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A B S T R A C T   

The hydromechanical response of a Wyoming-type bentonite (MX-80) and its interface with steel was studied in 
terms of shear resistance under different hydration levels. A series of shear tests under constant normal stress 
were performed in total suction controlled conditions. In the case of bentonite samples, higher shear resistance 
was obtained for higher levels of applied suction. The shear properties of the bentonite/steel interface were 
overall lower than the internal properties of the bentonite, and they were not affected in a significant way by the 
hydration level. All samples presented a compactive response during shearing.   

1. Introduction 

The multi-barrier concept of geological repositories aims to create a 
safe storage system for potentially harmful material, such as high level 
radioactive waste. In the context of nuclear waste storage, bentonite is 
studied as a buffer material between the host rock and the waste can-
isters that will be used in two forms: in form of blocks sustaining the steel 
canister with nuclear waste and in granular form filling the space be-
tween the canister and the host rock. The choice of bentonite is made 
based on its isolation properties such as low permeability, solute 
retention and swelling ability (Marcial et al., 2006; Hoffmann et al., 
2007; Wang et al., 2012; Seiphoori et al., 2014). Bentonite will swell 
upon hydration and fill existing gaps that may be created during the 
emplacement phase or throughout the life of the system. Bentonite will 
be placed in its hygroscopic state in the tunnel excavated in the host 
rock, however, the state of the material is expected to be affected by the 
mechanical impact of the shear stresses caused by possible deformation 
of the outer rock (Alonso et al., 2005; Tang et al., 2008; Bosch Llufriu, 
2021). 

In the context of underground nuclear waste storage, the study of 
interfaces is important for evaluating the safety of the repository. Sin-
nathamby et al. (2014) explained the importance of the shear strength of 
the backfill material interfaces in limiting the swelling of the buffer. 
Some studies were conducted on rock/bentonite interfaces in order to 
examine the hydration process of the buffer (Gens et al., 2002) or to 
investigate the evolution of the voids between the buffer and the rock 
due to bentonite swelling (Grindrod et al., 1999), while a few shear tests 
on rock/bentonite interfaces were also reported in literature (Börgesson 

et al., 2003; Buzzi et al., 2008). Nevertheless, to the Authors knowledge, 
there is no information regarding the shear response of the bentonite 
with the canister steel. In the field, the bentonite's state is non- 
homogeneous due to possible differences in dry density resulting from 
both the emplacement of the barrier and the use of different bentonite 
forms. During resaturation of the barrier, this non-homogeneous state 
might activate the bentonite/canister interfaces in shear, the response of 
which should be taken into account throughout the repository's life-time 
for safe storage. 

The objective of this study was to determine the shear strength of a 
Wyoming-type bentonite (MX-80) and its interface with steel in various 
hydric states. A series of suction-controlled direct shear tests under 
drained conditions were carried out aiming to investigate the hydro- 
mechanical behaviour of the interface, considering the bentonite's 
granulation and water content. 

The shear behaviour between various types of soils and steel, was 
previously studied mostly in the context of pile foundation design (e.g. 
Mortara et al., 2007; Ho et al., 2011; Quinteros et al., 2017). Similarly to 
standard soil testing, the shear response of soil/structure interfaces can 
be expressed based on the Mohr-Coulomb criterion: 

τf = c+ σ′
n⋅tan(δ) (1)  

where τf is the shear stress at failure, σ′
n the effective normal stress, c the 

apparent cohesion of the interface, and δ the interface friction angle at 
failure (similarly to ϕ that denotes the internal friction angle of a soil). 
Some of the most important factors affecting the friction of an interface 
are mineralogical composition, density and the gradation of the soil, as 
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well as on the roughness of the in-contact surface. The strength of the 
interface can reach a maximum value equal to the strength of the con-
tacting soil, resulting in ‘δ = ϕ conditions’ (Uesugi and Kishida, 1986; 
Dove and Jarrett, 2002; Lings and Dietz, 2005). 

