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ABSTRACT: Indurated clayey formations are among the leading candidates as host media for the geological disposal of high- and 
intermediate-level long-lived nuclear waste due to favourable characteristics, such as low permeability, significant retardation 
properties for radionuclide migration, and some degree of self-sealing of fractures. However, they usually exhibit relatively low 
strengths and are subjected to relatively high in situ stresses (squeezing ground), which can induce large plastic deformations and cause 
overstressing of the support structures of tunnels. Under these conditions, yielding support systems have been employed to allow for 
certain deformation of the rock mass and, therefore, reduce the load transferred to the lining. Although different types exist, they 
generally have one or more elements with a lower yield limit than the rest of the components, capable of absorbing a substantial amount 
of deformation. They have been successfully employed in several tunnel construction projects and are being considered as a potential 
alternative for support structures in future repositories. However, in these soft rocks, time-dependent deformations can attain substantial 
magnitudes, which might affect the performance of the support system. Furthermore, the effect of additional relaxation is unclear in 
relation to the induced fracture zone around the excavation. Within this context, this work presents the results of a numerical 
investigation into the performance of a yielding support system for tunnels in claystone, particularly a compressible mortar between 
the rock and the lining. Coupled hydro-mechanical analyses were performed, where the host rock was characterised by a constitutive 
model that includes a number of features relevant for the satisfactory description of these stiff clayey materials, particularly its ability 
to objectively simulate localised deformations. A constitutive model was also developed to represent the behaviour of the compressible 
mortar. Results provide relevant insights into the long-term performance of the adopted yielding support system.  

KEYWORDS: Deep tunnel, claystone, hydro-mechanical, fractured zone, localisation, yielding support. 

 
1 INTRODUCTION 

Underground excavations in weak rock masses subjected to 
high in situ stresses, commonly known as squeezing ground 
conditions, can induce significant plastic deformations that may 
overstress conventional rigid support systems (Mezger et al., 
2017; Ramoni and Anagnostou, 2010). The severity of 
deformation is strongly influenced by the ratio of rock mass 
strength to in situ stress (Hoek, 2001). To address these 
challenges, yielding support systems have been developed, 
incorporating elements with lower yield limits that absorb 
deformation, enabling controlled rock convergence and stress 
relaxation. This reduces the load transferred to the lining and 
mitigates the risk of structural failure. However, once the 
yielding capacity is exhausted, the system increases its 
stiffness, and failure remains possible. 

The use of yielding supports is increasingly relevant in the 
design of deep geological repositories for nuclear waste 
disposal, where host rocks are often weak and excavations 
occur at considerable depths. For example, the KONRAD 
repository in Germany, at depths between 800 and 1300 meters, 
employs a slotted lining with sliding anchors to accommodate 
rock convergence during initial squeezing, followed by a 
reinforced shotcrete lining (Stahlmann et al., 2014; Wacker et 
al., 2020). Similarly, ANDRA’s Meuse/Haute-Marne 
Underground Research Laboratory (MHM URL) has developed 
compressible arch segment technology, integrating a porous, 
cement-agglomerated crushed claystone shell within segmental 
concrete linings. This shell absorbs rock convergence by the 
collapse of ceramic tube units, thereby limiting radial stresses 
at the lining interface (Bosgiraud et al., 2017; ANDRA, 2019). 

While yielding supports originated and are widely used in 
mining, such as sliding steel arches (Junker et al., 2019; Kang, 
2014) and flexible concrete panels (Haecker, 1987), their 
principles have been adapted for tunnelling projects, including 
Alpine tunnels using shotcrete segments with steel lining stress 
controllers (Schubert et al., 2018) and compressible grout 
layers made of expanded clay or mortar mixed with polystyrene 
beads (Hu et al., 2020; Zghondi et al., 2015). 

Previous studies have shown that yielding supports 
improve load redistribution and reduce stress anisotropy effects 
(Hu et al., 2020, 2019), with time-dependent rock behaviour 
also playing a significant role (Do et al., 2021). However, a 
comprehensive evaluation incorporating rock anisotropy, 
creep, and localised deformations remains scarce. This work 
seeks to address these factors to improve the understanding of 
the long-term performance of yielding supports in the context 
of deep geological nuclear waste disposal. Specifically, the 
analysis focuses on a circular tunnel with a segmental concrete 
support, where a compressible mortar layer in the extrados acts 
as the yielding element to moderate the interaction between the 
lining and the host rock. 

