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Compressibility and swelling of an 
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Abstract   High plasticity clays of Paleogene origin are frequently met in northern 
Europe, typically overconsolidated as a result of overburden pressure during the ice 
age. Moreover, the advancing and melting of the glaciers has affected their macro-
structure, and clays are found pre sheared in some zones, while deeper layers are 
intact. Compressibility and swelling dominate the mechanical behavior, with con-
siderable impacts in the design of modern infrastructure. This study focuses on the 
Paleogene Røsnæs Clay found between southern Denmark and northern Germany, 
which is characterized by high plasticity attributed to the smectite mineral content 
(20 – 50 %). Incremental loading one-dimensional compression tests were carried 
out on undisturbed Folded and Intact Røsnæs Clay using different salinity levels of 
the water in the oedometric cell and comparing the behavior with that of reconsti-
tuted samples having similar mineralogical composition to assess the influence of 
structure. Furthermore, the stress dependency of stiffness and creep rate was ana-
lyzed during unloading-reloading cycles achieving progressively higher stress lev-
els.  

Key words: swelling sensitivity, pore water composition, salinity, deionized wa-
ter, high plasticity clay, secondary compression index  

Introduction 

Paleogene clays are frequently met during the geotechnical investigation for in-
frastructures in Denmark and other cities in northern Europe. According to King 
[1], the North Sea sedimentary basin resulted from regional tectonics during the late 
Paleocene. This originally included a large part of northern and northeastern Eu-
rope, England and Scotland, resulting in some common features in the clays across 
these areas. However, subsequent regional geological events, differentiated the 
clays in each geographical area.  

Røsnæs Clay is a Paleogene clay found in the Fehmarn Belt area, located be-
tween the southern part of Denmark and the northwestern part of Germany, where 
a future subsea immersed tunnel is planned. Similarly to other well documented 
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Paleogene clays, such as the London clay, Røsnæs Clay is very stiff and fissured, 
showing clear signs of slickensides, while on the other hand it is highly plastic. 
Additionally it has undergone consolidation and extensive shearing under the action 
of glaciers which resulted to the shallower part of this formation being characterized 
as “folded”. Røsnæs Clay remains as of today exposed to marine environment at the 
sample location (Fig.1). 

This paper presents an initial set of results investigating the behavior of Intact 
and Folded Røsnæs Clay in one-dimensional compression and swelling, with re-
spect to salinity of the pore fluid. The comparison with reconstituted samples pro-
vides the opportunity to study the influence of the glaciers action. 

 

 
Fig. 1: Site location. (a) plan view and (b) simplified geological cross section. 

Material tested 

At the sample location (Fig.1a), the samples tested were overlaid by post- and 
late-glacial sediments and floe of Røsnæs Clay. The Folded Røsnæs Clay is 3m-52 
m thick and the Intact Røsnæs Clay below reaches more than 100 m depth (Fig.1b). 
The undisturbed samples used were retrieved between 53.5 - 55.5 m depth from the 
ground level (Fig.1b), corresponding to both Folded and Intact Røsnæs clay of ap-
proximately 52 million years age.  

The mineralogy composition of the Røsnæs clay, as determined by means of 
XRD analyses, varies considerably with depth in Fig.2, but generally the smectite 
content is 15 - 55 % of the total dry weight, illite 30 - 55 % and kaolinite 10 - 35 %. 
The mineral composition along the BHs from which the samples were taken is 
shown with continuous lines and at the depth of interest (53.5 - 55.5 m) a consider-
able scatter is observed. For the Folded Røsnæs Clay a sample adjacent to that tested 
consisted of smectite (17 – 18 %), illite ( 53 – 54 %) and kaolinite (29 – 30 %) 
including chlorite, which is the same as for the reconstituted samples. Unfortunately 
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no XRD analysis was available in close proximity of the Intact Røsnæs Clay sample 
tested, but based on the plasticity index Ip showed in Table 1, the mineralogical 
composition seems to resemble that of the Folded Røsnæs Clay. However, the re-
sults show that significant variability is encountered even within a single sample, as 
the plasticity index ranges between 87.1% and 101.8%. 

 

  

Fig. 2: Mineralogical composition of the clay fraction across the Fehmarn Belt tunnel line. 
Data from [2]. Continuous lines represent data from the same BHs as the tested samples. NB 
the arrows indicate an example of mineralogy at a given depth. 

Table 1: Index properties and initial conditions of the specimens. F stands for Folded, D for 
deionized, S for saline and I for Intact. 

 FD1 FS1 FD2 FD3 FS3 ID1 IS1 
e0 (-) 1.02 1.00 1.00 0.97 1.00 0.96 0.95 
S (-) 1.01 1.01 1.00 0.98 1.00 0.99 0.99 
w (%) 36.6 36.2 35.6 34.1 35.7 33.9 34.0 
γ (kN/m3) 18.6 18.7 18.7 18.7 18.6 18.8 18.8 
Ip (%) 87.1 87.1 101.8 91.9 91.9 97.3 97.3 

Methodology 

A series of oedometer tests were performed on rotary-cored samples of Røsnæs 
Clay, both Folded and Intact. The reconstituted tests were performed on trimmings 
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remoulded at 1.5 times the liquid limit using synthetic water having the same chem-
ical composition of the pore water in Røsnæs Clay from the Fehmarn Belt as deter-
mined by the Geological Survey of Denmark and Greenland (GEUS) [3]. This en-
sured consistency between the undisturbed and reconstituted samples.  