The behaviour of a partially saturated soil or soft rock interfaces is 
quite different from saturated or fully dried conditions (Hossain and Yin, 
2010; Pellet et al., 2013; Hossain and Yin, 2014; Stavropoulou et al., 
2020). Hossain and Yin (2010) pointed out that the dilatant response of 
a soil is significantly influenced by the stress state variable and in fact by 
the matric suction. As suction increased, a more dilatant response was 
observed. 

In the current study, the results of a series of direct shear tests under 
total suction control conditions are presented and analysed. First, the 
shear response of the bentonite at hygroscopic state is characterised with 
a series of direct shear tests. These shear results are then compared to the 
shear response of the steel/bentonite interface. 

2. Tested material 

The main properties of this bentonite were previously identified by 
Plötze and Weber (2007) and Seiphoori et al. (2014) and are summar-
ised in Table 1. The tested material is the same material tested by Sei-
phoori et al., 2014, containing >85% Na-smectite. The exact 
mineralogical composition of the material was reported by Plötze and 
Weber (2007): 84.9% smectite, 4.8% muscovite, 3.7% quartz, 5.2% 
feldspar and 1.3% calcite. They additionally measured a cation- 
exchange capacity of 74 meq/100 g including 52.4 meq/100 g Na (So-
dium), 13.2 meq/100 g Mg (Magnesium) and 1.4 meq/100 g K (Potas-
sium). In this study, a grain size distribution (GSD) similar to Seiphoori 
et al. (2014) was used, without considering the finest fraction. In the as- 
poured hygroscopic state the moisture content measured ≈ 5.8%, the 
initial void ratio e0 = 0.75 and the initial bulk and dry densities of the 

samples ρ ≈ 1.50 g/cm3 and ρd ≈ 1.36 g/cm3 respectively. 
Seiphoori et al. (2014) and Ferrari et al. (2022) discussed the influ-

ence of the total suction/water content on the material's response at 
static compaction, explaining that the compression index of granular 
bentonite increases with the decrease of total suction. In order to 
minimise the high overconsolidation state of the material and its 
possible influence on the shearing response, in this work, the initial state 
of the samples was considered at as-poured hygroscopic state. The in-
fluence of the hydration on the volumetric behaviour and the compac-
tion response was then carefully assessed. 

3. Methodology 

3.1. Experimental setup and sample preparation 

All shear tests were performed using a direct shear device (Di Donna 
et al., 2015) that was adjusted for total suction control throughout the 
test (Fig. 1). The vertical and horizontal axes can be controlled inde-
pendently both in force (maximum load 5 kN) and displacement. Two 
LVDTs (Linear Variable Differential Transformers) were used for the 
measurement of the horizontal and vertical displacements with a 
maximum range of 25.0 mm and 12.5 mm respectively. For the creation 
of the bentonite-steel interface, a flat steel plate (area 105 mm × 60 mm 
and height 16 mm, Young's modulus = 210 GPa) was positioned in the 
lower part of the shear box (Fig. 1). The bentonite sample (area 30× 30 
mm and height 20 mm) was placed on top of the steel plate, in the upper 
part of the shear box, ensuring a constant contact area between the two 
materials. All tests were performed in temperature-controlled conditions 
(23±1∘C). 

The bentonite samples were initially hydrated outside the shear box 
in free swelling conditions. Three different hydration states were 
considered based on the vapour equilibrium technique (VET). This 

Table 1 
Basic properties of the tested material (Plötze and Weber, 2007; Seiphoori et al., 
2014).  

Smectite 
content 
(%) 

Cation 
Exchange 
Capacity 
(CEC) 

Specific 
surface 
area (m2/g) 

Specific 
gravity 
(− ) 

Liquid 
limit 
(%) 

Plastic 
limit 
(%) 

84.9 72.16 523 2.74 420 65  

Fig. 1. Experimental set-up for direct shearing under suction-controlled conditions, (a) bentonite/steel interface setup, (b) bentonite setup, (c) top view of the shear 
box, (d) side view of the setup with the insulating membrane and the saline solution jars. 

