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The pa per pres ents the re sults of swell in dex, swell ing pres sure and soil suc tion tests car ried out on Neo gene clays from
War saw, de pend ing on the wa ter con tent, clay frac tion, liq uid limit, plas tic ity in dex, cat ion ex change ca pac ity, and con tent of
clay min er als and beidellite. These clays are con sid ered ex pan sive soils in Po land, as they are vul ner a ble to wa ter con tent
vari a tions in the ac tive zone, which re sult in their vol ume change and, in con se quence, cause dam age of foun da tions and
other con struc tion el e ments. A num ber of phys i cal, chem i cal and min eral prop er ties were de ter mined for these clays. The
swell ing tests were car ried out on sam ples precompacted in Proc tor ap pa ra tus, at var i ous ini tial val ues of wa ter con tent. The
anal y ses have shown ex po nen tial re la tion of swell in dex, swell ing pres sure and suc tion ver sus wa ter con tent. In ad di tion, the 
in ves ti gated re la tion ship be tween the suc tion and swell char ac ter is tics of tested clays shows good cor re la tion as a power
func tion be tween these pa ram e ters. In ad di tion, va lid ity of cor re la tions be tween fit ting pa ram e ters of ob tained re la tion ships
and soil in dex prop er ties, such as clay frac tion, liq uid limit, plas tic ity in dex, cat ion ex change ca pac ity, and con tent of clay
min er als and beidellite, have been dem on strated. The em pir i cal re la tions are char ac ter ized by high val ues of the cor re la tion
co ef fi cient. A very high fit has also been found for a pro posed re la tion ship be tween the swell in dex and swell ing pres sure for
tested clays.
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INTRODUCTION

The cur rent de vel op ment of tech nol ogy and knowl edge al -
lows con struct ing any build ing in prac ti cally all ground wa ter
con di tions, and pro vides a good rec og ni tion of the sub soil and
geodynamic pro cesses that may oc cur within them. Com pre -
hen sive in ves ti ga tions of the soil char ac ter is tics al lows for an
eco nomic de sign by us ing a full range of soil prop er ties. In case
of co he sive soils, due to their spe cific prop er ties, the key is to
es ti mate the sus cep ti bil ity of soil to vol ume changes. The pres -
ence of ex pan sive soils in many re gions of the world is con -
nected with the cor re spond ing geo log i cal sit u a tion (clay-rich
soils and rocks), cli ma tic con di tions (arid and semi-arid re -
gions), hy drol ogy, geo mor phol ogy and veg e ta tion. The prob -
lem can be ob served es pe cially in arid and semi-arid re gions.
High vol u met ric de for ma tions, which ex pan sive soils may be
sub jected to, con sti tute a real threat to the sta bil ity of struc tures, 
foun da tions, pave ments, land fills, tun nels, em bank ments,
pipes as well as to the light build ings and roads (Cuisinier and
Masrouri, 2005; Zhan et al., 2007; Sawangsuriya et al., 2011;

Sudjianto et al., 2011). The costs around the world as so ci ated
with the re moval of dam age in struc tures raised on ex pan sive
soils are es ti mated at bil lions of dol lars.

A cru cial is sue in foun da tion de sign is pri mar ily to iden tify
the type of soil and its re sponse to changes in wa ter con tent in
or der to de ter mine their ex pan sive prop er ties. The part of soil
pro file, which is sub jected to the en vi ron men tal in flu ences, is
called the ac tive zone. In this area, the soil is vul ner a ble to wa ter 
con tent vari a tions. The phe nom e non of soil ex pan sion is in ter -
est ing for in ves ti ga tions, es pe cially in terms of how far the ef -
fects of wa ter con tent change and suc tion vari a tion are re lated
to the be hav iour of ex pan sive soils, re sult ing in vol u met ric
swell ing. Thus, the key as pects of be hav iour of ex pan sive soils
are to de ter mine: 

– soil prop er ties (e.g., min eral com po si tion), 

– suc tion and wa ter con tent vari a tions,

– swell ing char ac ter is tics: swell ing po ten tial, which is de -
fined as the de gree up to which a soil will swell, and
swell ing pres sure.

The ex pan sive soils are com monly known across the world.
In Eu rope, they are pres ent, among oth ers, in the UK, Greece,
Ro ma nia, Nor way, Spain and Ger many (Stavridakis, 2006). In
Po land, co he sive soils oc cur widely (Fig. 1) and they are char -
ac ter ized by di verse prop er ties, such as po ten tial ex pan sive -
ness, de gree of ex pan sion, and swell ing po ten tial. Con sid er ing
their ex pan sion prop er ties, clays may be set in the fol low ing or -
der: ben ton ite and ben ton ite clays to gether with weath ered and
non-weath ered Mio cene clays of the Fore-Carpathian re gion,
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strongly overconsolidated Neo gene (Mio-Plio cene) clays com -
monly known as the Poznañ For ma tion, Oligocene septaria
clays of the Szczecin area, glacio-limnic clays of the south ern
Bal tic cliff, and fi nally Mid-Pol ish Qua ter nary hol low clays. Gla -
cial tills and loess are con sid ered mod er ately ex pan sive soils
(Kaczyñski and Grabowska-Olszewska, 1997). 

