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Numerical simulation of a water infiltration test on a proposed backfill mate-

rial in nuclear waste repositories
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'Ruhr-Universitit Bochum, Chair of Foundation Engineering, Soil and Rock Mechanics, Universititstr. 150, 44780 Bochum, Germany
Delft University of Technology, the Netherlands, Building 23, Stevinweg 1 2628 CN Delft, The Netherland
3 ArGEnCo, University of Liege, Quartier Polytech 1, Allee de la decouverte 9 - Batiment B52 4000 Liege, Belgium

Abstract. A water infiltration test was numerically simulated using the finite element method. The modified
Barcelona Basic Model and the double-structure water retention model was used for the numerical analysis.
A methodology is presented for parameter identification and calibration purpose. The experimental results
highlighted the porosity redistribution and hydration-induced heterogeneity along the hydration-path. The sim-
ulation results successfully captured the moisture migration in the soil sample. A comparison between the
measured and predicted total stress values revealed the influence of interfacial friction between the soil sample

and cell wall.

1 Introduction

The Barcelona Basic Model (BBM) proposed by Alonso
et al. [1] is one of the most popular elastoplastic mod-
els and suitable for predicting the mechanical behaviour
of collapsible soils and low to moderate expansive soils.
Several modifications have been suggested in the original
formulation of the BBM [2, 3] to reproduce the swelling
potential of compacted bentonite-based materials. For the
modeling of coupled flow and deformation problems, the
indirect coupling is introduced by incorporating the soil-
water retention model. Recently, Dieudonne et al. [4] pro-
posed a model, which considers different water retention
mechanisms in each structural levels of a compacted ben-
tonite, namely adsorption in the intra-aggregate pores and
capillarity in the inter-aggregate pores. One of the major
challenges in the simulation of coupled hydro-mechanical
problems are the large number of model parameters, as a
result, the model calibration and the parameter identifica-
tion is not straightforward [5, 6].

In this regard, a small-scale water infiltration test was
conducted to mimic the transient hydration of a proposed
backfill material in repositories. The effect of groundwater
geochemistry is not considered in this study. In the numer-
ical analysis, the water infiltration test was simulated using
the Finite Element code LAGAMINE. The modified BBM
along with the recently developed double-structure water
retention model [4] were used. The test results highlighted
the key features of hydration-induced processes in unsatu-
rated compacted expansive soils.

*e-mail: abhishrawat@ gmail.com

Table 1. Geotechnical properties of soil tested

Property Value
Specific gravity (-) 2.725
Liquid limit (%) 60
Plastic limit (%) 32

Plasticity index (-) 28

2 Material

The investigated material was the compacted mixture of
Calcigel bentonite and sand having an equal dry mass ra-
tio. Calcigel is a commercially available bentonite from
the southern part of Germany with 60-70 % montmoril-
lonite. Table 1 summarizes the relevant geotechnical
properties of the tested materials. The Calcigel powder
has 6 % hygroscopic moisture content. For preparing the
moist mixture, the distilled water was added to the oven-
dried medium sand [7]. The moist-mixture was stored in a
sealed plastic bag and kept in an airtight container for ho-
mogeneous moisture distribution for a period of 28 days.

3 Methods
3.1 A Column-type test device

A column-type experimental device is designed for inves-
tigating the coupled hydro-mechanical behaviour of soil
under an applied hydraulic gradient. The technical details
of the experimental device can be found in Rawat et al.
[8]. The device facilitates the transient measurements of
axial swelling pressure, lateral swelling pressure, and the
simultaneous measurements of temperature, water content
and relative humidity along the height of cylindrical soil

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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specimen (dia. = 150 mm; height = 300 mm) , these sen-
sors were installed at three measurement sections i.e. X1
at 50 mm, X2 at 150 mm, and X3 at 250 mm from the
bottom face.

3.2 Sample preparation

The mixture of Calcigel bentonite and sand with 9 % ini-
tial water content was compacted in three layers using
uniaxial static compaction under 30 MPa vertical stress
to achieve the targeted initial dry density of 1.80-1.85
Mg/m?. During the compaction process, the surface of
compacted layer was scarified prior to place the next layer
to ensure a proper homogeneous connection between two
consecutive layers. The initial suction i.e., 26.9 MPa was
measured with the chilled mirror dew-point technique. Af-
ter the compaction, the compacted block was extruded
from the mould, the achieved mean dry density was 1.85
Mg/rn3 (block dia. = 153 mm; height = 100 mm). Total
three blocks were compacted to achieve the required over-
all height of 300 mm inside the experimental device, these
blocks exhibited post-compaction residual lateral strains
during the extrusion from compaction mould. A detailed
description of the installation procedure of various moni-
toring sensors can be found in Rawat et al. [§].

