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An experimental campaign giving a holis t ic  overview on the hydro-mechanically coupled behavio r  

of  Opalinus Clay shale is  presented.  Oedometric  swell ing tes ts  show a pronounced s t ress  path-
dependent  swell ing behavior that  is  governed by the local permeab il i ty and the mechanical pre-
loading s t ress .  A l inear coupling between deformat ion and volumetric  water content  can be estab -

l ished during init ial saturat ion that  causes  a swell ing-induced reduct ion of  the hydraulic  permea -
b il i ty.  Swell ing deformat ion and pressure result  in the mechanical degradat ion of  the material with  
a reduct ion of  preloading s t ress  and elas t ic  s t i f fness.  Based on the experimental results ,  funda-

mental characteris t ics  of  the material behavior are derived and form the bas is  for the future de-
velopment of  a new const itut ive model that  is  ab le to predic t  the hydro-mechanically coupled  
material  response.  

 

 

1 Introduction  

Due to their advantageous hydro-mechanical proper-
ties such as low hydraulic permeability and high sorp-
tion ability, clay shales are of particular interest for 

different applications in geotechnical engineering,  
especially as host rocks for deep geological reposi-
tories in the context of nuclear waste disposal. To 

provide a long-term functionality of these multi-step 
barrier systems the hydro-mechanical response of 
the clay shale must be well understood and predicted 

[1]. During the excavation and the subsequent stor-
age process, the (host) rock is subjected to a wide 
range of mechanical stress levels that may lead to 

significant changes in stiffness, porosity and perme-
ability. In addition, contact with water can lead to 
swelling phenomena that affect not only the dimen-

sioning of the tunnel structure but also the long-term 
development of the excavation damage zone and 
must be taken into account in the planning of a geo-

logical repository. It is thus crucial to consider the 
swelling-induced changes in hydraulic permeability  
and mechanical properties during the experimental 

and constitutive investigation.  
Experimental studies on the coupled material behav-
ior of overconsolidated clay shales combining me-

chanical and hydraulic loading paths are limited. One 
reason for this could be the immense experimental 
effort. Moreover, investigations on the hydro-me-

chanical properties of Opalinus Clay shale have fo-
cused mainly on their compression behavior [2,3,4]. 
For other clay shales, i.e. Callovo-Oxfordian Clay 

shale, more extensive studies including swelling 
tests already exist [5]. 

In the frame of this research, the physical processes 

and mechanisms occurring during hydro-mechanical  

loading of Opalinus Clay shale are investigated. A 

holistic description of the material behavior based on 

the coupling between saturation and deformation and 

its swelling-induced changes in local permeability  

and stiffness is aimed for. A special focus is placed 

on the influence of different stress paths on the swell-

ing behavior and their effect on the hydraulic and me-

chanical properties of the material.  

First the experimental methods and the testing pro-

gram of this study are explained. The experimental 

results are presented and discussed. Fundamental 

observations and their significance for the formula-

tion of a new constitutive model are derived. The re-

sults and insights are summarized in the end.  

2 Materials and Methods 

For the experimental program, Opalinus Clay shale 
(clayey facies) from the Swiss Underground Rock La-

boratory in Mont Terri was used. The mineralogical 
composition determined by x-ray-diffraction revealed 
a clay content of 56 % mass in total, with 5 % mass 

smectite and 32 % mass illite minerals.  



All testing was carried out on reconstituted speci-
mens to minimize scatter in the material properties .  

In this way, the mechanical loading history of the 
specimens is known accurately and its impact on the 
hydro-mechanical behavior can be evaluated. 

