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Abstract. Understanding the mechanical behaviour of compacted bentonite upon re-saturation is of outmost 
importance in most designs of nuclear waste disposal repositories. The behaviour of bentonite is characterized 
by its stress-path dependency and it is typically interpreted on the basis of its microstructural interactions. Up 
to now, effective stress-based models have had limited success in reproducing consistently the main 
responses. Here a recently proposed model for the modelling of volumetric behaviour of compacted bentonites 
is extended to triaxial stress states.  The model is formulated using a conventional effective stress expression 
and the degree of saturation. Because these two variables are directly related to the water retention, a suitable 
formulation for bentonites is used. The resulting equations are characterised by a high degree of hydro-
mechanical couplings and a low number of material parameters, which can be obtained on the basis of well-
established laboratory procedures. In order to demonstrate its capabilities, the model is used to simulate the 
behaviour of MX-80 bentonite for several stress paths under oedometric conditions. The emphasis is put on 
the process of parameter determination. The predictive capabilities of the model are also highlighted. 

1 Introduction  
One of the main challenges in the analysis of underground 
nuclear waste repositories that use bentonite as a sealing 
material, is the long-term prediction of dry density 
evolution and distribution of the bentonite. In this regard, 
it is paramount the use of numerical models that can be 
calibrated on a well-defined basis and preferably with 
measurable properties, while being able to describe and 
predict the behaviour of bentonite satisfactorily. Such 
behaviour entails high swelling strains, high swelling 
pressure and stress path dependency [1].  
 This paper reports on-going work in the constitutive 
modelling of bentonite behaviour. A hydro-mechanical 
constitutive model is presented, calibrated and validated 
against experimental data that involves relevant hydro-
mechanical stress paths. The model is based on the 
recently developed volumetric model presented in Bosch 
et al. [2] which is formulated in terms of a single effective 
stress and the degree of saturation. This model here is 
extended to triaxial stress states using the Modified Cam 
Clay yield surface, an associated flow rule and a constant 
Poisson ratio. Although the model equations are highly 
coupled, they are relatively simple, and especially suitable 
for its numerical implementation, due to the smooth and 
natural transition between unsaturated and saturated 
states. The calibration procedure of all material 
parameters is shown for MX-80 bentonite, demonstrating 
that the determination of parameters can be done in a 
robust way on the basis of quantitative data from 
laboratory tests. Once the material parameters have been 

established, the predictive capabilities of the model are 
evaluated with wetting under constant load tests that led 
to both collapse and swelling strains. 

2 Numerical models 
The model is formulated in terms of the following triaxial 
stress variables: 

( )1 ' 2 ' , 
3 a rp σ σ= +′         ' 'a rq σ σ= −              (1) 

and the strain variables: 

 𝜖௩ = 𝜖 + 2𝜖,           𝜖 = 2 3ൗ (𝜖 − 𝜖) (2) 

where 𝜎′  stands for the effective stress, 𝜖  for the total 
strain and subscripts 𝑎, 𝑟  refer to the axial and radial 
directions, respectively. The sign convention is positive 
for compressive stress and contraction strains and 
negative for tensile stress and expansion strains. 

The constitutive equations are formulated according 
to the theory of elasto-plasticity whereby an explicit 
division between elastic and plastic (irreversible) strains 
is considered: 

d𝛜 = d𝛜 + d𝛜                            (3) 

where 𝛜 is the (total) strain tensor and superscripts 𝑒, 𝑝 
stand for elastic and plastic strains respectively. 
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 Elastic strains are due to changes in the generalised 
effective stress 𝛔′, in accordance with Nuth and Laloui 
[3]: 