3.3 Water infiltration test

The test was conducted under a constant volume condi-
tion at room temperature; the air outlet at the bottom plug
was kept closed, while the air outlet at top plug was kept
open to evacuate the pore-air during the hydration pro-
cess. In this study, the effect of groundwater geochem-
istry on the clay-water interaction is not considered. The
distilled water was supplied from the bottom-end under
15 kPa hydration pressure to mimic the water ingress from
the host rock. Sensors along with data logger continuously
monitored temperature, relative humidity, water content
and total stress in both axial and lateral directions. The
test was conducted for a period of 349 days. For the
post-experimental measurements, the soil samples were
collected from different locations along the height during
the dismantling of test set-up. The relative humidity was
measured using the chilled mirror dew-point technique,
whereas the water content was measured using the oven-
drying method.

3.4 Numerical simulation

A fully coupled hydro-mechanical analysis of the water
infiltration test was performed using the Finite Element
code LAGAMINE. The modified Barcelona Basic Model
(BBM) [1] along with the soil water retention model pro-
posed by Dieudonne et al. [4] were used for this purpose.
For the simulation, a 2D axisymmetric model along Y-axis
is selected for a fully coupled hydro-mechanical analysis.
The model dimensions were selected according to the sam-
ple size in the water infiltration test (dimension along X-
axis = 75 mm; dimension along Y-axis = 300 mm). The
initial stress in the material was assumed to be atmospheric

(isotropic), which was equal to 0.1 MPa. An isoparamet-
ric quadrilateral element (2D) with 8 nodes was selected
for the analysis. The element for 2D case posses five de-
grees of freedom at each node: two displacements of the
soil skeleton in X and Y-direction, a liquid water pres-
sure, a gas (dry air+vapor) pressure and temperature. The
temperature in this study was kept constant at 20 °C. The
initial total suction of the material was assigned to 26.90
MPa. For initiating the hydration, the liquid pressure at the
bottom nodes were changed accordingly to a hydration-
pressure of 15 kPa.

4 I|dentification and calibration of model
parameters

The parameter selection is one of the major challenges
in the coupled hydro-mechanical analysis due the lack of
standard procedures for calibrating the constitutive mod-
els for unsaturated soils. In this respect, a detailed and
systematic procedure is presented for identifying and cali-
brating the model parameters for the compacted bentonite-
sand mixture from the conventional laboratory tests.

4.1 Parameters for mechanical behaviour

In this study, a total of four suction-controlled oedome-
ter tests were performed on the compacted samples of
bentonite-sand mixture (50:50). The high pressure oe-
dometer device was used, which facilitated the suction-
controlled oedometer tests at higher vertical stress levels
(up to 40 MPa). The soil samples (dia. = 50 mm; height =
15 mm) were prepared directly inside the oedometer ring
using uniaxial static compaction method. The sample ini-
tial conditions (i.e., dry density = 1.80 Mg/m?; water con-
tent = 9 %) were similar to the compacted blocks, which
were used in the water infiltration test.

The oedometer tests were performed in two stages
i.e., the suction-equilibrium stage and the one-dimensional
compression-rebound stage as depicted in Fig. 1. Prior
to initiate the suction-equilibrium stage, the as-compacted
samples were subjected to 50 kPa surcharge pressure.
Later, the vapor equilibrium technique was used to im-
pose the desired suction-level (i.e., 3.39 or 10 MPa) us-
ing the saturated salt solutions. During the suction-
equilibrium stage, the vertical deformation of the sam-
ples were continuously monitored . Once the sample at-
tained the desired suction-level, the second stage i.e., one-
dimensional compression-rebound was initiated. For the
stress-deformation characteristics of the saturated sample,
the distilled water was supplied from the bottom-end un-
der 50 kPa surcharge load prior to initiate the loading-
unloading stage. For the test with as-compacted state,
the sample was directly subjected to the one-dimensional
compression-rebound stage.