This pa per re fers to the Poznañ For ma tion clays of Neo -
gene age, oc cur ring over a wide area of the coun try (e.g.,
Duczmal-Czernikiewicz, 2013), of ten near the sur face or un der
dif fer ently thick Qua ter nary de pos its. In War saw, the av er age
thick ness of Neo gene clays ex ceeds 30 m, whereas in ar eas of
glaciotectonic de for ma tions the thick ness can reach 150 m
(Frankowski and Wysokiñski, 2000). The top of Neo gene clays
is not a lev eled (flat) sur face, but nu mer ous el e va tions and de -
pres sions are ob served there. Their ori en ta tion is mainly
NNW–SSE and their ex treme re lief vari a tions ex ceed even
100 m. The gen e sis is as so ci ated with glaciotectonic and ero -
sion pro cesses. Lo cally, the Neo gene clays are ex posed at the
sur face (e.g., Cen tral War saw El e va tion) or oc cur at shal low
depths un der Qua ter nary and man-made sed i ments (¯oliborz
War saw Dis trict, Stare Babice near War saw). These soils are
the sub soil of many con struc tions and, if they oc cur, ex tended
and care ful soil rec og ni tion and ap pro pri ate foun da tion sys tem
de sign is rec om mended. 

War saw is a rap idly ex pand ing city, where not only sky -
scrap ers, and res i den tial and com mer cial build ings are raised,
but also a high-speed un der ground rail is be ing de vel oped. It
can be ex pected that both in Po land and world wide the prob -
lems re lated to ex pan sive soils will be still rel e vant in the fu ture.
It is as so ci ated with the de vel op ment of en gi neer ing ac tiv ity and 
the chal lenges that man faces with (e.g., geotechnical de sign in 
ur ban ized ar eas or un der ex treme con di tions, at great depths).
In con nec tion with the con struc tion of the metro line in War saw,
nu mer ous pub li ca tions have ap peared con cern ing the vari abil -
ity of Neo gene clays pa ram e ters (e.g., Stamatello and
Rossman, 1955; Piniñska and Dobak, 1987; Kaczyñski, 2001,
2002, 2003; Izdebska-Mucha and Wójcik, 2014).

The pa per pro vides the re sults of a com pre hen sive study of
the swell ing Neo gene clays. The most im por tant is sue was to

de ter mine the re la tion ship be tween suc tion and swell ing prop -
er ties of clays ob tained from bore holes drilled in the cen tre of
War saw. In ad di tion, an at tempt was made to de ter mine the in -
flu ence of par tic u lar in dex pa ram e ters of soil (e.g., clay con tent,
liq uid limit, plas tic ity in dex, cat ion ex change ca pac ity, clay min -
er als con tent, and beidellite con tent) on the ex am ined pa ram e -
ters. The pur pose of the study was also to ver ify if there was a
strong cor re la tion be tween the fit ting pa ram e ter in empirical
relationships and a soil type and its properties.

MATERIALS AND METHODS

The nat u ral clays for this study come from War saw, cen tral
Po land, Mazowsze prov ince. This is the area of shal low oc cur -
rence of Neo gene clays of the Poznañ se ries, which are char ac -
ter ized by ex pan sive prop er ties (Kaczyñski and Grabowska -
-Olszewska, 1997; Barañski and Wójcik, 2007, 2008; Kumor,
2008, 2016). The Poznañ se ries (clayey and sandy-clayey sed i -
ments) formed in a wide, shal low in land res er voir that cov ered
al most the whole area of the Pol ish Low lands and con tin ued as
far as the bound ary of the Sudetes. It con sists of three litho -
stratigraphic strata, which dif fer from each other in the sed i men -
tary en vi ron ment, geo chem i cal con di tions, and re lated dif fer ent
min eral com po si tion of the clay frac tion. The Poznañ clays were 
de pos ited from the Mid dle Mio cene to the Late Plio cene (Piwo -
cki et al., 2004).

The fol low ing prop er ties were de ter mined for six clay sam -
ples: par ti cle-size dis tri bu tion (BS 1377: Part 2, 1990), spe cific
den sity, bulk den sity (BS 1377: Part 2, 1990) and par ti cle den -
sity by the pycnometer method (AccuPyc 1330), and Atterberg
lim its: liq uid limit and plas tic limit (ac cord ing to BS 1377: Part 2,
1990). In ad di tion, iden ti fi ca tion of the spe cific sur face area was
ob tained by the meth y lene blue ad sorp tion method (ac cord ing
to PN-88/B-04481). Min eral com po si tion was de ter mined by
ther mal anal y sis, us ing a Q600 ap pa ra tus man u fac tured by TA
In stru ment. The fol low ing con di tions were used: weight of sam -
ple from 44–67 mg, sen si tiv ity ad justed au to mat i cally by the ap -
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Fig. 1. Map of oc cur rence of the ex pan sive soils in Po land
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pa ra tus, heat ing speed 10°C/min, and air at mo sphere. In or der
to de ter mine the quan ti ta tive min eral com po si tion, deriva -
tograms of the par ti cle frac tion less than 2 mm were ob tained for 
each sam ple. The frac tion was sep a rated us ing a sed i men ta -
tion method. Iden ti fi ca tion and quan ti ta tive de ter mi na tion of the
pro por tion of clay min er als was based on the knowl edge of de -
hy dra tion (dh), dehydroxylation (dho), the range of tem per a -
tures at which they were ob served, and the pres ence or ab -
sence of a kaolinite peak (Koœciówko and Wyrwicki, 1996).

For a com plete char ac ter iza tion of swell ing and suc tion of
tested clays, and to de ter mine the ef fect of wa ter con tent on
these pa ram e ters, the sam ples were formed in a par tic u lar way. 
To elim i nate the het er o ge ne ity of nat u ral soil sam ples, each
sam ple was crum bled and dried at 105°C, and then rubbed
through a sieve with a mesh size of 0.063 mm. Such pre pared
pow der was mixed with an ad e quate amount of deionized wa ter 
in or der to ob tain sam ples with dif fer ent ini tial wa ter con tent,
i.e.: 15, 20, 25 and 30%. Since the method of com pac tion does
not play a sig nif i cant role in the pro cess of swell ing (Niedzielski,
1993), the sam ples were com pacted dy nam i cally in Proc tor ap -
pa ra tus. Then the spec i men was cut out of the sam ple for swell, 
swell ing pres sure and suc tion tests. The as sumed ini tial wa ter
con tent was con trolled by stan dard mea sure ments in the
weigh ing bot tles.

