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ABSTRACT: Engineered barriers employed in geological radioactive waste repositories are usually formed of compacted un-
saturated bentonite blocks, often used together with bentonite pellets. Compacted bentonite blocks have very low permeabili-
ties, hence their saturation can take hundreds of years. Predicting the bentonite behaviour over such a long time frame is chal-
lenging, given that representative laboratory or field experiments over a similar time are unfeasible. In this scenario, numerical
tools enable predictive assessments of the long-term barrier performance. The paper reports the results of hydro-mechanically
coupled Finite Element (FE) analyses conducted to assess the long-term response of the KBS-3 design scheme developed in
Sweden by SKB. Two 2D axisymmetric FE analyses were conducted, simulating two different barrier saturation scenarios, i.e.
fast and slow hydration. The simulations were conducted with the code ICFEP, using a constitutive model capable of reproduc-
ing the hydro-mechanical behaviour of unsaturated expansive soils with a dual-porosity structure. The analyses verified the

long-term safety requirements of the inhomogeneous block-and-pellet bentonite barrier adopted in the KBS-3 scheme.
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1 INTRODUCTION

Disposal of high heat generating radioactive waste in
deep geological formations generally includes benton-
ite barriers, the latter installed to shield the surrounding
host rock from the canister containing the waste. The
evolution of the hydro-mechanical properties of ben-
tonite barriers over time has to be carefully assessed by
designers, in order to satisfy the repository safety crite-
ria in the long-term (i.e. several hundreds of years after
installation).

When installed, bentonite barriers are unsaturated
and, therefore, the evolution of their mechanical prop-
erties over time depends on the transient seepage pro-
cesses regulating water flow from the surrounding host
rock to the bentonite. Engineered barriers are usually
formed of compacted bentonite blocks, often employed
in combination with bentonite pellets, the latter used to
fill the gaps between blocks and the host rock interface.

Compacted bentonite blocks are characterised by
very low hydraulic conductivity, hence their saturation
can take from several decades to several hundreds of
years. Predicting the bentonite behaviour over such
long time frames represents a significant challenge for
design engineers, given that fully representative labora-
tory or field experiments are unfeasible. In this scenar-
10, numerical tools, such as Finite Element (FE) codes,
enable predictive assessments of the barrier perfor-
mance in the long term.

The present work reports some of the results of iso-
thermal hydro-mechanically coupled FE analyses, con-
ducted at Imperial College London as part of the Euro-
pean project BEACON (Bentonite Mechanical
Evolution) to assess the long term performance of an
inhomogeneous bentonite barrier employed in a radio-
active waste repository. The numerical simulations re-
produce the KBS-3 design scheme developed in Swe-
den by SKB, that envisages the combined use of MX-
80 bentonite high-density blocks and pellets for back-
filling of tunnel construction gaps (Sellin et al., 2017).

Two-dimensional (2D) axisymmetric FE analyses
were conducted, accounting for the variability of the
tunnel cross-sectional area (i.e. the thickness variability
of the pelletised bentonite layer). Two bentonite hydra-
tion scenarios were considered, related to two hydrau-
lic boundary conditions imposed by the host rock on
the barrier: (i) application, at the rock/bentonite inter-
face, of pore water pressures representative of reposito-
ry depth; and (ii) a low water inflow allowing for full
saturation to take place over ~4000 years (aimed at re-
producing the scenarios of free and restricted access to
water, respectively).

The simulations were conducted with the Imperial
College Finite Element Programme (ICFEP) (Potts and
Zdravkovi¢, 1999; 2001), employing the Imperial Col-
lege dual-porosity structure model (IC-DSM), an ad-
vanced constitutive model capable of simulating the
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hydro-mechanical behaviour of unsaturated expansive
soils (Ghiadistri, 2019; Ghiadistri et al., 2018). The IC-
DSM model was used in combination with a variable
hydraulic conductivity (HC) model (Nyambayo and
Potts, 2010; Potts and Zdravkovi¢, 1999) and a void ra-
tio-dependant soil water retention (SWR) model (Mel-
garejo Corredor, 2004; van Genuchten, 1980).

The paper first presents a brief description of the hy-
dro-mechanical models used in the analyses, followed
by a discussion regarding their calibration. The geome-
try of the boundary value problem analysed and its dis-
cretisation are subsequently presented, together with
the initial and boundary conditions employed. The
main results of the numerical simulations are discussed
at the end of the paper, together with key conclusions.