2 CONSTITUTIVE MODELING OF MATERIALS 

2.1 Host rock 

The constitutive model presented in Mánica et al. (2022) was 
used to characterise the behaviour of the host rock formation. It 
was originally developed to reproduce the hydro-mechanical 
response of an experimental drift at the Meuse/Haute-Marne 
(MHM) Underground Research Laboratory (URL), excavated 
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in the COx argillite, an indurated clayey formation currently 
considered a potential host rock for a nuclear waste repository. 
While this study does not reference a specific geological 
formation, claystone is assumed as the host material, justifying 
the use of this model. Developed within the frameworks of 
elasto-viscoplasticity (Perzyna, 1966) and plasticity-creep 
partition (Chaboche, 2008), the model incorporates key features 
necessary for simulating indurated clayey materials, including 
a nonlinear yield criterion, anisotropy in strength and stiffness, 
a non-associated flow rule, rate dependence, strain softening, 
creep deformations, and damage-related permeability increase. 
Furthermore, the model incorporates a nonlocal regularisation 
to avoid the well-known pathological mesh-dependence issues 
that arise when softening is employed in a continuum-based 
numerical framework. 

 The constitutive model was implemented as a user-
defined soil model (UDSM) within the finite element software 
Plaxis and utilised in the coupled hydro-mechanical simulations 
presented here. A comprehensive description of the model and 
its implementation is beyond the scope of this work and can be 
found in previous publications (Mánica, 2018; Mánica et al., 
2022). The parameters used to characterise the host rock in the 
simulations are also detailed elsewhere (Mánica et al., 2024). 

2.2 Compressible mortar 

This work investigates the incorporation of a compressible 
mortar layer as a yielding element between the host rock and 
the segmental concrete lining in tunnels. The mortar studied is 
based on oedometric tests from Zghondi et al. (2015) (see 
Figure 1) and consists of a compressible grouting mortar with 
embedded polystyrene beads. Initially, the mortar behaves 
elastically until it reaches a yield stress, after which it undergoes 
gentle hardening. This continues until the compression capacity 
of the polystyrene beads is exhausted, resulting in a rapid 
increase in stiffness. 

 
Figure 1. Laboratory results (Zghondi et al., 2015) and simulations of 
oedometric tests on the compressible grout material. 

To simulate the behaviour of the mortar, a simple 
elastoplastic constitutive model was developed and 
implemented in Plaxis as a UDSM to reproduce the response 
shown in Figure 1. Although oedometric tests alone do not fully 
characterise the material behaviour, in the absence of additional 
data, reasonable general assumptions guided the development 
of the model: an elastoplastic formulation, a yielding 
mechanism for loading paths with low-stress ratios, finite 
strength under deviatoric loading, and a hardening law 
capturing the compression behaviour illustrated in Figure 1. 

Within the yield surface, an isotropic linear elastic 
behaviour was assumed. A yield function, similar to the 
Modified Cam Clay (MCC) model, was employed, defined as: 
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where 𝑞 is the deviatoric stress, 𝑝 is the mean stress, 𝑀 is the 
slope of the critical state line in the 𝑞 -𝑝  space, 𝑝௖  is the 
isotropic yield pressure, and 𝑚 is a parameter controlling the 
shape of the yield function.  

An associated flow rule is adopted; therefore, Eq. (1) is 
also employed to characterise the plastic potential. The 
hardening rule, which captures the yielding behaviour of the 
compressible mortar (Figure 1), is expressed as follows: 
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where 𝜀௩
௣  is the volumetric plastic strain and 𝐾ଵ , 𝐾ଶ , 𝑁, and 

𝜀௩,୲୦୰
௣  are material parameters. 

The oedometric tests from Zghondi et al. (2015) were 
simulated using the implemented constitutive model and the 
parameters listed in Table 1. The results, presented in Figure 1, 
show that the model satisfactorily reproduces the compression 
behaviour of the compressible mortar studied. 

Table 1. Selected parameters for the compressible mortar in the 
extrados. 

Parameter Value Unit 

Young’s modulus, 𝐸 150e3 kN/m2 

Poisson’s ratio, 𝜈 0.3 - 

Yield pressure, 𝑝௖ 900 kN/m2 

CSL slope, 𝑀 1.63 - 

Parameter in the yield surface, 𝑚 3 - 

Parameter in the yield surface, 𝐾ଵ 1850 kN/m2 

Parameter in the yield surface, 𝐾ଶ 500e3 kN/m2 

Parameter in the yield surface, 𝑁 3 - 

Parameter in the yield surface, 𝜀௩,୲୦୰
௣   0.4 - 

3 MAIN CHARACTERSITCS OF THE ANALYSES 

As previously mentioned, the study does not focus on a specific 
geological formation or tunnel design, although certain 
assumptions reflect features of a possible German repository 
concept. The drift is modelled as a circular tunnel, 7.5 m in 
internal diameter, with a 40 cm thick concrete segmental lining 
represented by elastic continuous beam elements based on 
Mindlin’s theory, with the parameters shown in Table 2. While 
this simplifies the actual behaviour of joints, it provides an 
upper bound for internal forces. Between the lining and host 
rock, a 20 cm annular gap is backfilled with the compressible 
mortar, modelled as described in Section 2.2 and with the 
parameter shown in Table 1, assuming a rigid contact with the 
host rock. 