One of pos si ble ways of swell ing pre dic tion is em pir i cal re la -
tion ships based on dif fer ent soil prop er ties. Hanumantha Rao
et al. (2011) pro vided a com pre hen sive over view of the cor re la -
tions be tween swell ing and phys i cal pa ram e ters of the soil. The
ba sic prop er ties di rectly char ac ter iz ing a swell ing soil are swell
in dex and swell ing pres sure. There are many meth ods of swell -
ing stud ies de pend ing on the pur pose of work and avail abil ity of
test equip ment. In the lit er a ture, dif fer ent meth od ol o gies and in -
ter pre ta tions can be found con cern ing the de ter mi na tion of
swell ing pa ram e ters. In this study, the uni ax ial swell ing test was 
per formed in ac cor dance with ASTM D 4546-90 (Method A) by
means of a soil swell ing-metre adapted to the test. The sam -
ples, ~8–12 mm in height and 65 mm in di am e ter, were placed
in the oedometric ring and then in a swell ing mea sure ment de -
vice. Af ter that, the sen sor was set, and deionized wa ter was
poured into the con tainer so that the sam ple sat u ra tion started
from the bot tom and con tin ued through out the whole test. The
sam ples were sub jected to the ver ti cal pres sure of ~1.5 kPa by
a cov er ing cup. The ob ser va tions were con tin ued un til com -
plete swell ing of the soil was reached, man i fested by the lack of
changes in the sen sor in di ca tions dur ing three con sec u tive
read ings. The swell ing test was con ducted for six nat u ral soil
sam ples. Ad di tion ally, for each clay sam ple, anal y ses were
made in four rep e ti tions for the fol low ing ini tial wa ter con tents:
15, 20, 25 and 30%. A to tal num ber of 30 swell tests were per -
formed. Swell in dex was cal cu lated ac cord ing to the fol low ing
for mula:
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h h
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=

-
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where: ep –  swell in dex (per cent swell; %), h – sam ple height af ter
swell ing (mm), h0 – ini tial sam ple height (mm). 

Free swell ra tio (FSR) method gives in for ma tion about soil
expansivity and na ture of clay min er al ogy. Ac cord ing to
Sridharan and Prakash (2000) it is de fined as the ra tio of equi -
lib rium sed i ment of the vol ume of 10g of oven-dried soil, pass -
ing through a 425 mm sieve in a dis tilled wa ter (Vd) to that in a
non-po lar (ker o sene – Vk) liq uid:
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V
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where: FSR – free swell ra tio (-), Vd – vol ume of 10 g of soil af ter sed -
i men ta tion in dis tilled wa ter (cm3), Vk – vol ume of 10 g of soil af ter
sed i men ta tion in ker o sene (cm3).

Swell ing pres sure tests were per formed in an h-200A ap pa -
ra tus man u fac tured by Geonor, Nor way. All tests were car ried
out in ac cor dance with ASTM D 2435-90 (Method C), at a sam -
ple con stant vol ume, main tained by the ap pa ra tus by ap ply ing a 
ver ti cal pres sure on the sam ple af ter sat u ra tion with wa ter. That 
pre vented the soil sam ple from swell ing, and thus from in creas -
ing its vol ume. Swell ing pres sure tests were car ried out for both
nat u ral and model sam ples, com pacted in Proc tor ap pa ra tus to
the max i mum pos si ble bulk den sity and with the ini tial wa ter
con tent of 15, 20, 25 and 30%. The spec i mens were cut out
from the sam ple to a di am e ter of about 50 mm and to a height of 
~1.98 mm. Then the spec i mens were in serted into the ring and
– in a spe cial con tainer – to the Geonor ap pa ra tus (Fig. 2). The
sam ple was loaded ini tially with a pres sure of 8.5 kPa. Then the
height  of the sam ple was con trolled by the en gine to keep the
height at the con stant level (with a ac cu racy equal to 0.01 mm).
In the con trol unit the clock was set to a standby mode. Af ter
pre par ing the ap pa ra tus, the test was run to gether with real -
-time clock. Then, the sam ple was sat u rated with wa ter, and the 
sat u ra tion con tin ued from the bot tom. The first sev eral read ings 
were taken man u ally, and then au to matic read ing at a spe cific
time in ter val (ev ery hour) was switched on. Af ter reach ing the
sta bil ity of swell ing pres sure, i.e. lack of changes in three con -
sec u tive read ings, the study was com pleted and the fi nal pa -
ram e ters, such as wa ter con tent, bulk den sity and de gree of
sat u ra tion of the study, were de ter mined.

The suc tion test was per formed by the fil ter pa per method
(FPM) in ac cor dance with ASTM D 5298-94. To tal suc tion is a
sum of the os motic and ma trix (cap il lary) suc tion. Os motic suc -