2 HYDRO-MECHANICAL MODELS

2.1 Description of the mechanical model

The Imperial College dual-porosity structure model
(IC-DSM) (Ghiadistri, 2019; Ghiadistri et al., 2018) is
an extension of the IC single structure model (IC-SSM)
(Georgiadis et al., 2005; Tsiampousi et al., 2013), the
latter developed based on the Barcelona Basic Model-
ling (BBM) framework introduced by Alonso et al.
(1990). The model adopts two independent stress vari-
ables: (i) suction, s = ug,j —u,,, and (ii) net stress,
0 = Opor — Ugir (Ugir 1S the air pressure, u,, is the wa-
ter pressure, gy, is the total stress).

The smooth transition between saturated and unsatu-
rated conditions is guaranteed by introducing: (i) an
equivalent suction, Sgq = S — Sg;, and (ii) an equiva-
lent stress, 0 = @ + Sgir (Sqir is the air-entry value).
The model is further generalised in the (J,p,8,5S.q)
space (J is the generalised deviatoric stress, p is the
mean equivalent stress, 8 is the Lode’s angle).

To allow for the modelling of unsaturated expansive
clays, a double-porosity structure has been accounted
for in the model, following Alonso et al. (1999) and
Gens and Alonso (1992). The two levels of structure
correspond to: (i) a macro-structure, whose mechanical
behaviour is ruled by the BBM-based IC-SSM formu-
lation; (i) a micro-structure, assumed to be elastic,
volumetric and fully saturated.

2.1.1 Double-porosity structure formulation

Given that the micro-structure is assumed to be elastic,
volumetric and fully saturated, its deformations are ful-
ly defined as:

Ass,m = Ap’/Km (1)

where the mean effective stress, p’, and the micro-
structural bulk modulus, K,,, are defined as:

p, =D+t Seq (2)
Ky = [(1 + em)/Km] ’ P, (3)

In Equation (3), e, is the micro-structural void ratio
and K, is the micro-structural elastic compressibility
parameter. The overall void ratio, e, is obtained by
adding e, and e,,, where the latter represents the mac-
ro-structural void ratio. The model also introduces a
void factor, VF = e, /e, that is automatically set to ze-
ro when fully saturated conditions are attained. The
bulk modulus, K,,, is additional to the two bulk modu-
li, K¢y and K, associated with the macro-structure
and related to equivalent suction and mean equivalent
stress variations, respectively.

Although the micro-structural volumetric defor-
mations are elastic, they are assumed to contribute to
the macro-structural volumetric plastic strains, Aeg g

through an additional plastic mechanism:
Agf;),ﬁ = fﬁ ' Ags,m (4)

defined by the interaction function, fp, between the
two levels of structure. The shape of this function is
dependent on whether the micro-structure swells (S) or
compresses (C) and is defined as:

c {Ccl + ¢ (Pr/po) e (pr/Po = 0)

f Cc1 (Pr/Po < 0) (5)
P S{Csl + C2(1 = pr/Po)*s* (0r/po = 0)
Cs1 T Cs2 (pr/Po < 0)

where p, and p, represent the current stress state and
the hardening parameter defining the size of the yield
surface, respectively, while c.q, ¢.3, C.3 and cgq, Cso,
cs3 are coefficients defining the shape of the interac-
tion function.

2.2 Description of the hydraulic models

A non-hysteretic van Genuchten-type (1980) SWR
model was adopted, formulated in terms of degree of
saturation, S, and equivalent suction, s., (Melgarejo
Corredor, 2004):

m
1
r—{—H[a_(V_lw,Seq]n} (1-S0)+5S0  (6)

where: S, is the residual degree of saturation; @, m
and n are fitting parameters controlling the shape of the
water retention curve; i is the parameter controlling
the effect of the specific volume, v.

The HC model used in the numerical simulations
(Nyambayo and Potts, 2010; Potts and Zdravkovic,
1999) assumes the hydraulic conductivity, k, to vary
with suction according to the following equation:
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where kg,; is .the satu'ra.ted hydraulic conductivity (for é 13 ',"
s < 87), kpnin is the minimum k (for s > s,). é . :.'
[ 1
2.3 Selection of the model parameters g i :r"
The model parameters used in the analyses are reported 4 '."
in Tables 1, 2 and 3, with reference to the IC-DSM 200.00 S v = S

model, the SWR model, and the HC model, respective- Suction (MPa)

ly. For the MX-80 bentonite blocks, the parameters  Figure 1. Swelling pressure test results for MX-80 blocks
were derived from laboratory data reported in Bosch et (expected swelling pressure from Olsson et al. (2013))

al. (2019), Dueck and Nilsson (2010), Marcial et al.
(2008), Seiphoori et al. (2014), Tang and Cui (2010).
For the MX-80 bentonite pellets, the parameters were
derived from laboratory data reported in Alonso et al.
(2011), Hoffman et al. (2007), Toprak et al. (2020).