A conventional incremental loading apparatus was used with a 10 mm thick and 
70 mm diameter floating ring according to the Danish oedometer design. For all 
samples, the tests were repeated on two different specimens filling the water bath 
with deionized water (D) and saline synthetic water (S), to assess the effect of the 
pore water on compressibility and swelling. In particular, 2 tests on adjacent speci-
mens were performed on Intact Røsnæs Clay (I), where one test was performed 
placing deionized water in the bath and one with saline water. Furthermore, 5 tests 
were performed on Folded Røsnæs Clay (F), where 3 used deionized water and 2 
saline water. Tests with the same number were performed on adjacent specimens. 
For tests on Folded Røsnæs Clay, three swelling stages were performed during each 
test starting at different stress levels and unloading back to σ'v0 (≈ 400 kPa). The 
undisturbed specimens were quickly loaded to the in situ stress σ'v0 preventing any 
swell due to the water filled porous stones, and filling the cell only after reaching 
σ'v0. 

Results 

The Intrinsic Compression Lines obtained on reconstituted samples are showed 
in Fig.3. Their slope is Cc = 0.580 in compression, regardless of the fluid filling the 
cell, but the ICL plots slightly higher for deionized water. This gap (Δe = 0.040) is 
less than typical accuracy in determining void ratio in oedometer tests [4] and there-
fore for all practical purposes the ICL can be considered one. The ICL obtained for 
samples reconstituted with deionized water, which is not shown here for brevity, 
plots considerably higher instead (Δe = 0.2).  

The intrinsic swelling behavior is significantly different for deionized and saline 
water. This is because water leaving the specimen (i.e. during loading) does not 
alter the ion concentration of the pore fluid, while upon unloading the chemistry of 
the pore fluid entering the specimen determines the amount of swelling. In particu-
lar greater swelling is observed under saline conditions (Cs = 0.212), compared to 
deionized water (Cs = 0.150), although the repulsive force between particles reduces 
with increase in ions (i.e. salinity). As the repulsive force also depends on pH a 
possible explanation is an unbalance between the specimen and the external water 
pH. 

The compression curves of undisturbed Intact Røsnæs Clay (Fig.3a) remain par-
allel throughout compression and test ID1 plots only slightly above IS1. The curves 
cross the ICL showing positive effects of structure and start to yield at about 3 MPa, 
although they are still diverging from the ICL at the maximum stress applied (5 
MPa). The preconsolidation stress σ’p was estimated to 1.8MPa and 1.6MPa for ID1 
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and IS1 respectively according to Casagrande’s method The compression curves of 
undisturbed Folded Røsnæs Clay (Fig.3b) start from a rather narrow range, except 
for test FD1, having slightly higher e0 than ID1 and IS1. They all show a very grad-
ual yielding and are approximately parallel to each other, but deform more than the 
Intact Røsnæs Clay at a given stress. Due to the lower maximum stress achieved, 
the compression curves are considerably less steep than the ICL and do not show 
any evidence of an imminent sharp yield point. However, they do show a linear 
trend in a semi-logarithmic plane after approximately 600 – 700 kPa. Based on this, 
some previous works (e.g. [5] and [6]) have established σ’p ≈ 350-1400 kPa, alt-
hough the actual maximum stress under glaciers is estimated to be at least 5 - 8 
MPa.  
 

 
Fig.3: Compression tests on reconstituted and undisturbed Røsnæs Clay. (a) Intact Røsnæs 
Clay and (b) Folded Røsnæs Clay. 

Grønbech et al. [7] observed an analogous behavior for the Søvind Marl, which 
is also a Danish Paleogene clay. Similarly to the tests on Intact Røsnæs Clay, a 
sharper yield point is observed at about 7 MPa for this clay, which corresponds to 
the geological σ’p. Grønbech et al. [7] attributed the initial gentler yielding to clos-
ing of fissures at the macro and meso scale. Gasparre & Coop [8] also discussed the 
difficulty in identifying yield in stiff clays due to the high stresses required. In par-
ticular, they suggested swelling sensitivity (Ss) as a good way to quantify destruc-
turation, because it does not rely on there being a sharp yield point. Schmertmann 
[9] defined Ss as the ratio between the swelling index Cs for the reconstituted and 
undisturbed soil, where Cs is calculated between the swelling pressure and approx-
imately null stress, based on work by Bjerrum [10] on Lillebælt Clay, which inci-
dentally is another Paleogene clay from Denmark. Schmertmann parameter relies 
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on the fact that swelling curves tend to a horizontal asymptote when unloading be-
low the swell pressure in samples preserving diagenetic bonding, resulting in Cs 
lower than for the reconstituted samples (i.e. Ss > 1). However, when undergoing 
large strains or weathering, the original micro structure is progressively lost and 
“full swelling” develops (Ss = 1).  

