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Abstract
A triple-microstructure hydro-mechanical constitutive damage model was pro-
posed to describe the hydro-mechanical behaviour of MX80 bentonite pel-
let/powder mixture, based on the results from a series of suction-controlled
oedometer tests andmicrostructure observations. Emphasis was put on the pellet
damage behaviour. The model parameters were determined essentially based on
these results. The model response was firstly verified with the obtained oedome-
ter tests. Then, the results of Molinero-Guerra et al. and Darde who carried out
suction-controlled oedometer tests and swelling pressure tests on similar ben-
tonite pellet/powder mixture were employed to validate the proposed model. It
appeared that the global volumebehaviour and the development of swelling pres-
sure with suction of the bentonite mixture could be well reproduced. The model
allowed gaining insights into the microstructural evolutions under oedometer
loading. The global compression behaviour was governed by the filling of inter-
grain pores at unsaturated state, but by the compression of grains themselves
at saturated state. Conversely, when wetted under constant-volume condition,
inter-grain pores and intra-grain macro-pores were closed, by the swelling of
intra-grain micro-pores. Examination of the water-retention property showed
that water saturated the intra-grain micro-pores at suction 19 MPa, and then
started filling intra-grain macro-pores. When inter-grain pores and intra-grain
macro-pores were all closed at suction 0.1 MPa, water finally came back to
intra-grain micro-pores. On the whole, the hydro-mechanical behaviour of the
bentonite pellet/powder mixture can be well described by the proposed model.

KEYWORDS
bentonite pellet/powder mixture, damage, oedometer compression, suction, triple-
microstructure model

1 INTRODUCTION

Deep geological disposal has been widely recognized as a promising option for high- and intermediate-level radioac-
tive waste. In this concept, bentonite pellet/powder mixture has been envisaged as sealing materials thanks to their
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low permeability, high swelling and high radionuclide retardation capacities.1–5 Under geological disposal conditions,
pore water or vapour from host rock would infiltrate the sealing materials, inducing hydration and subsequent swelling.
The sealing materials are expected to interact with host rock in the long term. In such wetting and loading pro-
cesses, these sealing materials may be damaged with cracking. Large cracks may constitute preferential pathways
for water, gas and radionuclides, compromising the long-term performance of the geological disposal facilities.6,7
Thereby, it is essential to account for the damage effect in the description of the hydro-mechanical behaviour of such
mixture.
Based on the experimental results, a number of constitutive models have been developed to describe the hydro-

mechanical behaviour of compacted bentonite-based materials.8–17 Gens and Alonso8 and Alonso et al.9 proposed the
Barcelona Expansive Model (BExM) for unsaturated expansive soils by considering the coupled macro- and micro-
structure deformations. This model assumed the microstructure to be elastic and saturated. The authors demonstrated
that the coupling function could well describe the effect of micro-structural swelling or shrinkage on themacro-structural
deformation.9 The double-structure BExM for expansive soils has been modified later by many researchers, keeping the
microstructure saturated.18–20 However, Qiao et al.10,13 pointed out that the microstructure may be unsaturated when the
suction is high enough and some plastic deformations may occur at themicrostructure scale due to the subdivision of clay
particles. An elastoplastic model was thus proposed in the double structure framework (micro- and macro-structure) by
introducing traditional plastic deformations at themicro-structure level.10,13 Wheeler et al.15 andMusso et al.21 also consid-
ered the elastoplastic behaviour of themicrostructure in theirmodels. In this case, the plasticmicrostructural deformation
is assumed to be dependent on both stress and suction.
The double-structure constitutive models are suitable for compacted bentonite-based materials. However, for het-

erogenous mixtures such as bentonite pellet/ powder mixture, inter-grain (inter-pellet) pores, intra-grain macro- and
micro-pores are identified, suggesting a triple-microstructure structure.7,22,23–25 The double-structure BExMwas extended
to the triple-microstructure by Cardoso et al.19 and Zhang.26 The plastic deformation of inter-grain pores was calculated
by considering the coupling mechanism between inter-grain pores and intra-grain pores, the same as the coupling
mechanism between intra-grain macro- and micro-pores. Navarro et al.16,27 proposed a triple-microstructure model to
reproduce the hydro-mechanical behaviour of MX80 bentonite pellet mixtures. They assumed that the behaviour of
inter-pellet pores was non-linear, isotropic and elastic. However, experimental results evidenced the irreversibility of some
deformations of inter-pellet pores under wetting and loading.7,22,28 Another important characteristic of the bentonite
pellet/powder mixture is the damage due to wetting as demonstrated byMolinero-Guerra et al.29 andMolinero-Guerra.30
This damage effect was accounted for by Mokni et al.5 and Zhang et al.7 However, their damage models only considered
the suction effect, while the stress effect was ignored.
In this study, a triple-microstructure hydro-mechanical constitutive damage model was developed, allowing the