The SWR model parameters used in the analyses are
summarised in Table 2. As an example, Figure 2 shows
the SWR curves employed for the MX-80 blocks in
comparison with laboratory data from Seiphoori et al.
(2014).

Table 1. Input parameters for IC-DSM model

Table 2. Input parameters for SWR model

Parameter Blocks Pellets
Yield surface, My, ap, py ~ 0.495,0.4,0.9 1.00,0.4,0.9 Parameter Blocks _ Pellets
Plastic potential, ag, g 04,09 04,09 Fittigg.pmameter, a(1/kPa) 0.0001 0.0015
Critical state ratio, M, 0.495 1.00 Fl'ttl.ng parameter, m 047 0.25
Charact. pressure, p.(kPa) 1000.0 50.0 Fitting parameter, 1.90 1.05
Specific volume at Fitting parameter, 1 2.0 2.5
5.847 4.020 Residual degree of saturation,S,q 0.05 0.0

unit pressure, V4 (Seq)

Saturated plastic
compressibilli)ty 1(0) 0.515 0.226 + dry density 1.50 cm/g”3 » dry density 1.65 cm/g*3 ~ dry density 1.79 cm/g"3
’ 1000 — -
Elastic compressibility, K 0.0087 0.045 s\\
Maximum soil stiffness, r 0.800 0.800 Y
Soil stiffness increase, 5 7 100 'l .
B(1/kPa) 8.5x10 10 s RRFTN ‘
. 11 E S - —on by
Elastic compressibility 0.142 0010 e DRI SN |
(for Asq), K S 10 * e e ‘
T -~
Poisson's ratio, u 0.3 0.2 3 "
. PN T L
Plastic compressibility 0.566 0.040 ’ |i
(for As,q), A
) 0.0 0.2 0.4 0.6 0.8 1.0
Air-entry value, §4;,-(kPa) 1000.0 0.0 Degree of saturation
Seq yield value, so(kPa) 100 106 Figure 2. Comparison between adopted SWR curves (dashed
Micro-structural lines) and experimental data (symbols) for bentonite blocks
compressibility, K, 0.360 0.090 (laboratory data from Seiphoori et al. (2014))
Void factor, VF 0.457 0.163
f micro-swelling/ The HC model parameters used for the MX-80 ben-
micro-compression, 021230 -0.1,1.1,3.0 tonite blocks (Table 3) were defined based on the data

reported by Marcial et al. (2008), and were adopted in
conjunction with a saturated hydraulic conductivity of
3x10'* m/s (Olsson et al., 2013).

Cs1, Cs2, cs3/cc11 Cc2,Cc3

The predictive capabilities of the mechanical model,
when adopting the parameters in Tables 1, 2 and 3 to
simulate the behaviour of MX-80 blocks, can be evalu-
ated from Figure 1. The figure shows the results of a
swelling pressure test for a dry density, p4, and an ini-
tial gravimetric water content, w, of 1.7 g/cm® and
17%, respectively (compared with expected swelling
pressures as reported by Olsson et al. (2013)).

Table 3. Input parameters for HC model
Parameter Blocks  Pellets
Sat. hydr. conductivity, Ksq.(m/s) 3x1071*  5x10°1°
Min. hydr. conductivity, Kpyi(m/s) — 3x1071  5x101°
Suction, s4(kPa) 1000.0 N/A
Suction, s, (kPa) 41000.0 N/A

3 NUMGE 2023 - Proceedings



Geo-energy & energy geotechnics

Regarding the pellets, due to their peculiar structure,
Hoffman et al. (2007) show that the hydraulic conduc-
tivity tends to decrease with suction reductions, contra-
ry to what is more generally observed in geo-materials.
The HC model available cannot reproduce such a var-
iation, and, therefore, a constant hydraulic conductivity
of 5x101° m/s was selected for the pellets (Table 3),
corresponding to the average value of measurements
carried out by Hoffman et al. (2007).

3 KBS-3 SCHEME ANALYSIS

3.1 Geometry and discretisation

All the numerical simulations undertaken were hydro-
mechanically fully coupled and were carried out with
the FE code ICFEP (Potts & Zdravkovié, 1999; 2001).
Given that the 2 scenarios investigated refer to (global)
constant volume conditions, no significant displace-
ments were expected, and, therefore, the small dis-
placement formulation was adopted.