 

2.1 Specimen preparation  

From the intact rock, a powder was produced in a 

multi-step procedure including cutting, crushing and 

grinding. To guarantee the mineralogical composition 

of the rock, the powder was not sieved. The residual 

volumetric water content was determined to 2 % by 

oven drying at 105 °C. Specimens were prepared by 

monotonic compaction of the dry powder in oedome-

ter rings. All specimens have a diameter of 60 mm 

and a height of 16 mm. The oedometer rings have a 

height of 20 mm to secure oedometric conditions  

even after swelling. The stress required to reach the 

target height was held constant for 30 minutes and 

measured to determine the preloading stress 𝜎v of 

the specimens. A unique relation between the target  

dry density and the required stress is identified with 

a compression index of  𝐶𝐶,prep = 0.208. The target  

dry density for all specimens in this study is          

𝜌𝑑 ,0 = 1.96  g/cm³ (𝑒0 = 0.385) which corresponds to 

a preparation stress of 𝜎prep ≈ 10 MPa during the 

compaction. By measuring the height of the speci-

mens after the preparation, i.e. after unloading, a 

swelling index of 𝐶𝑆,dry = 0.021 can be approximated 

for the dry reconstituted material. The indices are cal-

culated as follows:  

 

𝐶𝐶 = −
d𝑒

log10
𝜎𝑣

𝜎𝑒,0

  and  𝐶𝑆 = −
d𝑒

log10
𝜎𝑣
𝜎0

 . 

Therein, 𝜎𝑒,0 and 𝜎0 are the stresses on the virgin 

compression and un- and reloading line correspond-

ing to the void ratio change d𝑒. 

 

2.2 Testing equipment  

This study includes oedometric swelling tests, oe-

dometric compression tests and permeability meas-

urements that were carried out in four different test 

set-ups. Specimen preparation and oedometric com-

pression tests in the dry state were performed in a 

servo-controlled loading frame from the company 

Zwick (maximum load 600 kN). All tests including hy-

draulic loading paths were performed in an open wa-

tering cell (Figure 1 left). For the oedometric swelling 

tests, a manually controlled loading frame (maximum 

load 50 kN, Figure 1 right, see [6] for details) and for 

the oedometric compression tests under saturated 

conditions a servo-controlled test machine type 815 

from the company MTS (see [7] for details) were 

used. 

 

The permeability measurements were performed in a 

gas- and fluid-tight pressure cell inside the previous ly  

mentioned manually controlled loading frame. For 

water permeability tests, the pressure cell is con-

nected to a stand pipe system with an upstream and 

downstream stand pipe, in which a pressure differ-

ence in the water is achieved using air pressure (Fig-

ure 2 left, see [6] for details). For air permeability  

tests, the pressure vessel is connected to a gas sup-

ply at the bottom drainage and a soap bubble flow 

meter at the top drainage (Figure 2 right). 

 

2.3 Testing program and loading paths 

2.3.1 Oedometric swelling tests 

The material’s ability to absorb water in its mineralog-

ical structure and experience swelling phenomena 

has a significant effect on its hydro-mechanical be-

havior. To distinguish the different processes during 

saturation depending on the hydro-mechanical 

boundary conditions more than 30 oedometric swell-

ing tests were performed, of which seven selected 

tests are presented in this scope. The tests are sum-

marized in Table 1. An influence of the manual load 

Figure 1: Open watering cell (left) and standard 

test set-up for oedometric swelling tests (right). 

Figure 2: Test set-up for water permeability meas-
urements (left) and soap bubble flow meter for air 
permeability measurements (right). 



control was ruled out by performing additional swell-

ing tests in the servo-controlled loading frame. The 

results of both test set-ups were in good agreement.  

Figure 3 gives an overview of the performed loading 

paths. The experimental campaign includes free ax-

ial swelling strain tests (A-D), constant volume swell-

ing tests (A-B) and multi-step tests including stress-

controlled loading (D-C-B) and unloading (B-C-D) re-

spectively. The standard (un)loading step was to half 

the magnitude of the swelling pressure 𝜎 = 0.5 𝜎max, 
but was varied in one test. To rule out possible 

influences of the control variable, one test was 

unloaded strain-controlled in two steps, whereby the 

maximum strain 𝜖max  was estimated for the 

magnitude of the loading steps (further referred to as 

C’ and C’’). 

 

Additionally, one free axial swelling strain test and 
one constant volume swelling test were performed in 
perspex rings, see Table 2. The specimens were pre-

pared by the standard procedure, pressed out of the 
oedometer ring and afterwards pressed into the per-
spex ring to avoid undesirable flow paths. For these 

tests, the standard test set-up (Figure 1) was used. A 
permanently installed camera set in front of the test 
set-up recorded the progress of the saturation front  

during watering. The tests were stopped, when the 
saturation front had approximately progressed 
through the entire specimen. 