Fig. 2. Swell ing pres sure ap pa ra tus h-200A Geonor



tion is a re sult of the pres ence of dis solved salts in the liq uid oc -
cur ring in the pore space. Os motic suc tion leads to phys i cal
changes in the soil, but is to tally in de pend ent of wa ter con tent
and stress state (ex ter nal load). Ma trix suc tion is a re sult of the
ex ist ing cap il lary phe nom e non in the zone of cap il lary ac tion.
The value of the ma trix suc tion de pends pri mar ily on the type of
clay min eral com po si tion of the soil, the ini tial wa ter con tent, and
the stress state. Ma trix suc tion (ua–uw), next to net ten sion, is one 
of the main vari ables of stress state in un sat u rated soils and is
used in the anal y ses of their vol ume change (Fredlund and
Rahardjo, 1993). In this pa per, ma trix suc tion was de ter mined by
the fil ter pa per method. Be fore the test, the fil ter pa per was
placed into an oven over night to elim i nate any wa ter con tained in 
it. The dried fil ter pa per was trans ferred to a des ic ca tor for a few
min utes to cool down, all the time us ing tweez ers to avoid any
wa ter re ap pear ance. Ma trix suc tion was de ter mined based on
the wa ter con tent of the mid dle fil ter pa per amongst the three fil -
ter pa pers used in the test. It is best, if the two ex ter nal fil ter pa -
pers have a slightly larger di am e ter than the cen tral pa per to pro -
tect it from pos si ble con tam i na tion and en sure di rect con tact with 
the two cy lin dri cal soil sam ples with well-lev elled sur face, be -
tween which a tri ple layer of pa per is stacked keep ing the con tact 
with spec i men. Each soil sam ple was closed to gether with fil ter
pa pers in a sealed con tainer. Then, all con tain ers were placed in
an air-con di tioned room with a con stant tem per a ture of ~20°C in
a cham ber al low ing min i miz ing any changes un til an equi lib rium
be tween the wa ter con tent of soil sam ple, fil ter pa per, and air
was achieved. In case of ma trix suc tion, equil i bra tion time should 
last at least 7 days (Ridley and Wray, 1995). Af ter reach ing the
equi lib rium state, the fil ter pa per was re moved from the con tainer 
and im me di ately placed into a metal con tainer and weighed on a
pre ci sion bal ance with an ac cu racy of 0.0001 g. The fil ter pa per
was then dried in an oven at 105°C for a min i mum of 4 hours.
The weight of the warm con tain ers with fil ter pa per was de ter -
mined at this stage. The value of suc tion was read from the re la -
tion ob tained dur ing fil ter pa per cal i bra tion at par tic u lar wa ter
con tent. In this study, Whatman fil ter pa per no. 42 was used. The 
fil ter pa per-based method is among the group of in di rect test
meth ods. Its ad van tage is its sim plic ity and in ex pen sive ness,
and the mea sure ment range is wide. 

RESULTS AND DISCUSSION

The tested sam ples rep re sent var i ous fa cies of Neo gene
clays, which, to gether with the changes of sed i men ta tion con di -
tions, changed their col our from black to yel low. For the pur -
pose of this study, grey, yel low and green clays were in ves ti -
gated. Ac cord ing to the Uni fied Soil Clas si fi ca tion Sys tem

(USCS, fol low ing the re quire ments of ASTM D 2487-06), the
tested soils can be clas si fied as CH and CL clay (Ta ble 1). Po -
ten tially ex pan sive soils can be rec og nized in the lab o ra tory by
their plas tic prop er ties. It is com monly be lieved that clay soils of
high plas tic ity, gen er ally those with plas tic ity in dex >30% and
liq uid lim its >50%, usu ally have high in her ent swell ing ca pac ity.
In Fig ure 3, dif fer ent clas si fi ca tion schemes, pro posed by ear -
lier re sear ches, are em ployed to iden tify the swell ing de gree of
the soil ex am ined in this study. It can be ob served that plas tic ity
and swell ing of the clays vary from me dium to very high, and
their po ten tial ex pan sive ness from high to very high. 

Knowl edge of the min eral com po si tion is very use ful to in di -
cate prob a ble ranges of phys i cal-me chan i cal prop er ties and
their vari abil ity and sen si tiv ity to changes due to en vi ron men tal
con di tions. Ta ble 2 shows the test re sults of min eral com po si -
tion of the clays that are char ac ter ized by a high con tri bu tion of
clay min er als from 39–67%. The dom i nant min eral is beidellite
(smectite group). It is in di cated on clay frac tion derivatographs
by the ra tio of de hy dra tion (dh = 10–11%) at a tem per a ture of
25–220°C with a max i mum re sponse at 100°C to wards dehy -
dro xylation (dho = 5–6%) at a tem per a ture of 390–800°C with a
max i mum re sponse at 510°C. The amount of beidellite in tested 
soils ranges from 30 to al most 57%. The sec ond clay min eral
oc cur ring in the soils is kaolinite. Its amount ranges from
7–13%. In most sam ples, illite was also found (most prob a bly
as the min eral of beidellite mixed layer) from trace amounts to
~6%. En do ther mic re ac tions on derivatographs, ob tained for
raw sam ples and their frac tions at tem per a tures from
220–300°C with a max i mum at ~290°C, in di cated goethite ad -
mix tures. Larger mass losses along the TG curve for clay frac -
tion than for a raw sam ple were noted. It in di cates that goethite
is fine-grained and con cen trated on the clay frac tion. Its amount 
is es ti mated to range from 1–7%. Based on the exo ther mic re -
ac tion along the DTA curve at a tem per a ture of ~380–420°C, a
small ad mix ture (~ 0.7%) of or ganic mat ter was found in sam ple 
no. 26. The com ple tion of the min eral com po si tion of the sam -
ples was quartz (at 575°C, a peak as so ci ated with poly mor phic
trans for ma tion from beta-quartz to al pha -quartz was ob served
on the raw sam ple’s DTA curve) and ther mally non-ac tive min -
er als, con sti tut ing from 25 to al most 59% of com po si tion.

The re search on swell ing of nat u ral sam ples in di cated that
for the 16–28.5% wa ter con tent (val ues ob served in situ) the
swell in dex var ied from 3 to ~13%, whereas the swell ing pres -
sure ranged from 86–157 kPa. Ac cord ing to the clas si fi ca tions
of swell soils by Olson (1973) and Sorochan (1974), which use
swell in dex as a ref er ence, the swell ing was clas si fied from low
to very high. In this group, the high est val ues of swell in dex and
swell ing pres sure were re corded for soil sam ple no. 28. This
sam ple was char ac ter ized by a high quan tity of beidellite (Ta ble
2). Soil sam ples nos. 39 and 42 have a sim i lar grain-size dis tri -
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T a  b l e  1

Phys i cal prop er ties of tested clays

Soil no.