Table 2 
Saline solutions and corresponding levels of total suction and water content of 
bentonite.  

saline solution total suction (MPa) water content (%) 

KNO3 15 16.3 
NaCl 40 12.8 
hygroscopic 130 5.8  
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technique incorporates control of the relative humidity using saline 
solutions at a given temperature and was applied on various geo-
materials (Romero, 2001; Delage et al., 2008; Minardi et al., 2018). 
Relative humidity (RH) can be converted to total suction (Ψ) according 
to the psychrometric law (Fredlund and Rahardjo, 1993). In this study, 
the level of total suction in the sample was measured using a dew-point 
psychrometer WP4C (Leong et al., 2003; Cardoso et al., 2007). 

The hydration of the samples was achieved inside desiccators using 
two different types of saturated saline solutions targeting two levels of 
total suction: KNO3 solution for ≈ 15 MPa total suction and NaCl solu-
tion for ≈ 40 MPa total suction. The concentration of each used solution 
was 36% and 46% respectively, as per Romero, 2001. The evolution of 
hydration was monitored by means of total suction and mass evolution 
of the samples, taking them out of the desiccators periodically. For the 
achievement of the desired value of total suction, a period of 40 days was 
required (see Figure SM1-a, in Supplementary Material available 

online). A third hydration state that corresponds to the bentonite's hy-
groscopic state was considered, with a measured total suction of around 
130 MPa. The corresponding gravimetric water content of the material 
for each target level of total suction was determined after drying the 
samples in 105∘C and is reported in Table 2. 

The water retention properties of the material during wetting are 
presented in Figure SM1-b in terms of total suction and corresponding 
water content. Once the desired water content level was achieved, the 
bentonite was poured in the upper part of the shear box (as-poured state). 
Given the volume of the shear box, the necessary soil mass was weighed 
and used for a constant initial sample density. A sealing membrane was 
introduced around the shear box. Two open glass recipients containing 
the saline solution corresponding to the target total suction level were 
placed inside the membrane to ensure constant relative humidity (RH) 
conditions. The level of total suction before and after each shear test was 
measured with the dew-point psychrometer to confirm successful 

Fig. 2. Shear results of the bentonite samples for each level of applied normal stress and total suction.  

Fig. 3. Shear results of the bentonite/steel interface for each level of applied normal stress and total suction.  
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maintenance of the targeted level of total suction. 

3.2. Testing methodology 

Two main series of shear tests were performed, aiming to evaluate 
the impact of the material's moisture content by means of applied total 
suction on (i) its internal friction properties, as well as (ii) those of the 
steel/bentonite interface. 

In the case of the bentonite/bentonite interface (internal), a total 
sample thickness of 20 mm ± 1 mm was adopted, while for the 
bentonite/steel interface the bentonite thickness was reduced to 10 mm 
± 1 mm. A constant normal load was applied to each interface sample 
and once consolidation was completed shear displacement was applied. 

An average duration of 2 h after application of the normal load was 
required to observe the stabilisation of the settlement. The shear 
response of bentonite was tested under a series of constant normal stress 
σn = 100, 200, 500, 1000, 1500 and 2000 kPa, and of the bentonite/steel 
interface under σn = 100, 200, 500, 1000 and 1500 kPa. 

Shearing was applied under the same constant normal load (CNL 
conditions) with a shear rate of 0.05 mm/min until failure, based on the 
Mohr-Coulomb failure criterion (average shear duration 3.5 h). At the 
end of the shear phase, the total suction and water content of the 
bentonite sample were measured. The total suction was overall suc-
cessfully maintained during shearing (within the accuracy of the mea-
surement), as highlighted in the Supplementary files. 

4. Results 

The response of the bentonite/bentonite samples in compression- 
only is presented in Figure SM1-c and compared to previous results by 
Seiphoori et al. (2014) for validation. A similar trend was obtained for 
both campaigns, proving the coherence of the obtained results. The 
differences were mainly related to the difference of the total applied 
suction. Overall, a more compressible response – more pronounced 
decrease of void ratio – was observed for lower applied total suction, i.e. 
higher water content, which can be explained by a higher initial swelling 
of the bentonite upon hydration. 