 ' [ ]a rp sS= − −σ σ I                    (4) 

where 𝛔 is the total stress, 𝑝 is the pore air pressure, 𝑠 =𝑝 − 𝑝௪  is the matric suction, 𝑝௪  is the pore water 
pressure and 𝑆  is the degree of saturation. Eq. 4 is a 
particular form of the expression suggested by Bishop [4]. 
 Elastic strains result from the nonlinear relations 

d𝜖௩ = ᇲ d𝑝ᇱ,    d𝜖 = ଽ(ଵିଶఔ)ଶ(ଵାఔ) ᇲ d𝑞        (5) 

where 𝜈 is the Poisson ratio and 𝜅 is a material parameter 
defining the elastic compressibility. 
 Plastic strains develop when the yield condition 𝑓 =0 is met, with 𝑓 being the yield surface. The Modified 
Cam Clay yield surface and an associated flow rule are 
used: 

( )2 2 0Y Yf q M p p p′− − ′= =′                  (6) 

where 𝑀 defines the stress ratio at critical state and 𝑝ᇱ  is 
the yield pressure. 
 Similarly to [5] the yield pressure, 𝑝ᇱ  evolves with 
plastic deformation and degree of saturation according to 
the expression 

( )''
' '
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λ κ
λ κ

−
− 

=  
 

                     (7) 

where 𝑝′  is a reference stress (generally set to values 
around 1 Pa), 𝜆௦ defines the elasto-plastic compressibility 
for saturated states; 𝜆(𝑆)  is a function expressing the 
evolution of elasto-plastic compressibility with the degree 
of saturation; and 𝑝௦ᇱ  is the corresponding yield pressure 
at saturated state, which depends on the hardening law: 

dೊೞᇲೊೞᇲ = dఢೡఒೞି                               (8)                                                            

         The following expression is used for 𝜆(𝑆): 

( ) ( )( )1r s s rS r S
ξζλ λ λ κ= − − −              (9) 

where 𝑟, 𝜁 and 𝜉 are parameters defining the evolution of 
compressibility between dry and saturated states. 

The degree of saturation is computed as the ratio 
between water ratio 𝑒௪  (ratio of water volume with 
respect to volume of solids) and void ratio 𝑒: 

w
r

e
S

e
=                                    (10) 

The water retention model brings together an 
adsorption model and a capillary model [2] following 
ideas similar to [6]. 𝑒௪  is divided into capillary water 
ratio, 𝑒௪, (volume of non-adsorbed water with respect to 
volume of solids) and adsorbed water, 𝑒௪,  (volume of 
adsorbed water with respect to volume of solids): 

, ,w w c w ae e e= +                            (11) 

The evolution of capillary water ratio 𝑒௪,  is 
modelled with the expression proposed by van Genuchten 
[7] and modified by [8]: 

( ) ( )
1/ 1

, , ,1
nnb

w c w a w ae e e a e e s
−

   = − + −     
    (12) 

where 𝑛 , 𝑎  and 𝑏  are material parameters. 𝑒௪,  is a 
function of relative humidity, 𝑅𝐻, following a Freundlich 
isotherm [9] and expressed in terms of 𝑠  by means of 
Kelvin’s law: 

1/

, ,
,

exp
m

C w
w a w a

w a

M
e e s

RTρ

  
= −      

           (13) 

where 𝜌௪,  is the density of adsorbed water, 𝑅 = 8.314 
J/mol K, 𝑅 is the gas constant, 𝑀௪ is the molar volume of 
water, 𝑇 is the temperature in Kelvin degrees, 𝑒௪,  is the 
adsorption capacity parameter, and 𝑚  is a material 
parameter. 

3 Model application 
3.1 Determination of parameters 

In this section, a procedure for the determination of model 
parameters is suggested. Although robust, it is not a 
unique procedure, especially for the parameters that 
define the elasto-plastic compressibility under 
unsaturated states, i.e. Eq. (9). Here the unsaturated 
compressibility will be determined on the basis of a 
swelling pressure test, although alternatively these can be 
calibrated using compression under unsaturated states, as 
shown in [2]. Therefore, alternative procedures of 
calibration can be used depending on the availability of 
experimental data. The model is applied to compacted 
(block) MX-80 bentonite, given the extensive results on 
the behaviour of this material reported in the literature.  

Figure 1. Water retention calibration with experimental data 
(reported by [10] and [11]) on wetting paths for MX-80 
bentonite under constant volume.  
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Table 1. Water retention parameters for the compacted MX80 
bentonite. 