hydro-mechanical behaviour of MX80 bentonite pellet/powder mixture to be described. A series of suction-controlled
oedometer tests were performed on the bentonite mixture. A description of microstructural characteristics of the
pellet/powder mixture was given, providing a hydro-mechanical framework for the model development. The damage
of pellets due to both wetting and loading was considered. The model parameters were determined essentially based on
the test results. The model validation was firstly made based on the oedometer tests carried out in this study. Then, the
suction-controlled oedometer tests and swelling pressure tests performed by Molinero-Guerra et al.22 and Darde31 on
similar bentonite pellet/powder mixture were simulated, further validating the proposed model.

2 HYDRO-MECHANICAL CHARACTERISATION ANDMICROSTRUCTURE
OBSERVATION OF BENTONITE PELLET/POWDERMIXTURE

2.1 Tested material

The tested material is a mixture of MX80 bentonite pellet/powder at a proportion of 80/20 in dry mass. MX80 bentonite
comes from Wyoming, USA, provided by the Laviosa MPC company. MX80 bentonite is a sodium bentonite with a
montmorillonite content of 80%−92%, other non-clayey inclusions including quartz, calcite and pyrite. The liquid limit
is 520%, the plastic limit is 42%, the plastic index is 478%, and the specific gravity is 2.77 Mg/m3.32,33
MX80 bentonite pellets were produced by heavily compacting MX80 bentonite powder in a mould of 7 mm in diameter

and 7 mm in height, by Laviosa Minerals. The initial suction (s= 87.4 MPa) was measured with a chilled mirror dew point
tensiometer (Decagon WP4C) at an initial water content w = 12.5%, which was determined by oven-drying at 105◦C for

 10969853, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nag.3670 by French A

tom
ic A

nd A
lternative E

nergy C
om

m
ission, W

iley O
nline L

ibrary on [19/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1656 YANG et al.

F IGURE 1 μCT images of bentonite pellet/powder mixtures and pore network at initial state.

24 h. The hydrostatic weighingmethod by immersing waxed sample into desaromatized petroleumwas used to determine
the pellet volume in the initial state.34 The initial dry density ρd was obtained as 1.91 Mg/m3, corresponding to an initial
void ratio e = 0.45. The MX80 bentonite powder was produced by crushing pellets. The pellets and powder could thus be
regarded as grains. An initial water content of 5.66% was measured by oven-drying for the powder, corresponding to an
initial suction s = 125.38 MPa (also by WP4C).
Bentonite pellet/powder mixture was prepared in a cell of 50 mm diameter at a proportion of 80/20 in dry mass. The

pellets were axially placed one by one, with the centres of the top and bottom caps in a vertical direction. Once a layer
was fully filled with pellets, powder equal to 25% of pellets in dry mass were evenly sprayed between pellets. Six layers in
total were placed in the cell with a total sample height around 36 mm. The global dry initial density of the mixture was
1.49 Mg/m3.

2.2 Suction-controlled oedometer tests

Suction-controlled oedometer tests were conducted on bentonite pellet/powder mixture samples. The mixture samples
were imposed under different suctions from 113 to 4.2 MPa by vapour equilibrium (VET samples) and under zero suction
by liquidwater circulation (WC samples). The conventional step loadingwas applied until reaching different target vertical
stresses (0.1, 3.2 and 12.8 MPa). Once various target vertical stresses were reached, the outlets and inlets of oedometer cells
were closed to stop the vapour or water circulation for the undrained condition. Afterwards, the mixture samples were
instantaneously unloaded and extruded from the oedometer cell for later microstructure observations including Mercury
Intrusion Porosimetry (MIP) tests andMicro-Computed Tomography (μCT) observations (MIP/μCT). The results from the
suction-controlled oedometer tests are used to determine certain model parameters and to validate the proposed model,
as shown later.