(a) Free access to water | (b) Restricted access to water

>

<82 \vi

v

Axis of symmetry

Axis of symmetry

(~4000 years until saturation)

q

2.86 m
Figure 3. FE mesh and boundary conditions adopted

286 m

Due to the axisymmetric nature of the 2 scenarios
under investigation (i.e. free access to water and re-
stricted access to water), 2D axisymmetric FE simula-
tions were undertaken. The domain analysed (maxi-
mum radius of 2.86 m, length of 7 m) was discretised
using 8-noded quadrilateral displacement-based ele-
ments, with 4 pore pressure degrees of freedom at the
corner nodes. The mesh generated is shown in Figure
3, together with the mechanical and hydraulic bounda-
ry conditions adopted for the 2 simulated scenarios.

3.2 Initial and boundary conditions

The initial conditions assumed in the analyses, summa-
rised in Table 4, correspond to those suggested by
Leupin et al. (2020). The initial state of the materials is
reported by Leupin et al. (2020) in terms of dry densi-
ties and gravimetric water contents, so the initial suc-

tions were directly derived from the water retention
curves adopted (e.g. Figure 2). An initial nominal iso-
tropic total stress of 100 kPa was assigned to both ma-
terials in both analyses.

Table 4. Initial conditions assumed in the FE analyses

Parameter Blocks Pellets
Mean total stress, p(MPa) 0.1 0.1
Water content, w(%) 17.0 17.0
Dry density, pq(g/cm?) 1.7 1.0
Void ratio, e(-) 0.635 1.780
Degree of saturation, S,.(%) 74.56 26.55
Suction (MPa) 24.995 24.536

The free access to water scenario was modelled by
imposing a positive pore pressure of 4.6 MPa on the
mesh boundary representing the contact area between
MX-80 pellets and the host rock (Figure 3(a)). The 4.6
MPa pore pressure, representative of typical repository
depths, was applied gradually, over =1.5 years, to
avoid large hydraulic gradients. The boundary corre-
sponding to the axis of symmetry, as well as the top
and bottom boundaries (Figure 3(a)), were assumed
impervious during the entire simulation. The analysis
was considered completed when a 4.6 MPa positive
pore pressure was observed throughout the whole do-
main analysed.

The restricted access to water scenario was modelled
by applying, in the first part of the analysis, a constant
in-flow of 2.1x10'> m/s on the mesh boundary repre-
senting the contact area between MX-80 pellets and the
host rock (Figure 3(b)). The in-flow magnitude was se-
lected to reach full saturation after ~4000 years, the lat-
ter identified by Sellin et al. (2017) as a representative
saturation period in case of restricted access to water.
At the end of the saturation period, the hydraulic
boundary condition on the right boundary was
changed, applying a constant positive pore pressure of
4.6 MPa. Also for the second scenario analysed, top,
bottom and left boundaries were assumed impervious,
and the analysis was stopped when a 4.6 MPa positive
pore pressure was observed everywhere in the mesh.

The mechanical boundary conditions applied in both
analyses, i.e. no displacements in the directions or-
thogonal to the boundaries, are shown in Figure 3.

4 RESULTS

4.1 Free access to water scenario

The analysis suggests that, after ~1.5 years, the pore
pressure in the bentonite pellets corresponds to the one
applied at the hydration boundary (i.e. 4.6 MPa), due to
the relatively large permeability characterising the
pelletised material (Table 3). On the other hand, it
takes several decades for the hydration front to pene-
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trate the blocks and reach the axis of symmetry, due to
the very low permeability characterising the blocks
(Table 3). Consequently, even when free access to wa-
ter is allowed for, the full pore pressure equilibration of
the whole barrier is only reached after ~150 years.

After 1.5 years, when the pore water pressure at the
right boundary of the mesh is increased up to 4.6 MPa,
a significant increase in mean total stress is already ob-
served across the whole domain analysed (=8 MPa
peak value). After some decades, the hydration front
tends to move towards the axis of symmetry of the
mesh, causing a further increase in swelling pressure
(=12 MPa maximum values after =50 years). The max-
imum swelling pressure (=14 MPa) is predicted at the
end of the analysis, i.e. after =150 years, when a posi-
tive pore pressure of 4.6 MPa is reached everywhere in
the mesh. The swelling pressure distribution predicted
in the long-term at the top boundary of the mesh (red
arrow in Figure 3) is shown in Figure 4.