Parameter Value 𝑎 0.9 MPa-1 𝑏 1.5 𝑛 1.8 𝑚 1.0 𝑒௪,  0.55 

 

 First, the model is calibrated based on water retention 
properties, which is a fundamental relationship 
determining the model performance, due to the use of the 
degree of saturation as a constitutive variable. Three or 
more tests of water retention are preferable if only 
constant volume results are available, whereas one test 
performed under free volume conditions in combination 
with a constant volume test can be used to determine quite 
accurately all the water retention parameters. 
 Conveniently, the water retention behaviour of the 
MX-80 bentonite has been extensively tested. Figure 1 
shows the fit of the water retention model to the 
experimental data reported in [10] and [11]. The values 
used for each parameter are summarised in Table 1. 
 Note that the degree of saturation from the 
experimental data was computed using a water density of 
1 Mg/m3, which resulted in degree of saturation higher 
than 1 for the samples at 𝑒 = 0.68 at low suctions. For the 
sake of conciseness, in the present case adsorbed water 
density is also taken as 1 Mg/m3. 
 Once the water retention model is calibrated, the 
evolution of effective stress can be computed and 
therefore the calibration of the mechanical parameters can 
be done. Figure 2 shows the calibration of the parameters 𝜅  and 𝜆௦  on the basis of isotropic compression and 
unloading at saturated states reported by [12].  The stress 
ratio at critical state is set as 𝑀 = 0.37 based on triaxial 
tests reported by [13] on compacted saturated bentonite. 
The Poisson ratio is set as 𝜈 = 0.25. 

 
Figure 2. Calibration of 𝜆௦  and 𝜅  with isotropic compression 
and unloading tests on MX80 at saturated states. Data from [12]. 

 
Figure 3. Calibration of the unsaturated elasto-plastic 
compressibility parameters: 𝜁 , 𝜉  and 𝑟 with suction controlled 
swelling pressure test on compacted MX80 with e=0.97 data 
from [14]. 

Table 2. Material parameters for the MX80 compacted 
bentonite. 

Parameter Value 𝜅 0.068 𝜈 0.25 𝜆௦ 0.112 𝑀 0.37 𝑝ᇱ  1 Pa 𝑟 0.45 𝜁 1.5 𝜉 0.77 

  
Yigzaw et al. [14] performed a set of constant volume 

(at void ratio of 𝑒 = 0.97)  swelling pressure tests in 
which suction was controlled. These tests provide 
valuable insight regarding the compressibility under 
unsaturated conditions. Indeed, despite that the volume is 
constant during these tests, an important rearrangement of 
the fabric of the material occurs over the course of the 
saturation process (see for instance references [15] and 
[16]), which could be irreversible (Seiphoori et al. [17]). 
In the present modelling approach, this is interpreted as a 
plastic process, which depends on the relationship 
between the elastic compressibility 𝜅 , and the elasto-
plastic compressibility ( )rSλ , along the different 
saturation states. Hence, the evolution of swelling 
pressure with suction, provides a means to calibrate the 
parameters accounting for the unsaturated elasto-plastic 
compressibility.  
  Figure 3 shows the model response. In order to 
achieve a reasonable fit with the data, the yield limit is 
reached at relatively high suctions after an axial pressure 
of 1 MPa develops. The subsequent development of 
swelling pressure is in agreement with the experimental 
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data. This not only depends on the mechanical parameters, 
but it is also strongly dependent on the water retention 
curve through the effective stress formulation (eq. 4). As 
a result, in the current calibration, the set of hydro-
mechanical parameters leads to a non-linear response with 
two distinct peaks as suction decreases. Hence the 
importance of a good calibration of the water retention 
curve prior to proceed to the calibration of the mechanical 
model. The complete set of mechanical parameters is 
summarised in Table 2.  
 