 

Table 1: Oedometric swelling tests – overview. 

 

 

Table 2: Oedometric swelling tests in perspex rings - 
overview. 

Specimen OPA- Path 𝒆𝟎 [-] 

0-14 A-B 0.380 

0-15 A-D 0.388 

 

2.3.2 Oedometric compression tests in 

dry state and on saturated speci-

mens 

The oedometric compression tests in dry state were 

carried out to determine the mechanical properties of 
the reconstituted specimens. To clarify how the 
swelling process affects the preloading stress and 

the stiffness, three oedometric compression tests 
were performed on saturated specimens after differ-
ent stress paths during swelling. Drained conditions 

and consolidation during the loading steps were as-
sured. In the tests on dry specimens, the axial stress 
was increased continuously. All oedometric com-

pression tests include both unloading and reloading 
cycles. An overview is given in Table 3. 
 

Table 3: Oedometric compression tests - overview. 

 

2.3.3 Air and water permeability tests 

The saturation of the material depends on the local 

permeability, which is reciprocally influenced by the 

swelling process. Therefore, the permeability is 

measured before saturation on the nearly dry mate-

rial based on nitrogen flow and during different  

stages of oedometric swelling tests based on water 

flow. The stress paths of these oedometric swelling 

tests correspond to those before the oedometric  

compression tests on saturated specimens, see Ta-

ble 4. All permeability tests were carried out under 

steady-state conditions with different pressures. 

 

Table 4: Permeability tests - overview. 

Specimen OPA- Path 𝒆𝟎 [-] 

0-24 A-D 0.386 

1-15 A-D-C 0.386 

1-16 A-D-C-B 0.386 

0-04 A-B-C-D 0.385 

0-07 A-B-C-D 0.392 

1-11 A-B-C 0.384 

0-29 A-B-C’C’’ 0.382 

Specimen 

OPA- 

Path Max. load 

[MPa] 

𝒆𝟎 [-] 

1-34 dry 80 0.397 

0-32 dry 40 0.376 

0-28 dry 40 0.382 

0-34  A-D 60 0.392  

0-24 A-B 40 0.385 

0-07 A-B-D 40 0.392 

Specimen 

OPA- 

Path Fluid Pressure 

[bar] 

𝒆𝟎 [-] 

0-08 dry NO2 0.25, 0.5, 
0.75 

0.389 

0-22 A-B-D H2O  1, 2, 4 0.387 

0-35 A-D H2O  1, 2, 4 0.387 

Figure 3: Loading paths in oedometric swelling tests. 



3 Experimental results  

3.1 Oedometric swelling tests 

The results of the oedometric swelling tests are first 
presented in terms of the development of strain and 
stress over time during free axial swelling strain tests 

and constant volume swelling tests in Figure 4. In a 
first phase, the swelling strain increases very pro-
nounced (Phase 1) before a second phase with a 

slower increase is entered (Phase 2). While Phase 1 
lasts only a few hours, the duration of Phase 2 is sev-
eral months. The evolution of the swelling pressure 

differs. Here, a peak value is reached during Phase 
1 before the stress asymptotically approaches a con-
stant value during Phase 2. Despite similar dry den-

sities, the magnitudes of strain and stress scatter no-
ticeable between the different tests.  
 

Figure 5 shows the development of strain and stress 
over time during multi-step swelling tests. It becomes 

evident, that the strain at the clamping stress level 

𝜎 = 𝜎0 after stress-controlled unloading (OPA-0-04) 
is significantly smaller than after a free axial swelling  
strain test (OPA-1-16). The magnitude of a smaller 
first unloading step has no pronounced effect on the 

final strain value (OPA-1-11). For both, unloading af-
ter constant volume swelling tests and loading after 
a free axial swelling test, the strain still changes after 

several months. In comparison, the time of each 
loading step during strain-controlled unloading (OPA-

0-29) is significantly shorter. It must be noted that a 
complete unloading of this specimen was not possi-

ble due to the accuracy of the load cell.  
 