Table 2. Selected parameters for the lining beam element. 

Parameter Value Unit 

Axial stiffness, 𝐸𝐴 14.8e6 kN/m 

Flexural rigidity, 𝐸𝐼 197.3e3 kN/m2/m 

Specific weight, 𝑤 9.6 kN/m/m 

Poisson’s ratio, 𝜈 0.2 - 
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Two-dimensional (2D) plane strain coupled 
hydromechanical analyses were performed. Figure 2 shows the 
geometry, boundary conditions, and the finite element mesh 
employed. The tunnel is assumed at a depth of 800 m, with 
initial total stresses of 18.22 and 11.46 MPa in the vertical and 
horizontal directions, respectively, and a water pressure of 7.85 
MPa. Lithostatic and hydrostatic gradients were applied, 
considering unit weights of 23.84 kN/m³ for the rock and 9.81 
kN/m³ for the water. The modelled domain extends 100 m 
above and below the tunnel elevation, and, owing to symmetry, 
only half of the cross-section is simulated. The mesh contains 
46,025 six-node triangular elements, refined near the 
excavation to adequately represent localised deformations 
through the nonlocal regularisation. A length-scale parameter 
of 𝑙௦  = 15 cm was employed, satisfying the typical 
recommendation of 𝑙௦ ൒ 𝐿ୣ୪  (Galavi and Schweiger, 2010), 
where 𝐿ୣ୪ is the largest element size in the refined zone.  

 
Figure 2. Geometry, boundary conditions, and finite element mesh 
employed. 

The excavation was simulated by gradually reducing the 
initial boundary stresses at the tunnel wall, following the stress-
deconfinement function from Seyedi et al. (2017). This 2D 
approach approximates three-dimensional (3D) effects while 
avoiding the computational expense of full 3D nonlocal 
modelling. Two support installation scenarios were considered: 
Case A, where support is installed after 40% stress 
deconfinement, representing yielding systems installed near the 
excavation face, such as shotcrete with compressible wedges or 
sliding steel arches; and Case B, where support is installed after 
full stress deconfinement, akin to certain TBM operations, in 
which lining loads are governed solely by the time-dependent 
deformation of the rock. In both scenarios, mortar and lining 
elements are activated upon support installation. Regarding 
hydraulic boundary conditions at the excavation wall, null 
fluxes were prescribed while the excavation front face lay 
behind the analysis section. Thereafter, a zero water pressure 
was prescribed at this boundary. After excavation, simulations 
were run for a 50-year period to evaluate the long-term response 
of the tunnel. A detailed description of the simulations is 
provided in Mánica et al. (2024). 

4 RESULTS 

For reference, a simulation without any support system was 
performed. Results are shown in Figure 3 in terms of deviatoric 
strains, which are an excellent way to observe the configuration 
of localised deformations and, therefore, the extent of the 
fracture zone. It can be observed that, due to the time-dependent 
rock deformation, there is a significant evolution of the fracture 
zone from the end of excavation to the end of simulation. The 
prescribed 50 years were not completed because shear bands 
extended beyond the highly refined zone of the mesh, 
preventing the correct computation of the nonlocal state 
variable and, therefore, convergence of the solution. 

 
Figure 3. Contours of deviatoric strains for the unsupported 
excavation at (a) 𝑡 = 28 days (end of excavation) and (b) 𝑡 = 32 years. 

Due to the resulting configuration of localised 
deformations, the displacement field is not isotropic, with larger 
displacements occurring around the tunnel in the horizontal 
than in the vertical direction, as illustrated in Figure 4. 
Horizontal convergence is considerably larger than vertical 
convergence, reaching approximately 61 and 29 cm, 
respectively, by the end of the analysis. 
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Figure 4. Evolution of horizontal and vertical convergence for the 
unsupported excavation. 

Analyses incorporating the lining system completed the 
prescribed 50 years without convergence issues. Figure 5 shows 
the resulting contours of shear strains. In case A, the lining 
significantly reduced the fractured zone compared to the 
unsupported excavation. This is because stress relaxation is 
reduced by the presence of the lining system before full 
reduction of the boundary stresses. In case B, the lining was 
installed at full deconfinement, allowing more rock relaxation 
and a larger fracture zone than in case A. Nevertheless, the 
extent remained smaller than in the unsupported excavation 
(Figure 3), even after an 18-year longer simulation. 