2.3 Microstructural characterisation with MIP and μCT

The microstructural characterisation of bentonite pellet/powder mixture was conducted by means of Mercury Intrusion
Porosimetry (MIP) tests andMicro-ComputedTomography (μCT) observations. As forμCTobservations, the sampleswere
scanned using Skyscanner-1173with the voltage and current of X-ray sources selected as 130 kV and 61μA, respectively. The
voxel size was 28 μm. After scans, the scanned object was 3D reconstructed by assembling around 1600 horizontal slices
using Bruker software NRecon withmedian noise reductionmethod. Bruker software CTAnwas exploited to post-process
these μCT images. The built-in automatic thresholding was used to segment bentonite grains and pores in analysing μCT
images.
The μCT images of bentonite pellet/powder mixture and pore network at the initial state are presented in Figure 1.

It appears that the bentonite pellet/powder (80/20) mixture sample at initial state mainly comprises pellets. Significant
inter-grain pores could be identified from the image of inter-grain pore network. Moreover, more inter-grain pores could
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YANG et al. 1657

F IGURE 2 Classification of intra-grain micro- and macro-pores and inter-grain pores inside bentonite pellet/powder mixture.

be identified in the top positions than in themiddle and bottompositions, since powder grains slid into the bottom through
inter-grain pores, in particular during the transportation to the μCT room.
Due to the high volume fraction of pellets to the whole bentonite pellet/powder (80/20) mixture sample at initial state,

water was mainly adsorbed by pellets and the stress was transmitted through the pellet skeleton in the bentonite pel-
let/powder mixture.35 Thereby, the overall hydro-mechanical behaviour of the bentonite mixture was rather governed by
pellets. The MIP tests were conducted on several freeze-dried pellets at the initial state by a porosimeter of Micromeritics
AutoPore IV 9500, with the pore entrance diameters from 344 μm to 5.5 nm to be identified. The μCT-detection Pore Size
Distribution (PSD) curve of bentonite mixture sample was obtained by themethod of Yang et al.36 TheMIP-detection PSD
curve of pellet and μCT-detection PSD curve of bentonite mixture sample are depicted in Figure 2. Three pore structures
can be identified, representing intra-grain micro- and macro-pores inside pellets and powder grains and inter-grain pores
between pellets and powder grains. Note that the sizes of intra-grainmacro-pores were larger than 1 μm,whereas the sizes
of intra-grain micro-pores were smaller than 1 μm. The pores that surround pellets and powder grains were classified into
inter-grain pores.
The MIP results of pellets taken from bentonite mixture samples unloaded from various imposed suctions and applied

loads are presented in Figure 3, in terms of cumulative and density function curves. The cumulative curves were well
ordered with respect to the suction for the vertical stress σv of 0.1 and 3.2 MPa (Figure 3A,B): the curve for a lower
suction lies above the curve for a higher suction. By contrast, for the σv of 12.8 MPa (Figure 3C), the difference between
the cumulative curves became limited, showing that loading narrowed the difference. The density function curves were
characterised by a bimodal porosity for all the VET samples, whereas by a tri-modal porosity for all theWC samples except
S0L12.8.
The water distribution within pores in grains was studied withMIP results using the method proposed byWang et al.,37

who assimilated the mercury cumulative intrusion to the air intrusion process. The maximum size of water-filled pores
dwm could be obtained and is also presented in density function curves of Figure 3. It appears that the intra-grain micro-
pores were unsaturated at suctions higher than 25 MPa, while saturated at suctions smaller than 9 MPa, except S4.2L3.2
and S4.2L12.8. On the contrary, all the intra-grain macro-pores were unsaturated for all suctions.

2.4 Swelling and damage mechanisms

As mentioned previously, three pore structures including intra-grain micro- and macro-pores and inter-grain pores, were
identified in bentonite pellet/powder mixture. The variations of void ratios of inter-grain, intra-grain macro- and intra-
grain micro- pores (𝑒inter, 𝑒intra

M
and 𝑒intram ) with suction s and vertical stress σv are quantitatively depicted in Figure 4.

𝑒intram is the difference between 𝑒intra
T

and 𝑒intra
M

and 𝑒inter is the difference between 𝑒T and 𝑒intraT
. The values of 𝑒intra

T
and 𝑒T
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1658 YANG et al.