 

All multi-step tests suggest a non-linear and path-de-
pendent relationship of the stress-strain pairs at the 
end of the respective steps. By presenting these 

pairs in terms of void ratio (𝑒) vs. stress (𝜎) in Figure 
6, the stress path dependency and non-linear behav-

ior becomes obvious. The 𝜎 - 𝑒 -relation of all multi-
step tests including unloading can be characterized 

by a unique line, thus by a swelling index            

𝐶𝑆,sat = 0.0515. Variation of the size of the unloading 

step and the control variable show no significant in-
fluence on the swelling index. This follows the swell-

ing law of Grob [8] in a modified way, wherein 𝜎0 is 
the clamping stress and 𝜎max the swelling pressure: 
 

Grob   𝜖 = −𝑘 log10
𝜎0

𝜎max
 , 

 

Modified  𝑒 = −𝐶𝑆,sat log10
𝜎0

𝜎max
 .  

 

For loading, a twice larger compression index 

 𝐶𝐶,sat = 0.1078 can be identified. Due to the small 

stress level, no definitive conclusion about a possible 
loss of preloading stress or existence of elastic de-
formation can be drawn. 

Figure 4: Evolution of strain in free axial swelling 
strain tests (top) and stress in constant volume 

swelling tests (bottom). 

Figure 5: Evolution of strain in stress-controlled un-

loading (blue) and loading (red) (top) and stress in 
strain-controlled unloading (bottom) in multi-step 
swelling tests. 



 

3.2 Testing in perspex rings 

Figure 7 shows the progression of the saturation front  

and the evolution of both strain in the free axial swell-

ing strain test (OPA-0-15) and stress in the constant 

volume swelling test (OPA-0-14). The progress of the 

saturation front was evaluated from the camera re-

cording of the specimens during watering from the 

bottom in the perspex rings, see Figure 8. The final 

degree of saturation was determined afterwards by 

oven drying at 105 °C. 

 

 

A linear coupling between deformation and initial sat-

uration becomes evident during the free axial swell-

ing strain test (red graphs in Figure 7). The saturation 

has approximately progressed through the entire 

specimen, when Phase 2 of the total strain evolution 

is entered (see Section 3.1). The increase of strain in 

Phase 1 is thus linear with the degree of saturation 

or volumetric water content. Contrarily, the swelling 

pressure develops faster than the saturation front  

progresses (blue graphs in Figure 7). Moreover, the 

saturation front progresses slower than in the free ax-

ial swelling strain test. It is assumed that the water 

permeability in the saturated areas is slightly reduced 

and the water flow is slowed down due to the con-

stant volume conditions. 

 

3.3 Oedometric compression tests 

For a direct comparison of the mechanical properties  
the results of all six oedometric compression tests on 

dry and saturated specimens are presented in Figure 
9 in terms of void ratio vs. stress. 
The unique relation between the target dry density 

and the required stress from specimen preparation is 
confirmed by the results of the tests on dry speci-
mens. The magnitude of the preparation stress is in 

good agreement with the distinct preloading stress of    

𝜎𝑣 ≈ 10 MPa from the test results. The compression 
index 𝐶𝐶,dry = 0.220 and the approximate value of the 

swelling index 𝐶𝑆,dry = 0.015  are well reproduced. 

 

 
For the results of the oedometric compression tests 

after different swelling tests the values from the end 

of each loading step after consolidation are pre-

sented in Figure 9. The first sections of the loading 

paths of specimens OPA-0-07 (green graph) and 

OPA-0-34 (blue graph) have a similar slope as the 

later un- and reloading paths of all specimens. For 

specimen OPA-0-24 (red graph) this load step is 

missing. Overall, the un- and reloading slope is sig-

nificantly greater than in the dry state, thus the elastic 

stiffness is reduced. A swelling index of 𝐶𝑆,sat = 0.055  

can be derived. The main section of the loading path 

Figure 8: View of specimen OPA-0-15 during satu-

ration in the free axial swelling strain test. 