Distance from axis of symmetry (m)
0.0 0.5 1.0 15 2.0 2.5

P
o 0o

S
\
!
\

. s i

/
/
|
I
1

. M 3

-]

Mean total stress (MPa)
o

&N o N s

—Initial Restricted water | Final — Free water | Final  ----Blocks/Pellets

Figure 4. Swelling pressure distributions predicted in the
long-term at the top boundary (red arrow in Figure 3)

The gradual increase in swelling pressure induced by
the hydration process is associated with a homogenisa-
tion of the backfill, as shown in Figure 5, where the fi-
nal void ratio distribution predicted at the top boundary
of the mesh (red arrow in Figure 3) is illustrated.

Distance from axis of symmetry (m)
0.0 0.5 1.0 1.5 2.0 25
2.0

1.8 {_
1.6

1.4

12

1.0 Py S
Ve

0.8 e

S — J

0.4

Void ratio (-)

0.2

0.0

—Initial Restricted water | Final — Free water | Final ----Blocks/Pellets
Figure 5. Void ratio distributions predicted in the long-term

at the top boundary (red arrow in Figure 3)

The homogenisation process results in significant
void ratio reductions for the pellets (from e=1.78 to
€=1.00 at the top boundary of the mesh; Figure 5). The

blocks, on the other hand, tend to swell during the hy-
dration process, experiencing less pronounced void ra-
tio variations compared to the pellets. In particular, the
long-term void ratio variations appear to be very lim-
ited in the proximity of the axis of symmetry (Figure
5), probably because hydration takes place from the
outer edge of the domain analysed, so the central area
tends to swell almost under fully confined conditions.

4.2 Restricted access to water scenario

In this case, as expected, the pore water pressure in-
crease is significantly slower, as well as more homoge-
neous throughout the domain. This is a consequence of
the inflow rate applied as the boundary condition (i.e.
2.1x107'2 m/s), which was selected in order to achieve
full saturation after ~4000 years. After reaching full
saturation everywhere in the mesh, the hydraulic
boundary condition was changed, and a positive pore
pressure of 4.6 MPa was applied instead. Given that
the backfill was already fully saturated when the hy-
draulic boundary condition was changed, the pore pres-
sure increased everywhere towards the value of 4.6
MPa in less than 200 years.

The mean total stress increase is very limited in the
first 100 years, with the highest values (<2 MPa)
achieved within the blocks located next to the pellets
(i.e. closer to the hydration boundary). More significant
swelling pressure variations were predicted after
around 1000 years (>2 MPa in the pellets and =5 MPa
in the blocks). As expected, the highest mean total
stress values are predicted at the end of the analysis,
when values of 16 MPa are approached in the blocks.
This is shown in Figure 4, where the swelling pressure
distribution predicted in the long-term at the top
boundary of the mesh is plotted.

The increase in mean total stress with time is associ-
ated with a significant void ratio reduction in the pel-
lets and a comparatively more limited void ratio in-
crease in the blocks (see Figure 5, showing the void
ratio distribution predicted in the long-term at the top
boundary of the mesh).

It is interesting to observe that a much more homog-
enous void ratio distribution is achieved at the end of
the restricted access to water analysis compared to the
free access to water analysis (see Figure 5). This seems
to suggest that a slower hydration process leads to a
more homogeneous void ratio distribution in the whole
bentonite buffer. It is also interesting to observe that
the presence of higher swelling pressures in the re-
stricted access to water analysis is associated with
more significant void ratio reductions in the pellets,
where void ratios even lower than those characterising
the blocks are predicted at the end of the analysis.
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5 CONCLUSIONS

The following key conclusions can be drawn:

e Even when access to water is not restricted and the
pore water pressure acting on the outer surface of
the backfill corresponds to values representative of
typical repository depths (i.e. 4.6 MPa), the full
pore pressure equalisation is achieved after =1.5
centuries.

e The maximum mean total stress predicted in the
free access to water scenario (representative of the
swelling pressures developing within the bentonite
buffer) is around 14 MPa. In the restricted access to
water scenario, instead, the maximum mean total
stress predicted is close to 16 MPa. In both cases,
the mean total stresses are exceeding 10 MPa, the
latter considered as a limit pressure for the barrier
(Leupin et al., 2020).

e During the hydration process, the pellets tend to
compress and the blocks tend to swell, resulting in a
more homogeneous void ratio distribution after hy-
dration. The numerical simulations suggest that a
more pronounced homogenisation is likely to be
achieved when slower hydration takes place (e.g.
restricted access to water analysis).
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