F IGURE 3 PSD curves of pellets taken out from bentonite mixtures instantaneously unloaded from various imposed suctions and
different target vertical stresses: (A) σv = 0.1 MPa; (B) σv = 3.2 MPa; (C) σv = 12.8 MPa.

could be obtained from Figures 3 and 10A, respectively. During wetting, both 𝑒intra
M

and 𝑒intram increased with s decrease,
contrary to the decreasing 𝑒inter, indicating the filling of inter-grain pores by the swelling of pellets and powder grains.
This suggests that inter-grain and intra-grain pores are coupled. During loading, Δ𝑒inter was larger than Δ𝑒intra

M
and Δ𝑒intram

for the VET samples, but much smaller than Δ𝑒intra
M

and Δ𝑒intram for the WC samples. This suggests that the compaction of
bentonite mixture was mainly controlled by the filling of inter-grain pores for the VET samples, but by the compression
of intra-grain pores for the WC samples. As for the intra-grain pores, Δ𝑒intram under each loading level increased with s
decrease because of the wetting-reduced swelling of pellets and powder grains.
Accounting for the damage behaviour of bentonite pellet/powdermixture underwetting or/and loading is indispensable

in the constitutive modelling. The intra-grain macro-pores could be regarded as cracks.5 It appears that 𝑒intra
M

increased
with σv increase for s ≥ 82 MPa, indicating the consistent crack generation during loading (Figure 4). By contrast, for
s = 4.2 MPa, 𝑒intra

M
decreased insignificantly at low loads, but decreased remarkably at high loads, reflecting the crack

closure. 𝑒intra
M

appears almost unchanged for s between 57 and 9 MPa, suggesting the limited cracking behaviour in this
suction range. Thereby, both suction and stress affect the damage behaviour of bentonite pellet/powder mixture.
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YANG et al. 1659

F IGURE 4 Variations of inter-grain, intra-grain macro- and intra-grain micro-void ratios (𝑒inter, 𝑒intraM and 𝑒intram ) with suction and stress.

3 TRIPLE-MICROSTRUCTURE HYDRO-MECHANICAL CONSTITUTIVE DAMAGE
MODEL

3.1 Basic assumptions

In order to appropriately account for the three pore structural levels of the studied mixture upon wetting and loading,
a triple-microstructure hydro-mechanical constitutive damage model is proposed. Given the different strain responses
to suction and stress variations at the three pore structures (Figure 4), two independent stress variables are considered:
mean net stress and suction. The model assumes that the mechanical behaviours of the three pore structural levels are
elastoplastic. This assumption is based on the results of Zhang et al.7 who identified some irreversible deformations from
all the three pore structures upon wetting/drying/re-wetting on single MX80 bentonite 7-mm pellets.
For simplicity, the following assumptions are adopted:

1. Mechanical, hydraulic and chemical equilibriums are reached between intra-grain and inter-grain pores, and between
intra-grain macro- and micro-pores.

2. No mass, entropy or internal energy are transferred among the solid, liquid and gas phases. All the three phases have
the same and constant temperature.

3. The solid phase is uncompressible. All the deformations of three pore structures are considered as volumetric.

3.1.1 Structural equations

The mixture total void ratio 𝑒T is the sum of the void ratios of intra-grain micro and macro-pores and inter-grain pores
(𝑒intram , 𝑒intra

M
and 𝑒inter), as shown in Equation (1):

𝑒T = 𝑒intram + 𝑒intra
M

+ 𝑒inter (1)

where 𝑒intram , 𝑒intra
M

and 𝑒inter can be calculated with the following equations:

𝑒intram =
𝑉intram

𝑉s
, 𝑒intra

M
=
𝑉intra
M

𝑉s
and 𝑒inter =

𝑉inter

𝑉s
(2)

where 𝑉intram , 𝑉intra
M

and 𝑉inter are the volume of intra-grain micro-, intra-grain macro- and inter-grain pores. 𝑒intram and
𝑒intra
M

constitute the total void ratio of grain 𝑒intra
T

:

𝑒intra
T

= 𝑒intram + 𝑒intra
M

(3)
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1660 YANG et al.