Figure 7: Evolution of the saturation fronts, strain 
and stress during testing in perspex rings. Strain 
and stress are normalised to their maximum values. 

Figure 6: Void ratio vs. stress for selected load-

ing paths in oedometric swelling tests. 

Figure 9: Void ratio vs. stress for all oedometric  
compression tests. Tests on dry specimens in 
black  and tests on saturated specimens in color.  



is characterized by a similar slope as the compres-

sion line of the dry specimens but shifted parallel to 

a smaller stress level. This could indicate a pro-

nounced reduction or even loss of the preloading 

stress due to the swelling process. Independent of 

the prior stress path during swelling a unique com-

pression line with a compression index of           

𝐶𝐶,𝑠at = 0.174 can be identified. It is assumed that a 

transitional zone exists for loading in small stress 

ranges. This observation is in good agreement with 

the one from loading in oedometric swelling tests, 

see Figure 10. The transitional zone can be roughly  

approximated with the reduced un- and reloading 

stiffness in the dry state.  

 

3.4 Permeability tests 

The results of steady state air permeability tests with 

nitrogen flow give a mean value for the apparent per-

meability (of the non-swollen material) of            

𝐾𝑎,dry = 1.05 × 10−15 m². Considering the Klinken-

berg effect of gas flow through porous media the true 

permeability results in 𝐾∞,dry = 5.30 × 10−16 m² [9]. 

The Klinkenberg factor is assumed as 𝑏 = 47.5 kPa 

for a mean pressure of 𝑝 = 50 kPa in the experiments  

[10]. 

Table 5 gives an overview of the results of steady 
state water permeability testing in the saturated 

state. Mean values are given for each specimen and 
stage since no pressure-dependency was observed 
in the measurements. A significant reduction of per-

meability is observed for both specimens OPA-0-22 
(multi-step test) and OPA-0-35 (free axial swelling 
strain test) in the saturated state. The most pro-

nounced reduction of permeability, hence flow-con-
tributing porosity, by the swelling process is observed 
after the volume constant swelling test (OPA-0-22,  

B). Due to the constant volume conditions, it is as-
sumed that this is caused by a mass transport from 
“mobile” to “immobile” water phases. A minor in-

crease in permeability occurs after the unloading 
(OPA-0-22, D) and a more significantly higher per-
meability (compared to the permeability of constant 

volume swelling tests) is determined after the free ax-
ial swelling strain test (OPA-0-35).  

This is in good agreement with the observations from 
the swelling tests in perspex rings, see Section 3.2, 
where a slower saturation was identified for the swell-

ing pressure test compared to the free axial swelling 
strain test. It is further assumed that with the increase 

of global porosity  𝑛 =  1 − (𝑉𝑆 /𝑉), wherein 𝑉𝑆 and 𝑉  
are the volume of the solid phase and the total vol-
ume respectively, existing flow paths in the saturated 

specimen are less affected by swelling and an in-
creased saturated permeability remains. Considering 

a mean value of 𝐾sat = 1.78 × 10−18  m² in the satu-
rated state, the permeability of the material is re-
duced by a factor of approximately 300 due to swell-

ing. 
 

Table 5: Permeability tests after swelling - results. 

 

4  Discussion  

With the experimental results of all tests, a holistic 

description of the hydro-mechanically coupled mate-

rial behavior and properties is possible. The individ-

ual phenomena are summarized and then discussed 

in the context of constitutive modelling.  
 

4.1 Coupling between saturation and 

deformation 

The experimental results show that for unrestricted 

boundary conditions a linear coupling between volu-

metric deformation and saturation becomes evident  

for the initial wetting (see red graphs in Figure 7). Af-

terwards, there is a very slow increase in strain, 

which approaches an asymptotic final value. Taking 

a residual water content at the beginning of the test 

into account, which does not lead to any deformation,  

it becomes clear that the linear relationship only rep-

resents the middle part of an S-shaped curve. For ex-

pansive clays, similar findings are reported in [11] 

and [12]. 
 