Time consuming unloading and reloading cycles reaching progressively higher 
stress are then necessary to investigate the destructuration process. For this reason, 
this type of testing was limited to the Folded Røsnæs Clay. The starting points for 
swelling were selected below and above σ’p as suggested by Rambøll Arup [5] (700 
kPa, 1000 kPa and 1300 kPa) and did not unload below σ'v0 for time reason. How-
ever, the swelling pressure corresponds to approximately 1.5 – 2 times σ'v0.  

The first unloading-reloading loop is generally subhorizontal (Fig.3) and for 
every loop the response is stiffer upon load reversal resulting in higher stiffness (M) 
and lower Cs. Fig.4a shows M during virgin loading and first reloading, where val-
ues from different unloading-reloading loops have been taken. During “virgin load-
ing”, which however remains below the geological σ’p, M increases slightly with 
stress level. At a given stress, M is larger if the specimen has already experienced 
the same stress before; however the second reloading does not influence substan-
tially M. It is also observed that some points plot higher than the trend of the virgin 
loading; this is due to the proximity of the stress to a previously experienced. The 
most significant difference between virgin loading and reloading, however, is in 
proximity of the load reversal point. Nevertheless it is clear that higher stresses are 
required for reaching a linear variation of M. Lodahl et al. [11] showed that friction 
loss between the ring and the specimen can result in 10 – 30 % overestimate in 
stiffness for reconstituted samples having the same mineralogy.  

 
Fig.4: Destructuration as a result of cyclic loading on Folded Røsnæs Clay. (a) Change in 
oedometric modulus with subsequent loading and (b) changes in swelling index along differ-
ent loops. 



7 

 
The difference between tests with saline and deionized cell fluids is small and 

comparable to that of two specimens in a sample. Dedicated XRD analyses for each 
specimen are necessary to establish if the lack of a clear trend is due to significant 
changes in mineralogy at a sub-cm scale that might cloud the picture. Unlike M 
swelling is not directly linked to the number of times it has been subjected to the 
same stress on unloading, but Cs increases with progressive cycles (Fig.4b) and also 
with reducing stress along one loop. For both Folded and Intact Røsnæs Clay un-
disturbed samples, Cs is slightly larger in the case of deionized water. Krogsbøll et 
al. [6] showed that unloading-reloading cycles starting from the same maximum 
stress and reaching progressively lower stress, follow the same swelling path.  
 

 
Fig.5: Rate of secondary compression for undisturbed Folded Røsnæs Clay as a result of 
cyclic loading. (a) Overall values for two example tests (b) “virgin loading” and subsequent 
reloading. 
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Therefore, the distance from the reversal point does not determine the amount of 

swelling at a given stress. Progressive destructuration seems to be the cause for the 
behavior observed, based on the calculated Ss values. These suggest that destructu-
ration starts well before major yield and it is slightly smaller for deionized water 
filled cells. However, tests on Intact Røsnæs Clay (Fig.3a) show that even when 
unloading after the onset of major yielding, the swelling curves progressively di-
verge from the path followed by the reconstituted specimens tending to a horizontal 
asymptote at stresses below the swelling pressure, which is in contrast with [9].  

Strains developed after the end of consolidation along the compression paths fol-
lowed are showed in Fig.5a, where it is evident that typically there is no secondary 
compression at load reversal (Fig.5a). It is also observed that secondary compres-
sion in swelling is smaller than in “virgin loading”, but increases with the amount 
of unloading cycles. Gasparre et al. [12] investigated the effects of creep rate on 
load reversal and showed that if the rate of secondary compression (εs) is compara-
ble to the shearing rate during small-stiffness probes, the stiffness measured after 
load reversal is overestimated. This might explain further the larger stiffness meas-
ured upon load reversal (see Fig. 4a), although constant rate of strain tests should 
be carried out to investigate the phenomenon in detail. Finally, the data are pre-
sented similarly to Fig.5b, selecting εs according to the number of times a stress 
level has already been experienced. The values are approximately halved when re-
experiencing a same load for a second time compared to “virgin loading”, while 
afterwards εs remains similar. The stress dependency appears to be similarly re-
duced when moving from “virgin loading” to subsequent reloading.  

Conclusions 

This paper presented an initial set of one-dimensional compression tests on re-
constituted and undisturbed Intact and Folded Røsnæs Clay, where the effects of 
salinity of the fluid filling the cell were investigated among others. The differences 
observed were comparable to those among specimens tested under the same envi-
ronmental conditions, suggesting that the effect are rather small at least in compres-
sion. Clearer trends were observed in swelling. Large stresses are required to reach 
the geological preconsolidation stress and subsequent major yield. However, a con-
siderable change in stiffness, secondary compression and swelling properties can be 
observed when comparing first loading to subsequent reloading cycles, even though 
the geological preconsolidation stress was not reached. Progressive destructuration 
linked to cyclic loading may be an explanation, however further elucidation of the 
swelling mechanisms and their dependency on cyclic loading is required to assess 
the destructuration through swelling sensitivity. 
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