The volumetric strains corresponding to the intra-grain micro- andmacro-pores as well as inter-grain pores (𝜀intram , 𝜀intra
M

and 𝜀inter) are defined by Equation (4):

𝜀intram =
Δ𝑒intram

1 + 𝑒T
, 𝜀intra

M
=
Δ𝑒intra

M

1 + 𝑒T
and 𝜀inter =

Δ𝑒inter

1 + 𝑒T
(4)

The corresponding total volumetric strain 𝜀T is:

𝜀T = 𝜀intram + 𝜀intra
M

+ 𝜀inter (5)

3.1.2 Hydraulic constitutive equations

The saturation degrees of intra-grain micro- and macro-pores (𝑆intrarm and 𝑆intra
rM

) are defined as:

𝑆intrarm =
𝑒intrawm

𝑒intram

and 𝑆intra
rM

=
𝑒intra
wM

𝑒intra
M

(6)

where 𝑒intrawm and 𝑒intra
wM

are the water void ratios for intra-grain micro- and macro-pores, respectively, calculated as:

𝑒intrawm =
𝑉intra
V,wm

𝑉s
and 𝑒intra

wM
=
𝑉intra
V,wM

𝑉s
(7)

where 𝑉intra
V,wm

and 𝑉intra
V,wM

are the volumes of water stored in the intra-grain micro- and intra-grain macro-pores,
respectively. The saturation degree of whole grain 𝑆intrar is:

𝑆intrar =
𝑒w

𝑒intra
T

=
𝑒intram

𝑒intra
T

𝑆intrarm +
𝑒intra
M

𝑒intra
T

𝑆intra
rM

(8)

The saturation degree of mixture Sr is calculated from 𝑆intrar , as water is stored in grains after unloading.

𝑆r =
𝑒w
𝑒T

=
𝑒intra
T

𝑒T
𝑆intrar (9)

The water retention model adopted for the three pore structural levels is:

𝑆r (𝑠, 𝑝) =

⎡⎢⎢⎣1 +
((

𝑒0 − 𝛼pln (1 + 𝑝∕𝑝r) − 𝛼sln (1 + 𝑠∕𝑝atm)
)𝑚4

𝑚3(1 + 𝑝∕𝑝atm)
𝑚5

𝑠

)𝑚2⎤⎥⎥⎦
−𝑚1

(10)

where pr is a reference pressure and e0 is the initial void ratio; αp represents soil compressibility with respect to net mean
stress; αs represents soil compressibility with respect to suction;m1,m2,m3,m4 andm5 are soil parameters. According to
Zhou and Ng,38 parametersm1,m2 andm4 satisfy the following relationship (Equation (11)):

𝑚1𝑚2𝑚4 = 1 (11)

This water retention model proposed by Zhou and Ng38 considers the stress effect on the retention properties of the
material. This dependency was found to play an important role in the water retention behaviour of the mixture.39 The
parameters of the water-retention model will be determined by fitting the model with the experimental data.
Table 1 summarises the equations for the basic assumptions.
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YANG et al. 1661

TABLE 1 Summary of the equations for the basic assumptions.

Name Equation Code
Total void ratio 𝑒T = 𝑒intram + 𝑒intraM + 𝑒inter (1)

Void ratios 𝑒intram =
𝑉intra
Vm

𝑉s
𝑒intraM =

𝑉intra
VM

𝑉s
𝑒inter =

𝑉inter
V

𝑉s
(2)

Total grain void ratio 𝑒intraT = 𝑒intram + 𝑒intraM (3)

Volumetric deformations 𝜀intram =
Δ𝑒intram

1+𝑒T
𝜀intraM =

Δ𝑒intra
M

1+𝑒T
𝜀interT =

Δ𝑒inter

1+𝑒T
(4)

Total deformation 𝜀T = 𝜀intram + 𝜀intraM + 𝜀inter (5)

Degree of saturation of intra-grain micro- and macro-pores 𝑆intrarm =
𝑒intrawm

𝑒intram

𝑆intrarM =
𝑒intra
wM

𝑒intra
M

(6)

Void ratio occupied by water 𝑒intrawm =
𝑉intra
V,wm

𝑉s
𝑒intrawM =

𝑉intra
V,wM

𝑉s
(7)

Degree of saturation of grain 𝑆intrar =
𝑒w

𝑒intra
T

=
𝑒intram

𝑒intra
T

𝑆intrarm +
𝑒intra
M

𝑒intra
T

𝑆intrarM (8)

Degree of saturation of mixture 𝑆r =
𝑒w

𝑒T
=

𝑒intra
T

𝑒T
𝑆intrar (9)

F IGURE 5 Damage coefficient versus suction.