Per cent frac tions
Soil class

USCS

Soil pa ram e ters

Sand Silt Clay Liq uid limit
LL [%]

Plas tic limit       
PL [%]

Plas tic ity in dex
PI [%]

Spe cific grav ity
rs[Mg/m3]

CEC
[meq/100g]

26   2.3 44.0 53.7 CH 57.6 21.0 36.6 2.70 20.25

28   0.5 42.4 57.1 CH 70.6 24.4 46.2 2.70 28.62

32 14.2 49.2 36.6 CL 46.2 19.2 27.0 2.71 15.86

33 12.8 48.8 38.8 CL 51.5 19.5 32.0 2.70 15.44

39   0.7 38.7 60.7 CH 74.7 25.7 49.0 2.78 29.56

42   0.3 35.8 63.9 CH 82.2 33.1 49.1 2.75 32.10



bu tion as no. 28, but a higher con tent of beidellite,
and the swell in dex twice lower due to dif fer ences in
nat u ral wa ter con tent, which is a key fac tor in the
swell ing pro cess. Ana lys ing the swell ing po ten tial S
(Fig. 4) of tested clays, the sam ples can be di vided
into two groups: with a po ten tial of >25% and a very
high de gree of ex pan sion DE – soils nos. 28, 39 and
42, and with a po ten tial of 5–25% and a high de gree
of ex pan sion DE – soils nos. 26, 32 and 33. This in di -
cates that the clays may have a neg a tive im pact on
the foun da tion con stru cted within them, es pe cially
un der con di tions where wa ter con tent may vary due
to en vi ron men tal fac tors.

The study has con firmed the com mon re la tion -
ship that greater swell ing oc curs at lower ini tial wa ter
con tent of the sam ple. Chen (1988) stated that ex -
pan sive soils with a nat u ral wa ter con tent <15% pose
the great est threat to build ings, be cause they can sig nif i cantly
in crease its vol ume by ab sorb ing wa ter, while the same soil with 
wa ter con tent >30% can not be sub jected to swell ing. In Po land, 
the sub strate com posed of clays with the ini tial wa ter con tent w
<35% and the swell in dex ep >5% is con sid ered as swell ing,
while that with the val ues of w <15% and ep >10% is treated as
strongly swell ing (ITB 296, 1990). The re sults of tests for wa ter
con tent val ues be tween 15 and 30% are shown in Fig ure 5A.

The soils show dif fer ent val ues of swell in dex, rang ing from
~2–53%. The ana lysed soils can be di vided into three groups of
dif fer ent soil sus cep ti bil ity to swell ing, de pend ing on the per -
cent age of clay frac tion and min eral com po si tion, which is re -
flected in the na ture of ob tained re la tion ships.

Soils nos. 26 and 28, grey in col our, are char ac ter ized by the
clay frac tion con tent from 54–57%, sand frac tion con tent be -
tween 0.5 and 2.3%, and sig nif i cant silt frac tion con tent from
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Fig. 3. Clas si fi ca tion of soils used in the pres ent study based on clas si fi ca tion schemes pro posed by: A – Casagrande chart by
Head (1992); B – Van der Merwe (1964); C – Raman (1967); D – Prakash and Sridharan (2004)

A – CL – clays of low plas tic ity, CI – clays of me dium plas tic ity, CH – clays of high plas tic ity, CV – clays of very high plas tic ity, CV – clays of ex -
tremely high plas tic ity, ML – silts of low plas tic ity, MI – silts of me dium plas tic ity, MH – silts of high plas tic ity, MV – silts of very high plas tic ity,
MV – silts of ex tremely high plas tic ity; C – L – low expansivity, M – me dium expansivity, H – high expansivity, VH – very high expansivity

T a  b l e  2

Min eral com po si tion of tested clays

No.

Per cent age of in di vid ual com po nents

clay 
min er als

in clud ing:
goethite or ganic 

mat ter
 quartz

and otherbeidellite kaolinite illite

26 46.9 39.9 7.0 ak – 0.7 52.4

28 56.9 44.1 12.8  5.0 – – 43.1

32 40.1 32.2 7.5 0.3 1.1 – 58.8

33 38.9 30.2 6.8 1.9 3.4 – 57.8

39 64.2 51.0 7.5 5.7 2.1 – 33.7

42 67.2 56.5 10.1 0.6 7.5 – 25.3
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42.4–44%. The di ver sity in the swell in dex val ues re sults from
the sig nif i cant dif fer ences in the min eral com po si tion of the clay
frac tion. Soil no. 28 is char ac ter ized by high amount of clay min -
er als (57%) of which beidellite ac counts for ~44% of com po si -
tion. This re sults in higher val ues of swell in dex (~5–22%) in
com par i son to soil no. 26. The great est dif fer ences were ob -
served on sam ples with a wa ter con tent of 15% (Fig. 5A, Ta bles
1 and 2). At 15% of wa ter con tent, soil no. 28 reached the swell
in dex val ues sim i lar to the yel low soils nos. 39 and 42. The lat ter
are char ac ter ized by the high est amount of clay frac tion among
the ana lysed soil sam ples, i.e. from 61–64%, and by the low est
value of sandy frac tion con tent – not ex ceed ing 1%. The amount
of clay min er als and beidellite is sim i lar, reach ing 64.2–67.2%
and 51.0–56.5%, re spec tively (Ta bles 1 and 2). This re sults in
the ~53% swell in dex val ues at 15% wa ter con tent. The third
group is rep re sented by soils nos. 32 and 33 – yel low and green,
clearly silty (~49% of silty frac tion), with a low amount of clay frac -
tion (37–39%), and the low est con tent of clay min er als (39–40%) 
and beidellite (30–32%) (Fig. 5A, Ta bles 1 and 2). There fore, the
swell in dex val ues are the low est in the en tire set of soils.