4.2 Stress path dependency of swelling 

In the experimental results a significant stress path 

dependency of the strain in swelling tests was ob-

served, which is independent of the size of (un)load-

ing steps and characterized by a unique, constant 

un- and reloading stiffness. The strain caused by un-

loading of a saturated specimen occurs for stresses 

Specimen OPA- State Permeability [m²] 

0-22 B 1.20 × 10−18 

0-22 D (after  

unloading) 
1.56 × 10−18 

0-35 D 2.57 × 10−18 

Figure 10: Void ratio vs. stress of oedometric com-

pression tests on saturated specimens and oe-
dometric swelling tests. 



smaller than the mechanical preloading stress and 

can therefore be considered as elastic strain rather 

than swelling strain. 
 

4.3 Swelling-induced changes of hy-

draulic properties 

Due to swelling, the flow-contributing porosity of the 
material and hence permeability of the specimens 
were significantly reduced. This suggests a mass 

transport of water from the mobile to the immobile 
phase. For the numerical modelling, the water bound 
by the swelling mechanism could be considered as a 

separate (additional) phase that possesses the same 
intrinsic velocity as the solid phase. This allows intro-
ducing a reduced effective pore space, which leads 

to a “natural” consideration of the swelling-induced 
changes of hydraulic properties. 
 

4.4 Swelling-induced changes of me-

chanical properties 

A pronounced reduction of the un- and reloading stiff-

ness in the saturated state is shown in the results of 

the oedometric compression tests. The unique, con-

stant un- and reloading stiffness from swelling tests 

is confirmed. Therefore, the elastic stiffness of the 

material can be described as a function of the degree 

of saturation and interpolated between the extreme 

values in the dry and saturated state. The loading 

stiffness has been proven constant regardless of the 

degree of saturation. A parallel shift of the dry com-

pression line indicates a loss or significant reduction 

of preloading stress in the saturated state.  
 

4.5 Fundamental characteristics of the 

material behavior for constitutive 

modelling 

A constitutive model for hydro-mechanically coupled 
materials should be able to track the material re-
sponse under both, saturated and unsaturated con-

ditions. Therefore, an important feature must be the 
prediction of swelling deformation or swelling pres-
sure caused by a swelling mechanism, which is inac-

tive without a change in saturation. The swelling 
mechanism is thus directly coupled to the rate of vol-
umetric water content and must induce either strain 

or stress depending on the global boundary condi-
tions. The magnitude is governed by the loading his-
tory of the material, precisely the preloading stress, 

which evolves with deformation and saturation. The 
swelling-induced changes of mechanical properties  
are therefore considered. In this way, the response 

of the constitutive model to complex loading paths in 
saturated and unsaturated conditions only requires a 
single set of parameters. The swelling-induced 

changes of hydraulic properties can be realized as a 
mass transport in an extended theory of porous me-
dia.  

5 Conclusion 

An experimental study of the hydro-mechanically  
coupled behavior of reconstituted Opalinus Clay 

shale was presented. The material behavior was 
studied under dry and drained conditions. During 
specimen preparation and monotonic loading of dry 

specimens a unique loading line was discovered,  
which is shifted for monotonic loading of saturated 
specimens. An increase of saturation, hence volu-

metric water content, was found to be directly cou-
pled to deformation by conducting oedometric swell-
ing tests in perspex rings. The magnitude of both,  

strain and stress during swelling, is governed by the 
position of the shifted unique loading line in the satu-
rated state. Reciprocally saturation reduces the me-

chanical preloading stress. In general, a degradation 
of the mechanical properties due to saturation was 
observed in oedometric compression tests. The un-

loading stiffness has decreased by a factor of ap-
proximately four, which was also observed in oe-
dometric swelling tests. Furthermore, a swelling-in-

duced change of permeability was observed. The 
permeability in the dry state was investigated by air 
permeability tests and compared to water permeabil-

ity tests during different stages of swelling tests. A 
reduction by a factor 300 due to swelling was deter-
mined. From the results of the experimental cam-

paign, fundamental characteristics of the hydro-me-
chanically coupled material behavior for constitutive 
modelling were derived and discussed. Future work  

will extend the knowledge gained in this experimental 
study. Based on these findings, a novel material 
model for the non-linear path-dependent behavior of 

swellable soils will be developed. 
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