3.2 Model predictions 

In order to demonstrate the predictive potential of the 
model, three tests reported by [14], consisting in suction 
decrease under constant load, are simulated. These stress 
paths were not considered in the calibration procedure and 
therefore they provide a valuable example to assess 
predictive capabilities. Three tests are simulated; starting 
from the initial state at a void ratio of 0.97e =  and 

80s =  MPa, compression stages up to axial stress of 0.25 
MPa, 1 MPa and 2 MPa are performed before imposing a 
decrease of suction to 0s =  MPa. Radial strains are 
prevented in all cases. 
 Figure 4 shows the modelling predictions compared 
to the experimental results obtained by [14], it is observed 
that the predicted evolution of void ratio match fairly well 
with those measured experimentally, hence giving 
confidence in the material parameters determined with 
swelling pressure tests. It is remarkable the smooth 
transition to the saturated states and the prediction of both 
collapse and swelling upon wetting depending on the 
vertical load. Note that the swelling strains stabilise once 
the suction becomes lower than the value of vertical load. 
This is a result of the logarithmic relationship between 
effective stress and volumetric strains. Indeed, when the 
value of suction drops below that of the vertical load, the 
effective stress tends to the total stress, reaching thus a 
state of equilibrium that agrees well with the experimental 
data.  Because the tests were performed under oedometric 
conditions, radial stress increased upon wetting in order 
to keep null radial displacements. Therefore, the final 
state at zero suction does not necessarily correspond to a 
mean effective stress equal to the vertical load.  

 
Figure 4. Model prediction of void ratio evolution upon wetting 
under constant load. Experimental data on MX80 compacted 
bentonite reported by Yigzaw et al. (2016) is also represented 
for comparison purposes. 

 
Figure 5. Interpretation of bentonite behaviour upon wetting 
under different vertical stress in terms of effective stress and 
degree of saturation. As a reference, the initial yield, the normal 
compression line at saturated state and the purely elastic line 
from the initial state are also shown. 

 To understand the differences between the wetting 
under constant volume (swelling pressure) and the 
wetting under constant load, the stress paths computed by 
the model in terms of constitutive stresses (effective stress 
and degree of saturation) are reproduced in Figure 5. It is 
observed that, as in the case of constant volume wetting, 
the purely elastic behaviour is restricted to the first part of 
the tests. As wetting proceeds beyond that point and the 
degree of saturation increases, the material undergoes 
plastic strains, the magnitude of which depends on the 
load to which it is subjected. In this regard, the evolution 
of the degree of saturation largely determines this extent 
of plastic strains. Indeed, when bentonite densifies, the 
degree of saturation increases at a higher rate than in the 
cases in which the bentonite undergoes swelling for the 
same suction range. If the vertical load is low enough, 
plastic strains do not exceed elastic strains and therefore 
no wetting-collapse is predicted. Note also, that the 
swelling pressure at equilibrium (when suction tends to 0) 
corresponds to the normal compression line, defined by 

sλ , when is projected in the plane ( ’p e− ).  

4 Conclusions 
A complete hydro-mechanical constitutive model, 
intended to be used to analyse bentonite barriers in 
nuclear waste repositories, has been described in this 
paper. Two of the main advantages of the model have 
been demonstrated, which are a robust procedure for the 
calibration of material parameters and the predictive 
capabilities. This is achieved by using a proper water 
retention formulation and a constitutive framework 
formulated in terms of an effective stress and the degree 
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of saturation. As a result of the high degree of hydro-
mechanical coupling, the number of equations and 
parameters necessary is significantly lower with respect 
to those required in a framework with independent stress 
variables or using a double porosity formulation. 
 To demonstrate some essential features, the model 
has been used to reproduce the response of MX80 
bentonite for different stress paths starting from as-
compacted conditions. It has been shown that each 
parameter can be calibrated on a well-defined basis, 
avoiding ambiguity, non-uniqueness of solutions and thus 
providing confidence when predictive modelling is 
performed, especially involving complex stress paths not 
considered in the calibration process. Of particular 
relevance is its suitability for Finite Element analysis, due 
to its compact mathematical formulation and the seamless 
transition to saturated states from as-compacted 
conditions. 
 

This work has received funding from the Euratom research and 
training programme 2014-2018 under grant agreement No 
745942. 
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