 
Figure 5. Contours of deviatoric strains for cases (a) A and (c) B at 𝑡 
= 50 years. 

Figures 6a and 6b show the evolution of horizontal and 
vertical convergence, in both the rock and the lining, for cases 
A and B, respectively. The convergence of the rock differs from 
that of the lining due to pre-installation deformations and the 
presence of the compressible grout. In both cases, the support 
system significantly reduced rock convergence compared to the 
unsupported scenario (see Figure 4). Case A exhibited smaller 
convergence, related to a more limited fractured zone. For case 
A, horizontal convergence remained larger than vertical, with a 
maximum of 20 cm, though the relative difference between the 
two was significantly reduced compared to the unsupported 

excavation. In case B, horizontal convergence reached almost 
32 cm, with the difference between directions also reduced 
compared to the unsupported excavation, but to a lesser extent 
than in case A. The lining convergence was small in both cases, 
with maximum values between 1 and 3 cm. Notably, the lining 
behaviour differed substantially. In case A, the compressible 
mortar yielded during excavation, allowing it to absorb much 
of the time-dependent deformation of the rock, resulting in 
minimal lining deformation over time. In contrast, for case B, 
the support is installed after the short-term excavation effects 
have subsided. Consequently, the time-dependent deformations 
of the rock apply pressure to the compressible mortar before 
yielding, causing the mortar to deform according to its initial 
elastic stiffness. 

 
Figure 6. Evolution of horizontal and vertical convergences for cases 
(a) A and (b) B. 

Figure 7 illustrates the distribution and evolution of 
internal forces in the lining. While the normal forces exhibit a 
similar pattern in both cases, the distribution of shear forces and 
bending moments differs markedly, largely influenced by 
localised deformations. In case B, the maximum (absolute) 
normal and shear forces at 𝑡  = 50 years decreased by 
approximately 15% and 24%, respectively, compared to case A. 
Conversely, the maximum (absolute) bending moments in case 
B are about 5% higher than in case A, with peak values at the 
tunnel crown and invert. In both scenarios, internal forces 
increase substantially over time due to the time-dependent 
deformations of the rock. Specifically, in case A, the maximum 
(absolute) normal forces, shear forces, and bending moments 
rose by roughly 40%, 95%, and 105%, respectively, between 𝑡 
= 28 days and 𝑡 = 50 years. 
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Figure 7. Evolution of (a,d) normal forces, (b,e) shear forces, and (c,f) bending moments in the lining for cases A and B. 
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In case B, these increases were about 40%, 154%, and 
298%, respectively, between 𝑡 = 600 days and 𝑡 = 50 years. As 
with radial stresses, creep deformations have a more 
pronounced impact on internal forces in case B because a 
substantial portion of the time-dependent deformation occurs 
before yielding of the mortar, at its original stiffness, causing 
internal forces to increase at a much faster rate than in case A. 

5 CONCLUSIONS 

This paper presents a numerical investigation into the behaviour 
of a yielding support system for underground excavations in 
claystone, within the context of deep geological nuclear waste 
disposal. The support system comprises a concrete segmental 
lining with a compressible mortar layer on the extrados, 
intended to moderate the interaction between the lining and the 
surrounding rock. Two different deconfinement levels were 
analysed to represent alternative construction methods. A key 
aspect of the study is the use of a constitutive model for the host 
rock that captures essential features for accurately describing 
the hydro-mechanical response of claystones, including 
mechanical anisotropy, creep, strain softening, and the ability 
to simulate localised deformations objectively through a 
nonlocal regularisation. 

Over the 50-year period analysed, creep deformations 
markedly affected the development of the fractured zone and 
the internal forces within the lining. Even when significant 
relaxation of the host rock was allowed prior to support 
installation (case B), time-dependent deformations led to a 
substantial increase in internal forces, as the compressible grout 
initially behaved elastically and transferred loads to the lining 
at a high rate. Therefore, yielding of the mortar during 
excavation seems necessary to mitigate the impact of creep 
deformations over time. In general, the analyses demonstrated 
the potential of the compressible mortar to moderate the 
interaction between the lining and the host rock. However, the 
performance of the system depends on several factors that 
should be carefully considered during the design stages. In 
addition, validating the simulation results with future field data 
from experimental excavations, such as those being carried out 
in the MHM URL, is essential to ensure the long-term, reliable 
performance of the support system. 
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