3.2 Damage model

A distinct damage coefficient of pellets considering the volume of clay solid is proposed (Equation (12)):

𝐷 =
𝑉intra
M

𝑉s + 𝑉
intra
M

+ 𝑉intram

=
𝑒intra
M

1 + 𝑒intra
T

(12)

The intra-grainmacro-pores were regarded as cracks. Indeed, the damage coefficient was determined by the percentage
of intra-grainmacro-pores in thewhole volume.𝑉intra

M
and𝑉s + 𝑉intraM

+ 𝑉intram are divided byVs, yielding 𝑒intraM
and 1+𝑒intra

T
,

respectively. Accordingly, the damage coefficient is calculated by dividing 𝑒intra
M

by 1+𝑒intra
T

and is presented in Figure 5.
It appears that during wetting, the smaller the suction, the larger the D, for all suctions. During loading, the D value
continuously increased for suctions larger than 57 MPa. On the contrary, for suctions smaller than 4.2 MPa, the D value
decreased during loading. As for suctions smaller than 38 MPa and larger than 9 MPa, the D value grew up when the
vertical stress was applied from 0.1 to 3.2 MPa, but decreased when the vertical stress was applied from 3.2 to 12.8 MPa.
Change in wetting-induced damage ΔDwetting and change in loading-induced damage ΔDloading were extracted from the
damage coefficients to clarify the effects of wetting and loading on damage. ΔDwetting is defined as the difference between
the damage coefficient at a given suction under the initial load DL0.1 and that at initial state DS113L0.1 that characterised
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1662 YANG et al.

the fabrication-induced damage, yielding Equation (13):

Δ𝐷wetting = 𝐷L0.1 − 𝐷S113L0.1 (13)

DS113L0.1 was 0.027. The ΔDloading was defined as the difference between the damage coefficient under a given load (DL3.2
and DL12.8) and that under the initial load (DL0.1) at a given suction, resulting in Equation (14):

Δ𝐷loading = 𝐷L3.2 − 𝐷L0.1 or Δ𝐷
loading = 𝐷L12.8 − 𝐷L0.1 (14)

Equations (15) and (16) are proposed to describe ΔDwetting and ΔDloading, respectively:

Δ𝐷wetting (𝑠) = 𝑚𝑠𝑛 (15)

Δ𝐷loading (𝑠, 𝑝) = 𝑐 ln (𝑎𝑠 − 𝑝atm) exp (𝑏𝑝 + 1) + ℎ (16)

where parametersm, n, a, b, c and h are determined by fitting, equal to 0.19, −0.78, 0.060, 0.16, 0.0015 and 0.0056, respec-
tively. 𝑝atm is the atmosphere pressure (0.1 MPa). As for the physical meanings, m and n controlled the suction effect on
the wetting-induced damage. a and b controlled the suction effect and the stress effect on the loading-induced damage,
respectively. Summing the initial damage coefficient DS113L0.1 and Equations (15) and (16), the total damage coefficient D
is obtained through Equation (17):

𝐷 (𝑠, 𝑝) = 0.027 + 0.19𝑠−0.78 + 0.0015 ln (0.060𝑠 − 0.101) exp (0.16𝑝 + 1) + 0.0056 (17)

As observed from Figure 5, the fitting curves matched well with the experimental D.

3.3 Mechanical constitutive equations

3.3.1 Intra-grain micro-pore level

The total incremental strain for intra-grain micro-pores Δ𝜀intram is the sum of the elastic part Δ𝜀e,intram and the plastic part
Δ𝜀

p,intra
m :

Δ 𝜀intram = Δ𝜀
e,intra
m + Δ𝜀

p,intra
m (18)

It is assumed that the intra grain microstructural level is controlled by two independent variables, mean net stress (p)
and suction (s), as follows:

Δ 𝜀
e,intra
m =

Δ𝑝

(1 − 𝐷)𝐾intrapm

+
Δ𝑠

(1 − 𝐷)𝐾intrasm

(19)

where 𝐷 is the damage coefficient, 𝐾intrapm and 𝐾intrasm are the bulk moduli for the intra-grain micro-pores for stress and
suction, respectively, and are calculated by Equation (20):