4.1. Shear response of bentonite 

The shear response of the internal bentonite interface under the three 
different applied levels of total suction is presented in Fig. 2: 130 MPa 
(hygroscopic), 40 MPa and 15 MPa. For all samples and levels of hy-
dration the volumetric response during shearing was overall compactive 

Fig. 4. (a) Peak failure envelopes for bentonite for all the suction levels, (b) Shear stress evolution with suction for different levels of normal stress for 
bentonite samples. 

Table 3 
Internal shear strength parameters and preconsolidation pressure for the three 
suction datasets of bentonite.  

suction (MPa) ϕpeak (◦) cpeak (kPa) ϕult (◦) cult (kPa) σc (kPa) 

130 31.8 96.8 30.0 106.0 352.1 
40 25.5 121.9 21.8 138.0 141.9 
16 17.8 146.1 14.5 148.9 118.1  

Table 4 
Shear strength parameters and preconsolidation pressure for the two suction 
datasets of the bentonite/steel interface.  

suction (MPa) δpeak (◦) cpeak (kPa) δult (◦) cult (kPa) σc (kPa) 

130 18.9 42.5 19.3 30.0 216.6 
16 17.4 37.2 16.1 33.3 155.2  

Fig. 5. (a) Peak failure envelopes of the bentonite/steel interface at two total suction levels, (b) Shear stress evolution with suction for different levels of 
normal stress. 
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regardless of the level of applied normal stress (Fig. 2 bottom). A higher 
compaction level was obtained for higher normal load at hygroscopic 
conditions. However, at lower suction levels, the correlation between 
vertical displacement and normal stress was less obvious. In the case of 
the lowest suction level (15 MPa), the volumetric response was very 
similar regardless the level of the applied normal load. The peak failure 
shear envelope is plotted after fitting the Mohr-Coulomb criterion in 
Fig. 4-a. To confirm repeatability of the response, multiple tests were 
performed under the same normal load, as shown in the same figure. The 
friction angle and cohesion for each level of total suction were calcu-
lated and are reported in Table 3. In the same table, the values of pre-
consolidation pressure (σc) calculated during the compression-only 
stage was reported 

At low normal stress levels (< 500 kPa) there was no clear impact of 
suction on the shear resistance of the material. The peak friction angles 
decreased from 31.8∘ to 17.8∘ between total suction 130 MPa (hygro-
scopic) and 15 MPa, and they varied in a similar range at the ultimate 
stage (30.0∘ to 14.5∘) – see Table 3. On the contrary, the initial apparent 
cohesion of ≈ 100 kPa at hygroscopic conditions (both peak and ulti-
mate) increased up to 146 kPa with a decrease of suction to 15 MPa. For 
normal loads over 500 kPa, the shear resistance of the studied bentonite 
decreased with the decrease of total suction, i.e. with the decrease of 
water content, as revealed from Fig. 4-b. The increase of the level of 
hydration in the bentonite resulted in a paste-like material with 
increased adhesion between the grains that once broken presented low 
frictional properties. A drier bentonite involves additional failure 
mechanisms similar to ‘non-cohesive’ materials such as grain breakage 
that may result in a locally increased roughness of the failure surface. 

4.2. Shear response of the bentonite/steel interface 

Following the characterisation of the internal shear properties of 
bentonite, in this section, the shear response of the bentonite/steel 
interface was studied at two different levels of total suction: 130 MPa 
(hygroscopic conditions) and 15 MPa (Fig. 3). 

For both suction levels a compactive response was obtained 
throughout shearing however in a less pronounced way compared to the 
internal bentonite response. In terms of friction properties the response 
was very similar; a peak friction angle of around 19◦ (for both 130 MPa 
and 15 MPa total suction) that decreased only slightly at the ultimate 
stage to 17.4◦ and 16.1◦ at 130 MPa and 15 MPa total suction respec-
tively. In terms of apparent cohesion, the peak and ultimate values were 
very similar for each level of total suction (see Table 4). The failure 
envelopes (peak and ultimate) of the two levels of suction for the 
bentonite/steel interface were presented in Fig. 5-a. The peak shear 
strength of the interface was practically the same and only at the ulti-
mate stage the shear response at lower suction was somewhat less sig-
nificant than that at hygroscopic conditions. The shear results together 
with the calculated preconsolidation stress (compression-only stage) are 
summarised in Table 4. 