Ac cord ing to Al ex an der (1993) the swell ing pres sure val ues 
can be clas si fied in terms of threat to the con struc tion, as fol -
lows: <150 kPa non crit i cal, 150–170 kPa mar ginal,
180–250 kPa crit i cal, >250 kPa very crit i cal. The test re sults for
swell ing pres sure on the model soils with pre de ter mined wa ter
con tent be tween 15 and 30% are shown in Fig ure 5B. The ob -
tained val ues in di cate that the soils were char ac ter ized by high
swell ing pres sure val ues even at high wa ter con tent of ~30%.
The val ues of nearly 60–123 kPa were ob tained for soils nos.
28, 39 and 42, which can gen er ate prob lems even for a small
hous ing. For the re main ing soils at wa ter con tent of ~30%, the
ob tained swell ing pres sure val ues were ~22 kPa. At 15% wa ter
con tent, swell ing pres sure in creases sig nif i cantly, reach ing val -
ues from 300–600 kPa. This may bring se ri ous con se quences
for the con struc tion and main te nance of even large pub lic build -
ings. Ac cord ing to the clas si fi ca tion, this can be crit i cal to their
safety. Even the sam ples with lower con tent of clay min er als
and beidellite showed a swell ing pres sure of up to 300 kPa at
the same wa ter con tent level.

The course of re ceived re la tion ships be tween the ini tial wa -
ter con tent and swell in dex was best re flected by an ex po nen tial 
func tion. For soils nos. 39 and 42, the re la tion ship be tween the
pa ram e ters was better re flected by a lin ear func tion. For the
ana lysed sam ples the re gres sion co ef fi cient R2 was >0.95 for
ex po nen tial re la tion ships and >0.99 for the lin ear ones (Fig.
5A). Sim i larly, the course of re ceived re la tion ship be tween wa -
ter con tent and swell ing pres sure was best re flected by ex po -
nen tial func tions, and the re gres sion co ef fi cient R2 is >0.94 in
this case (Fig. 5B).

The anal y sis of the re la tion ship of swell in dex and swell ing
pres sure against wa ter con tent of Neo gene clays from the
Poznañ For ma tion can be found in the pub li ca tions of Gor¹czko 
and Kumor (2011). The tested clays were from Bydgoszcz
(area B), from the cen tral part of the sed i men tary ba sin
(Wichrowski, 1981) with the most fully de vel oped suc ces sion,
and they were char ac ter ized by sim i lar phys i cal pa ram e ters in
re la tion to those de scribed in this pa per. 

For nat u ral soil sam ples (dried uni formly at room tem per a -
ture) with dif fer ent ini tial wa ter con tents rang ing from 19–41%,
the swell in dex val ues ranged from 5–60%. For clays with a wa -
ter con tent level close to nat u ral, the swell ing pres sure val ues
were in the range of 100–400 kPa, whereas for clays des ic -
cated to a wa ter con tent close to the shrink age limit, the swell -
ing pres sure val ues reached 2000 kPa. The above-men tioned
au thors in di cated a lin ear re la tion ship be tween the wa ter con -
tent and swell in dex, and an ex po nen tial func tion in case of wa -
ter con tent and swell ing pres sure. They also claimed that only in 
a nar row range of wa ter con tent, lin ear ap prox i ma tion could be
ap plied with suf fi cient ac cu racy. Ex po nen tial char ac ter of the
cor re la tion re la tion ship was also con firmed by Niedzielski
(1993) in the in ves ti ga tions on un dis turbed sam ples of Poznañ
clays and varved clays.

More over, at the ini tial wa ter con tent ex ceed ing the plas tic
limit, the in flu ence of the wa ter con tent changes on the val ues of 
swell ing pa ram e ters (swell in dex and swell ing pres sure) is
lower than for the wa ter con tent val ues close to the shrink age
limit, be low which changes in vol ume are no lon ger ob served. It
has been con firmed by tests car ried out with the as sump tion of
the ex po nen tial na ture of the ob tained val ues. In the fu ture, it is
planned to ex tend the scope of the re search to wa ter con tent
val ues close to the air-dry state. This will al low ob serv ing the
mag ni tude of the im pact on the build ing af ter hy drat ing such
des ic cated soils. Based on the em pir i cal re la tion ship of
McDowell (1959), the end of swell ing can be es ti mated ac cord -
ing to the equa tion 0.47wL + 2. The cal cu la tions in di cate that
fur ther anal y sis of the swell ing pa ram e ters in clays char ac ter -
ized by wa ter con tent above 30% would make sense only for
soils nos. 28, 39 and 42. Their as sumed wa ter con tent is 35.2,
37.1 and 40.6%, re spec tively, as cal cu lated from the for mula,
and the soils should swell at the wa ter con tent of 30%. This hy -
poth e sis finds con fir ma tion in the re sults of the swell in dex, ob -
tained in this re port (Fig. 5A).

Many meth ods have been de vel oped to es ti mate the swell
and shrink po ten tial of soils. As men tioned above, they can be
di vided into:

–  in di rect (the use of the re la tion ship of phys i cal, chem i cal 
and min er al og i cal soil prop er ties with swell ing–shrink -
age char ac ter is tics), 

– di rect meth ods in volv ing ac tual mea sure ments of swell -
ing (e.g., swell in dex test and swell ing pres sure test) and
shrink age (e.g., CLOD in dex Cw). 