𝐾intrapm =
(1 + 𝑒T) 𝑝

𝜅intrapm

and 𝐾intrasm =
(1 + 𝑒T) 𝑠

𝜅intrasm

(20)

where 𝜅intrapm is the elastic compression index in 𝑒intra
M

-lnp plane and 𝜅intrasm is the elastic parameter for intra-grainmicro-pores
with suction changes.
To describe the plastic strain, the plastic model of Musso et al.15 is adopted. Two yield curves are introduced for

the description of the plastic strains—one is suction decrease (SD) or suction increase (SI) yield curve and another is
loading-collapse (LC) yield curve. The former is related to the irreversible change of water ratio and the latter is related to
mechanical straining. Wheeler et al.21 and Musso et al.15 pointed out that if yielding occurs directly on the SI, the water
ratio changes following the drying water-retention curves (WRC), accompanied by the hardening of the LC, while direct
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YANG et al. 1663

yielding on the SD causeswater ratio changes following thewettingWRC, togetherwith the softening of the LC. If yielding
occurs on the LC, it produces plastic volumetric strains with a coupled outward movement of the SI or inward movement
of the SD.15 These yield curves are expressed as:

LC ∶ 𝑝 = 𝑝0 SI ∶ 𝑠 = 𝑠I SD ∶ 𝑠 = 𝑠D (21)

where 𝑠I and 𝑠D are the suctions on SI and SD, respectively. 𝑝0(𝑠) is the pre-consolidation pressure for the whole ben-
tonite mixture. Since the overall hydro-mechanical behaviour of the bentonite mixture is rather governed by pellets, it
can be reasonably deduced that the pellets shared the same pre-consolidation pressures with the whole bentonite mixture
samples at various suctions. Thus, 𝑝0(𝑠) is adopted for the intra-grain micro- and macro-pores and inter-grain pores.
The movements of SI and the SD are the same:

Δ𝑠I
𝑠I

=
Δ𝑠D
𝑠D

=
Δ𝑠

𝑠
(22)

Musso et al.15 proposed the following hardening law for the yielding related to to SI or SD:

Δ 𝑝0 = ℎLC,imi𝑝0

(
Δ𝑠

𝑠

)
(23)

where ℎLC,imi is the parameter that controls the softening or hardening of the LC curve due to SD or SI yielding for the
intra-grain micro-pores. The incremental plastic volumetric strain for intra-grain micro-pores due to yielding of the LC
curve Δ𝜀p,intram is:

Δ 𝜀
p,intra
m =

𝜆intram (s) − 𝜅intrapm

1 + 𝑒T

Δ𝑝0
𝑝0

(24)

where 𝜆intram (𝑠) is the slope of the virgin consolidation line in 𝑒intram -lnp plane at a given suction s. In this case, the hardening
law was given by Musso et al.15:

Δ𝑠 = ℎs,imi 𝑠
Δ𝑝0
𝑝0

(25)

where ℎs,imi is the parameter that controls the inwardmovement of SD yield curve or outward movement of SI yield curve
for the intra-grain micro-pores. The general expression for Δ𝜀p,intram can be derived through Equations (22)–(25)15:

Δ 𝜀
p,intra
m =

𝜆intram (s) − 𝜅intrapm

(1 + 𝑒T)
(
1 − ℎs,imiℎLC,imi

) (
Δ𝑝0
𝑝0

− ℎLC,imi

(
Δ𝑠

𝑠

) )
(26)

The saturation degree of intra-grain micro-pores 𝑆intrarm and the power parameter 𝛼intram are introduced in Equation (26)

to control the suction contribution. The larger the water occupation, the larger the suction contribution. If the (𝑆intrarm )
𝛼intram

is equal to zero, the suction contribution is zero. The Δ𝜀p,intram is updated, as follows (Equation (27)):

Δ 𝜀
p,intra
m =

𝜆intram (s) − 𝜅intrapm

(1 + 𝑒T)
(
1 − ℎs,imiℎLC,imi

) ⎛⎜⎜⎝
Δ𝑝0
𝑝0

− ℎLC,imi

⎛⎜⎜⎝
(𝑆intrarm )

𝛼intram
Δ𝑠

𝑠

⎞⎟⎟⎠
⎞⎟⎟⎠ (27)

Considering that the smaller the suction, the larger the strain increment,7 ℎLC,imi is defined as a function of suction
(Equation (28)):

ℎLC,imi = ℎ1 exp (−ℎ2𝑠) (28)

where ℎ1 and ℎ2 are parameters related to ℎLC,imi. According to Wheeler et al.21, ℎs,imi and ℎLC,imi satisfied the following
relationship:

ℎs,imiℎLC,imi < 1 (29)

 10969853, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nag.3670 by French A

tom
ic A

nd A
lternative E

nergy C
om

m
ission, W

iley O
nline L

ibrary on [19/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1664 YANG et al.