For testing the saturated soil sample, the swelling was
allowed in the axial direction during the saturation pro-
cess under 50 kPa surcharge pressure. As the swelling
was not prevented, the height of the sample increased dur-
ing the saturation process. In the original formulation,
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Figure 1. Stress paths for suction-controlled oedometer tests 4.2 Parameters for soil-water retention behaviour

The detailed description of model parameters and pro-
cedure for identification and calibration can be found in
Dieudonne et al. [4]. The model parameters (e, Bo and
B1), which characterize the evolution of micro-structural

Table 2. Barcelona Basic Model parameters (Note: P refers
here parameter)

Parameoter Description Value void ratio with water ratio (e,) should be estimated first,
b0 () Initial porosity 034 indepe.nden.tly .fror'n the other parameters. It requires t.he
o (MPa) Initial suction 26.9 pore size d1§tr1but1on (PSD) data of the corppacted mix-
2(0) Slope of normal compression  0.082 ture of Calcigel bentonite-sand (50:50) at different water

line in saturated state ratios. Additionally, the identification of e, requires the
p;, (MPa) Preconsolidation pressure in 0.6 pore-size distribution of the oven-dried sample i.e., wa-

ter void ratio e, = 0. Agus [12] obtained the PSD data
from MIP tests on the sample having an identical water ra-

saturated condition
p¢ (MPa) Relative reference pressure 3.6E3

r() First parameter defining the 1.491 tio (i.e., e, = 0.245). The MIP tests were conducted for
change in A (0) with suction the as-cqmpacted, oven-dried and swollen sample. For the
w (MPa™!) Second parameter defining the  0.10 preparation of swoller.l samplgs, thé as-.compacted sample
change in 2 (0) with suction was allowe.d to swell in the axial dlrectllon oqu. To quan-
ko () Initial elastic slope 0.022 tify th'e ml.cro'—anc? macro—structur'al .VF)ld ratios 'from the
@y (MPa™') P 1 related to elastic parameter  0.011 pore size dlstrlbut}on data, the delimiting pore sizes were
@ () P 2 related to elastic parameter  -0.215 identified by drawing tangents on the cumulative intrusion
G (MPa) Shear modulus (for non-linear ~ 23.5 curves fpr as-compacted (0.05 um), swol}en (.0.02 um) and
elasticity) oven-dried (0.02 um) samples as shown in Fig. 2.
ks (-) Elastic slope 0.015
The MIP test data for the as-compacted sample re-
vealed that the intra-aggregate or micro-pore volume was
Alonso et al. [1] assumed that the slope of normal com- 59 %, while the inter-aggregate pore volume was 41 %
pression line would decrease with increasing the soil suc- of the total pore volume. For the oven-dried sample, the
tion based on the experimental results from Josa [9] on intra-aggregate pore volume was 55 %, while the inter-
compacted low plastic kaolin and Maswoswe [10] on com- aggregate pore volume was 45 % of the total pore volume.
pacted sandy clay. On the other hand, the oedometer tests For the swollen sample, the intra-aggregate pore volume
conducted by Wheeler and Sivakumar [11] on the com- was 57 %, while the inter-aggregate pore volume was 43
pacted speswhite kaolin observed the opposite behaviour % of the total pore volume. Based on the above MIP test
as observed in the present case. To overcome this situation, data the corresponding micro-and macro-void ratio were
where the collapse potential decreases with increasing net obtained for as-compacted samples (e,, = 0.30, ey = 0.21
stress, Wheeler et al. [S] proposed a procedure for select- for e, = 0.245), for oven-dried sample (e,,0 = 0.25,
ing a suitable values for the model parameters r and p.. ey = 0.20 for ¢,, = 0) and for swollen sample (e,,,p = 0.45,
The selected BBM parameters were validated against the ey = 0.35 for ¢, = 0.80). Fig. 3 shows the evolution
suction-controlled oedometer tests. Table 2 summarizes of microstructural void ratio with the water ratio, the ob-
the BBM parameters for compacted Calcigel bentonite- tained data were fitted with the model proposed by Della
sand mixture (50:50). Vecchia et al. [13].
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Figure 3. Evolution of micro-void ratio with water void ratio
from Agus [12]

The micro-structural parameters C,q4s and n,;s control
the water retention behaviour at high values of soil suc-
tion. The identification of these parameters requires water
retention data for as-compacted samples having different
initial dry densities following the wetting path under con-
stant volume condition. In this regard, the as-compacted
sample (initial dry density = 1.8 Mg/m?) was subjected to
wetting under constant volume conditions, while the ex-
perimental data for sample having 2.0 Mg/m?® were col-
lected from Agus [12]. The calibration of these parame-
ters was performed by presenting experimental data in the
(s — ey) plane, where the independence on dry density is
highlighted. A collection of points in this plane is suffi-
cient for the calibration purpose. In particular, the param-
eter C,4s controls the slope of the water retention curve
in the high suction range: the higher C,4;, the steeper the
slope of the water retention curve in the (s — ¢,,) plane. Fi-
nally, the value of e,, required to evaluate e,,, for a given
water content can be obtained using the calibrated param-
eters (i.e., e, Bo and By).