Be tween the fac tors in flu enc ing the swell ing prop er ties of
ex pan sive soils, not only the stress state, but also the soil char -
ac ter is tics (par ti cle-size dis tri bu tion and min eral com po si tion)
and en vi ron men tal in flu ences (changes of wa ter con tent)

Fig. 4. The stud ied clays on the clas si fi ca tion chart 
for swell ing po ten tial (Seed et al., 1962)
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Fig. 5. The ef fect of ini tial wa ter con tent on: A – swell in dex, 
B – swell ing pres sure, C – soil suc tion



should be men tioned. A fun da men tal phys i cal prop erty of un -
sat u rated soils that in di cates the in ten sity or en ergy level with
which a soil sam ple at tracts wa ter is soil suc tion. This ex tremely 
vul ner a ble in di ca tor, which in cor po rates over all phys i cal, chem -
i cal and min er al og i cal prop er ties of the soil, de scribes the po -
ten tial with which a given soil at a given wa ter con tent ad sorbs
and re tains pore water. Therefore, soil suction measurements
can be alternative for determining swelling properties of soils.

The re sults of soil suc tion tests car ried out on six types of
clays of dif fer ent ini tial wa ter con tents are shown in Fig ure 5C.
They in di cate that there is a cor re la tion be tween these pa ram e -
ters, ac cord ing to which the higher the ini tial wa ter con tent is,
the lower suc tion value is ob tained. Soils nos. 42, 39 and 28,
con tain ing more clay frac tion than the other soil types
(57.1–63.9%) and >57% of clay min er als in the clay frac tion,
are char ac ter ized by higher suc tion and lo cated in the up per

part of the graph. The sub se quent anal y sis was made to re late
the val ues of swell ing pa ram e ters of Neo gene clays with the
suc tion val ues for wa ter con tents of 15, 20, 25 and 30%. Fig ure
6A il lus trates the re la tion be tween soil suc tion in kPa and swell
in dex, whereas Fig ure 6B pres ents the cor re la tion be tween
suc tion and swell ing pres sure for tested clays. The study has
dem on strated that the char ac ter of cor re la tion re la tion ships be -
tween swell ing and suc tion pa ram e ters takes the form of a
power func tion: ep = A1YB1 and ssp = A2YB2. The lin ear na ture of 
the cor re la tions be tween these pa ram e ters is also stated in
Uzundurukan et al. (2014) for com pacted clayey soils. How -
ever, a dif fer ent form of the em pir i cal re la tion was a re sult of the
adop tion of dif fer ent units for suc tion (this pa ram e ter was ex -
pressed in log kPa). The re la tion ship be tween swell ing prop er -
ties and the ini tial soil suc tion was also stud ied by Hanumantha
Rao et al. (2011). These au thors looked for the re la tion ship be -
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Fig. 6A – the re la tion ship be tween swell in dex and soil suc tion; 
B – the re la tion ship be tween swell ing pres sure and soil suc tion
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Fig. 7. Vari a tion of fit ting pa ram e ters (A – A1 and B1; B – A2 and B2) with a – clay con tent [%],



De ter mi na tion of swell in dex and swell ing pres sure from suc tion tests – a case study of Neo gene clays from War saw (Po land) 747

b – liq uid limit LL[%], c – plas tic ity in dex PI [%], d – CEC [meq/100g], d – clay min er als[%], e – beidellite [%]



tween swell [%], swell pres sure [kPa] and FSI [%] with the suc -
tion cor re spond ing to the spec i men com pacted at rdmax at the
op ti mum wa ter con tent OMC. 

Based on the swell ing and suc tion test re sults, an ad di tional 
anal y sis was also per formed, re fer ring to the re la tion of A1, B1
and A2, B2 co ef fi cients in the equa tions of power func tion to -
wards the in dex pa ram e ters of soils, in clud ing: clay frac tion
con tent, plas tic limit, plas tic ity in dex, CEC, clay min er als con -
tent, and beidellite con tent, which have been de ter mined for
tested clays. Fig ure 7A pres ents the vari a tion of fit ting pa ram e -
ters A1 and B1 with soil pa ram e ters, whereas Fig ure 7B shows
a sim i lar para met ric anal y sis of A2 and B2 co ef fi cients. The re -
sults pre sented in each fig ure in clude also data taken from
Uzundurukan et al. (2014). By ana lys ing the re sults, it was
found that the re la tion be tween the in dex pa ram e ters of the clay 
soil and the co ef fi cients in the equa tions (best de scrib ing the re -
la tion ship of swell in dex ver sus soil suc tion, and swell ing pres -
sure ver sus soil suc tion) is de scribed as a power func tion. With
the in creas ing per cent age of the clay frac tion, plas tic limit, plas -
tic ity in dex, CEC, clay min er als con tent, and beidellite con tent,
the A1 and A2 val ues (fit ting pa ram e ter) are higher, whereas
the B1 and B2 val ues (ex po nent) are lower. 

Higher val ues of the re gres sion co ef fi cient R2 are found in
the anal y sis of the re la tion ship be tween swell in dex and soil
suc tion than be tween swell ing pres sure and soil suc tion. De ter -
min ing the sta tis ti cal sig nif i cance of the im pact of these fac tors
is a com plex task, be cause each of them can vari ably in flu ence
the swell ing pro cess. The is sues, de scribed in the pa per, re -
quire fur ther ex per i men tal stud ies, ex tended to other types of
clays with dif fer ent min eral com po si tion, to de velop and val i -
date the re la tion ship that is gen eral in na ture.