5. Discussion 

The internal shear strength of the bentonite was considerably higher 
than that of the bentonite/steel interface for both levels of applied total 
suction. In the case of the bentonite/steel interface, the level of applied 
suction did not impact the shear response, neither in terms of friction 
angle nor adhesion; no bentonite grains were found attached on the steel 
after shearing. This was mainly related to the fact that here the failure 
surface was pre-imposed at the interface between the two materials and 
therefore effects related to increased local roughness and grain breakage 
were eliminated. 

The evolution of the failure envelopes of bentonite showed that the 
level of applied suction affected the frictional response of the material; 
increasing friction angle with increasing suction. This may be related to 
stiffness decrease of the grains after hydration. The failure surface was 

pre-imposed and horizontal between the upper and lower parts of the 
shear box which resulted in grain breakage during shearing and there-
fore increased frictional mobilisation. In the case of softer hydrated 
grains (lower suction), grain breakage during shearing would result in 
lower levels of friction angle. 

6. Conclusions 

In this work, the hydromechanical response of Wyoming-type 
bentonite and its interface with steel was characterised in terms of 
shear resistance through a series of total suction control direct shear 
tests. More precisely, the shear response of bentonite and bentonite/ 
steel samples was evaluated under different levels of total suction and 
different levels of constant normal load. 

The following conclusions can be drawn overall. The internal shear 
properties of bentonite were dependent on the level of hydration, here 
applied in terms of total suction. A higher shear resistance was obtained 
for higher levels of total suction, i.e. drier samples, for a given normal 
stress. Drier samples presented an increased frictional resistance (higher 
friction angle δ), while the trend was inverse for the apparent cohesion 
that increased with the decrease of total suction, i.e. wetter samples. The 
shear properties of the bentonite/shear interface were lower than the 
internal shear properties of the bentonite regardless the suction level. All 
tested samples, regardless water content, presented a compactive 
response upon shearing. Finally, no clear impact of the applied total 
suction was observed on the shear response of the flat steel/bentonite 
interface. 
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137–182. 

Lings, M.L., Dietz, M.S., 2005. The peak strength of sand-steel interfaces and the role of 
dilation. Soils Found. 45 (6), 1–14. 

Marcial, D., Delage, P., Cui, Y.J., 2006. A laboratory study of the self sealing behaviour of 
a compacted sand-bentonite mixture. Geomech. Geoeng. Int. J. 1 (1), 73–85. 

Minardi, A., Ferrari, A., Ewy, R., Laloui, L., 2018. Nonlinear Elastic Response of Partially 
Saturated Gas Shales in Uniaxial Compression. Rock Mech. Rock. Eng. 51, 
1967–1978. https://doi.org/10.1007/s00603-018-1453-x. 

Mortara, G., Mangiola, A., Ghionna, V.N., 2007. Cyclic shear stress degradation and post- 
cyclic behaviour from sand–steel interface direct shear tests. Can. Geotech. J. 44 (7), 
739–752. 

Pellet, F.L., Keshavarz, M., Boulon, M., 2013. Influence of humidity conditions on shear 
strength of clay rock discontinuities. Eng. Geol. 157, 33–38. 

Plötze, M., Weber, H.P., 2007. ESDRED: Emplacement tests with granular bentonite MX- 
80 (No. NAB 07–24), Laboratory Results from ETH Zürich. Wettingen, Nagra. 

Quinteros, V.S., Dyvik, R., Mortensen, N., 2017. Interface friction angle soil-on-steel from 
ring shear tests on offshore north sea sands. Geotech. Front. 2017, 358–367. 

Romero, E., 2001. Controlled-suction techniques. In: Proc. 4th Simposium Brasileiro de 
Solos Não Saturados, Porto Alegre, Brasil. 

Seiphoori, A., Ferrari, A., Laloui, L., 2014. Water retention behaviour and 
microstructural evolution of MX-80 bentonite during wetting and drying cycles. 
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