To calibrate the macro-structural water retention
model, experimental data for different initial dry densities
(i.e., 1.8 and 2.0 Mg/m?) were used. The macroscopic pa-
rameter (A) allows for tracking the dependency of the air-
entry suction on the void ratio: it can reproduce the cor-
rect evolution of the air-entry (or air-occlusion) value with
the sample dry density. The parameters n and m control
the drying-wetting rate of the material in the low suction
range. Fig. 4 shows the calibration of Dieudonne water
retention model and the van Genuchten model against the
experimental data.

4.3 Parameters for hydraulic behaviour

The parameter identification for Kozeny-Carman [14, 15]
formulation (Eq. 1) requires the intrinsic permeability val-
ues of saturated soil samples having different initial poros-
ity.
P T o
¢ A=-d)"

Dieudonne mdds| vG (1980) model
= [ parameters parameters
09 €,=025 > 1.80 Mg/m®
m‘ B B0:0.183 A=%.37 MPa
S B, =0.083 ? n=129
6 08— c,=0011MPat \ 2.0 Mgim?
] L =11 \ A=9.98MPa
5 07l A=024MPa \ n=133
® n=14
tH ' m=053
s
© 06 1 1.80 Mgim* (Exp. data) \

o I © 2.0 Mg/m? (Agus, 2005) \‘
g 0.5 = — Prediction: DModel (r*= 0.99) '
[a] | —— Prediction: DModel (= 0.99) \
0. 11 HHM 11 HHM 11 HHM 11 HHM 111 Hld ‘\ L
0.001 0.01 0.1 1 10 100 1000

Soil total suction, v [MPa]

Figure 4. Calibration of soil-water retention model against the
experimental data for compacted soil specimens (wetting path
under confined condition).

3E-019
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Figure 5. Calibration of parameters for Kozeny-Carman formu-
lation

where, K is intrinsic permeability (m?) of material with
porosity ¢, Ky is intrinsic permeability (m?) of material
with reference porosity ¢, m and n are fitting parameter.

The saturated hydraulic conductivity values at different
initial dry densities of the Calcigel bentonite-sand mixture
(50:50) were collected from the literature [12, 16]. For an
initial dry density of 1.80 Mg/m?, the saturated hydraulic
conductivity of the compacted mixture was determined
from the oedometer test. The collected and measured sat-
urated permeability data with the Kozeny-Carman model
parameters for the investigated material are shown in Fig.
5. For the relative permeability in unsaturated state, a
closed-form equation proposed by van Genuchten [17]
was used. The parameter A was calibrated by best fitting
the response of three relative humidity sensors located at
50 mm (at X1), 150 mm (at X2) and 250 mm (at X3) from
the bottom-end. Table 3 summarizes the water retention
parameters and the hydraulic parameters for the numerical
analysis.

5 Results and discussion

Fig. 6 shows the comparison between predicted and mea-
sured relative humidity values over the elapsed time along
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Table 3. Hydraulic parameters for compacted bentonite-sand
mixture (50:50) (Note: P refers here parameter)

Parameter Description Value
emo (-) Micro void ratio at e, = 0 0.25
Bo (=) P 1 for micro. evolution 0.183
B () P 2 for micro. evolution 0.083
Cuas MPa)™! P 1 for adsorption (Micro- 11.0E-
level) 3
Naas (=) P 2 for adsorption (Micro- 1.1
level)
a (MPa) A (Macro-level parameter) 0.24
m (-) Shape parameter 1 for reten- 0.53
tion curve
n(-) Shape parameter 2 for reten- 1.4
tion curve
Ky (m?) Intrinsic  permeability with  6.75E-
matrix ¢ or ey 20
K (m?) Intrinsic  permeability with -
matrix ¢ or ey
m (-) P 1 for KC formulation 3
n(-) P 2 for KC formulation 1
A(-) Parameter for water/air rela- 0.5
tive permeability
100 -
- A *s}*ﬁ*ﬁﬁ*ﬁﬁ*ﬁﬁﬁ*ﬁﬁﬁ*ﬁ*
95? * At X2 000000000
T 90 ; *
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Figure 6. Elapsed time vs. relative humidity

the height of soil sample. The predicted values show a
good agreement with the measured experimental values.