In ad di tion, the mea sured ep val ues are also plot ted in Fig -
ure 8 against the swell pres sure ssp val ues for the data from the
ex per i ments. In the Neo gene clays, this re la tion ship has the
form of a lin ear func tion. In the in ves ti gated range of wa ter con -
tent, a strong ex po nen tial re la tion ship is also noted. High co ef fi -
cients of cor re la tion con firmed the strong cor re la tion be tween
ssp and ep, and the trend lines over lap to the value of 200 kPa.
Higher dis crep an cies are noted to gether with the in crease of
de ter mined pa ram e ters. Thanks to this re la tion ship, it is pos si -
ble to pre dict the swell ing pres sure on the ba sis of the in di ca tor
as a sub sti tute for long-last ing, ad vanced lab o ra tory tests. Sim i -
lar stud ies on the re la tion ships be tween the swell ing pres sure
and swell ing in dex are dis cussed in the pa pers of Sridharan
and Gurtug (2004), Gunes (2009), Erzin and Gunes (2011,
2013). Erzin and Gunes (2013), who stud ied a mix ture of
kaolinite (K) and ben ton ite (B) (95% K + 5% B, 90% K + 10% B,
85% K + 15% B i 80% K + 20% B), con firmed the same char ac -
ter of em pir i cal re la tion ships and a high cor re la tion be tween
these pa ram e ters (R2 = 0.77). The course of re ceived re la tion -
ship cor re sponds to the re sults ob tained for Neo gene clays, es -
pe cially for the swell ing pres sure <300 kPa (Fig. 8).

SUMMARY

Each sub soil, re gard less of its geo graph ical lo ca tion, is nat -
u rally sub jected to changes due to a va ri ety of en vi ron men tal
fac tors, both nat u ral or anthropogenic. In ur ban ar eas, geote -
chnical de sign is gen er ally con sid ered as a dif fi cult en gi neer ing
task, es pe cially when ex pan sive soils oc cur in the pro file.
There fore, a key as pect for en gi neer ing prac tice is to de ter mine 
the vol ume changes oc cur ring due to nat u ral wa ter con tent os -

cil la tions that may cause nu mer ous dam ages and fail ures to
build ings. The lab o ra tory as sess ment of vol ume chan ges can
be un der taken by a num ber of meth ods. Em pir i cal meth ods that 
as sess vol ume changes in terms of sim ple soil prop er ties, such
as liq uid limit, plas tic ity in dex or ac tiv ity, are use ful, but they are
ac cepted as sim ple in di ca tor meth ods. More over, they do not
take into ac count in situ con di tions (e.g., mois ture con tent, soil
suc tion, soil struc ture, and cli mate). Oedometer meth ods rep re -
sent more di rect meth ods of as sess ing vol ume changes, nev er -
the less they are time-con sum ing and ex pen sive. Soil suc tion
meth ods pro vide high sen si tiv ity; they are rel a tively sim ple and
quick, and thus in ex pen sive.

This re port pres ents: 

– the ef fect of the ini tial wa ter con tent on the swell in dex,
swell ing pres sure, and soil suc tion, 

– the re la tion ship be tween soil suc tion and swell ing prop -
er ties, 

– vari a tions of the fit ting pa ram e ter in re la tion to the soil in -
dex prop er ties, 

– the re la tion ship be tween the swell in dex and swell ing
pres sure val ues for the soils from the soil-struc ture in ter -
ac tion zone, rep re sent ing the larg est com plex of ex pan -
sive soils in Po land. 

The study shows that the fluc tu a tion of wa ter con tent rang -
ing from 15–30%, which is ap prox i mately equal to in situ con di -
tions, causes the change of swell in dex in the range from
1–53%, and of swell ing pres sure in the range from 10–605 kPa. 
This in di cates that the ini tial wa ter con tent is one of the cru cial
pa ram e ters af fect ing the range of de for ma tion ob served in clay. 
The re sults of this study in di cate the ex po nen tial na ture of the
re la tion ship be tween the ini tial wa ter con tent and swell in dex
and swell ing pres sure, with a high cor re la tion co ef fi cient (R2

>0.95).
Soil min er al ogy plays a sig nif i cant role in the swell ing prop -

er ties of ex pan sive soils. The po ten tial for vol ume change of
clay soils is gov erned by the type and amount of clay min er als
pres ent. It was ob served that these soils are char ac ter ized by a
high con tent of the clay frac tion and a high con tent of min er als
from the smectite group. Soils con tain ing high pro por tions of the 
clay frac tion – yel low clays (soils nos. 39 and 42) and beidellite
(soils nos. 39, 42 and 28) – reached the high est val ues of the
swell ing and suc tion pa ram e ters.

As sug gested by Bell and Maud (1995), suc tion tests should 
be car ried out for the as sess ment of po ten tial ex pan sion. Ad di -
tional tests, based on suc tion mea sure ments of the soils dis -
cussed in this study, were un der taken for a better un der stand -
ing of the in flu ence of wa ter con tent changes on swell ing prop -
er ties. This sur vey has dem on strated that lower soil suc tion was 
ob tained at higher ini tial wa ter con tents. The tested soils were
char ac ter ized by di verse val ues of suc tion, de pend ing on the
soil type, par ti cle-size dis tri bu tion, and min eral com po si tion.
The na ture of the cor re la tion be tween these pa ram e ters was
ex po nen tial. At tempts were also made to re late the swell ing
prop er ties with soil suc tion. Fig ure 6A and B show that the
swell ing prop er ties ex hibit a well-de fined cor re la tion with soil
suc tion, hav ing the form of an ex po nen tial func tion. There fore,
swell ing prop er ties can be de ter mined by mea sur ing suc tion.
These meth ods of vol ume change as sess ment are rec om -
mended for fur ther stud ies. Ad di tional anal y sis, car ried out to
ob tain a cor re la tion equa tion re lat ing the fit ting pa ram e ters A1,
B1 and A2, B2 to the soil in dex prop er ties, has in di cated that the 
re la tion be tween soil suc tion and swell ing prop er ties clearly de -
pends on the na ture of the dif fer ent clays.
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The re la tion ship be tween the swell in dex and the swell ing
pres sure for the in ves ti gated Neo gene clays is lin ear and can
be used in the pre dic tion of swell ing pres sure, based on an eas -
ily de ter mined pa ram e ter such as swell index.
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