in tro duced by Dmitruk, 1963) to use
the name “struc tural set tle ment” for the set tle ment pro cess re -
lated to re mod el ling of soil struc ture and “ad di tional con sol i da -
tion set tle ment” for the set tle ment which oc curs af ter soil re -
struc tur ing.

The struc tural set tle ment de vel ops mainly in phase I, it is
rapid (al most abrupt) and is par tic u larly char ac ter is tic for “co he -
sive” dump soils of typ i cal lump struc ture. In fil tra tion of wa ter
into the pore spaces of such soils re sults in de struc tion of struc -
tural bonds, soak ing, plas tic de for ma tion of lumps, and re duc -
tion of pore size. Hence, the lump struc ture col lapses and sig -
nif i cant set tle ment ap pears. An ad di tional but im por tant ef fect
ac com pa ny ing the struc tural set tle ment is the sys tem at i cally
pro gress ing sta bi li za tion of soil struc ture.

The ad di tional con sol i da tion set tle ment oc curs mostly in
phases II and III, un der con di tions of a new struc ture sta bi lized
dur ing phase I. In con trast to the struc tural set tle ment, this pro -
cess is slow and long-last ing, par tic u larly in phase III where it
has the char ac ter of sec ond ary (rheologic) con sol i da tion of lin -
ear prog ress de pend ent of the log a rithm of time.

The de scribed dy nam ics of col lapse set tle ment pro cess
based upon the re sults of lab o ra tory ex per i ments does not cor -
re spond di rectly to the dy nam ics of pro cess un der nat u ral con -
di tions of waste dump. Par tic u larly, in spe cific parts of the dump 
vol ume all three phases may oc cur si mul ta neously and their re -
sults may in ter fere. Hence, un der nat u ral con di tions, the col -
lapse set tle ment can be con sid ered only ho lis ti cally and its de -
vel op ment in time will de pend on the rate of in fil tra tion and rate
of re ac tion of soil for flood ing.

SUMMARY AND CONCLUSIONS

The col lapse set tle ment is an im por tant componenet of to tal 
set tle ment of dump soils. In many cases the set tle ment val ues
are com pa ra ble or even ex ceed those re sult ing from
self-weight set tle ments. Both the pre dic tion and the es ti ma tion
of set tle ment val ues play im por tant roles in so lu tions of prac ti -
cal geotechnical prob lems re lated to the con struc tion and de -
vel op ment of waste dumps. The knowl edge of the in flu ence of
var i ous fac tors on the val ues and char ac ter of col lapse set tle -
ment is in ev i ta ble for:

– eval u a tion of slope sta bil ity of dumps, both for the whole
dump and for its parts;

– sen si ble dimensioning of dumps for more cor rect de ter -
mi na tion of vol ume and for cor rect so lu tions of safety
prob lems;

– eval u a tion of set tle ment di ver sity as a cri te rion of pos si -
ble us age of dump sur face as a base of land fills;

– mak ing cor rect de ci sions on type of re culti va tion and de -
vel op ment of post-min ing lands.

The size of col lapse set tle ments of dump soils is con trolled
by many fac tors, which can be di vided into two groups. The first
group deals with the type and prop er ties of soils, and in cludes a
struc tural model of given soil, its li thol ogy, re sis tance to soak ing
and wa ter ac tion, and the pres ence of inter-lump and inter-gran -
u lar bonds. The sec ond group in cludes the ex ter nal fac tors: ini -
tial com pac tion, ini tial wa ter con tent and its his tory, stress his -
tory re flect ing the loads to which the soil was sub jected be fore
sat u ra tion.

The val ues of col lapse set tle ment of dump soils are highly di -
ver si fied. In “non-co he sive” model, which re veals the low est sus -
cep ti bil ity for col lapse set tle ment due to in creas ing wa ter con tent, 
the collpase po ten tial val ues CP only rarely ex ceed 0.02, which is 
re garded as a bound ary value be tween soils of sta ble and un sta -
ble struc ture un der wa ter ac tion. The high est col lapse set tle -
ments oc cur in soils of “co he sive” model where the ex treme CP
val ues may ex ceed even sev eral times the bound ary value. The
col lapse po ten tials of “partly co he sive/partly non-co he sive” soils
re veal strong de pend ence on the con tent of non-co he sive ma te -
rial. The non-co he sive soil plays the role of fill ing me dium for
inter-lump pores, and strongly re duces the col lapse po ten tial,
par tic u larly if its con tents are lower than inter-lump po ros ity.
Clearly curvilinear char ac ter of col lapse po ten tial ver sus load plot 
in di cates that the col lapse set tle ment is a non-lin ear pro cess of
highly di ver si fied dy nam ics.

The im por tant role of ini tial wa ter con tent and load, as ex ter -
nal fac tors in col lapse set tle ment, forces the deeper anal y sis of
these pro cesses which de velop within the dump soils un der in -
creas ing wa ter con tent. These pro cesses and their re sults can
be ex plained in terms of the anal y sis of en ergy trans for ma tion
which was trans ferred to the sam ple by load ing be fore flood ing.
Part of this en ergy was used for plas tic strains, i.e. for mu tual
dis place ments of lumps and their per ma nent de for ma tions,
whereas the re main ing en ergy was trans ferred into elas tic
strains at the con tacts of lumps and within lumps. When wa ter is 
in tro duced, the ex ist ing en ergy equi lib rium is dis turbed. The re -
leased elas tic strain en ergy is used for fur ther plas tic strains,
which re sults in large and abrupt col lapse set tle ments. Thus,
from the phys i cal point of view, the col lapse set tle ment is
caused by the re lease of elas tic en ergy ac cu mu lated at the con -
tact sur faces of soil lumps. Con se quently, the lower wa ter con -
tent and the higher load re sult in higher en ergy ac cu mu la tion in
elas tic strains and in a higher de gree of re struc tur ing of the soil
un der in un da tion. Such in ter pre ta tion ex plains the im por tance
of two fac tors men tioned above: ini tial wa ter con tent and load,
and dem on strates their mu tual equiv a lence.
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