Fig. 7 shows the comparison between the predicted
and measured water content over the elapsed time for mea-
surement sections X1, X2 and X3. Similar to the relative
humidity evolution, the effect of distance on the satura-
tion rate is evident. Likewise, the relative humidity evolu-
tion at section X1, the water content increases rapidly with
the initiation of hydration. The predicted values at section
X1 agree well with the experimental results. However, the
predicted values of water content were slightly higher than
the measured ones.

Fig. 8 presents a comparison between the predicted
and measured axial total stress at the top and bottom ends.
The top load cell measured the applied stress from the bot-
tom elements during the transient hydration process. Un-
der a confined condition and at equilibrium, it may be an-
ticipated that the measured axial stress at both ends of the

25

Y At X1 Y Postexpt. value at X3

O AtX2 —— Prediction at X1 (D model)

M AtX3 —— Prediction at X2 (D model)
20 % Postexpt. value at X1 —— Prediction at X3 (D model)

4@ Postexpt. value at X2
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o

Gravimetric water content [%)]
o
| T T 1T | T T 1 | T T 1
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0 30 60 90 120 150 180 210 240 270 300 330 360
Time [Days]

Figure 7. Elapsed time vs. water content
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@ Exp. resutls (top load cell)
—— Prediction (DM)

w

Axial total stress [MPa]
N
T s o s s e s e e

o
0 30 60 90 120 150 180 210 240 270 300 330 360
Time [Days]

Figure 8. Measured and predicted axial stress values

sample are equal. On the other hand, it was observed dur-
ing the test that the measured axial stress at both ends were
dissimilar. This can be attributed to the following factors,
such as (i) dissimilar compressibility characteristics along
the height of the sample due to the difference in the water
content along the height, (ii) the presence of construction
joints meant for installing the pressure transducers, (iii)
the side frictional resistance between the sample and the
PVDF rings, and (iv) the composite nature of the sample
due to the presence of sensors that created complex stress-
deformation characteristics of the system. These features
were not considered during the simulation explicitly. A
decent agreement can be observed between the predicted
and measured axial total stress data at the bottom-end,
however the predicted values were slightly higher than the
measured ones.

Fig. 9 presents a comparison between the predicted
and measured values of lateral total stress along the height
of soil sample. With the initiation of hydration from the
bottom-end, the measured total stress at the section X1 in-
creased quickly and reached to 2.18 MPa within 45 days.
With the further hydration, the measured values at the sec-
tion X1 showed some oscillations before reaching to a
value of 2.13 MPa within 349 days. The model predic-
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Figure 9. Measured and predicted lateral stress values

tions showed a good agreement with the measured data
at section X1, however the predicted values disagree with
the measured data at sections X2 and X3. In general, the
swelling behaviour of compacted bentonite-sand mixture
during the hydration from one end involves various com-
plex processes, such as soil swelling, interaction between
different soil layers and non-uniform changes in the sam-
ple condition during the progressive hydration process.
Additionally, the presence of technical/constructional gaps
and non-uniform soil stiffness along the height of soil sam-
ple during the heterogeneous hydration process are also re-
sponsible for a different axial and lateral swelling pressure
dynamics.

6 Conclusions

A methodology for identifying and calibrating the model
parameters for a fully coupled hydro-mechanical anal-
ysis is proposed based on the conventional laboratory-
based experiments on elementary soil samples. The ex-
perimental results revealed the moisture migration along

the height of unsaturated soil specimen under an applied
hydraulic gradient. The double structure soil water reten-
tion model proposed by Dieudonne et al. [4] successfully
captured the moisture migration process in the compacted
soil specimen. The axial and lateral total stress measure-

ments during the water infiltration highlighted the conse-
quences of a heterogeneous moisture distribution in com-

pacted bentonite-based materials. A comparative analysis
of the measured and predicted total stress values along the
height of soil specimen signifies the role of interfacial fric-
tion between the soil sample and cell-wall and anisotropic
swelling behaviour, which provides the key inputs to im-
prove the existing constitutive models for a coupled hydro-
mechanical analysis.
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