The pre-consolidation pressure for mixture at a given suction 𝑝0(𝑠) could be calculated with Equation (30):

𝑝0 (𝑠) = 𝑝c

(
𝑝∗
0

𝑝c

)(
𝜆T(0)−𝜅T
𝜆T(𝑠)−𝜅T

)
(30)

where 𝑝c is the reference pressure for the mixture, 𝑝∗0 is the saturated pre-consolidation pressure of mixture, 𝜅T is the
elastic compression index in 𝑒T-lnp plane and 𝜆T(𝑠) is the slope of the virgin consolidation line in 𝑒T-lnp plane at a given
suction s.
Specifically, when the pre-consolidation pressure is exceeded at constant suction, Equation (27) is reduced to

Equation (31):

Δ 𝜀
p,intra
vm =

𝜆intram (s) − 𝜅intrapm

1 + 𝑒T

Δ𝑝

𝑝
(31)

where p is the current mean net stress.

3.3.2 Intra-grain macro-pore level

The framework of the BExM is adopted for the intra-grain macro-pore level. The total incremental strain for intra-grain
macro-pores Δ𝜀intra

M
is the sum of the elastic and plastic volumetric strains (Δ𝜀e,intra

M
and Δ𝜀p,intra

M
):

Δ 𝜀intra
M

= Δ𝜀
e,intra
M

+ Δ𝜀
p,intra

M
(32)

For the elastic part, Δ𝜀e,intra
M

can be calculated with Equation (33), with incorporating the damage coefficient D:

Δ 𝜀
e,intra
M

=
Δ𝑝

(1 − 𝐷)𝐾intrapM
𝑝
+

Δ𝑠

(1 − 𝐷)𝐾intrasM
𝑠

(33)

where 𝐾intra
pM

and 𝐾intra
sM

are the bulk moduli for intra-grain macro-pores for stress and suction, which could be obtained
with:

𝐾intra
pM

=
(1 + 𝑒T) 𝑝

𝜅intra
M

and 𝐾intra
sM

=
(1 + 𝑒T) 𝑠

𝜅intra
sM

(34)

where 𝜅intra
pM

is the elastic compression index in 𝑒intra
M

-lnp plane and 𝜅intra
sM

is the elastic parameter for the intra-grainmacro-
pores with suction changes. The plastic strain at the level of intra-grain micro-pores is induced by SD or SI yielding
(Δ𝜀p,SD,intra

M
or Δ𝜀p,SI,intra

M
) and by LC yielding Δ𝜀p,LC,intra

M
, as follows (Equation (35)):

Δ 𝜀
p,intra

M
= Δ𝜀

p,SD,intra

M
+ Δ𝜀

p,SI,intra

M
+ Δ𝜀

p,LC,intra

M
(35)

The SD and SI yield curves are assumed to be always activated.40
The volumetric plastic strain of intra-grain macro-pores is induced by the swelling or shrinkage of the intra-grain

micro-pores with suction changes, through the coupling mechanism between the two pore structures.21 As in the
BExM, Δ𝜀p,SD,intra

M
or Δ𝜀p,SI,intra

M
can be calculated with considering the coupling function between intra-grain micro- and

macro-pores 𝑓intra
MD

or 𝑓intra
MI

9,19,40:

Δ𝜀
p,SD,intra

M
= 𝑓intra

MD
Δ𝜀intram

Δ𝜀
p,SI,intra

M
= 𝑓intra

MI
Δ𝜀intram

(36)

where Δ𝜀intram is the total incremental volumetric strain for intra-grain micro-pores, obtained by Equation (18); 𝑓intra
MD

and
𝑓intra
MI

are the coupling functions between the intra-grain micro- and macro-pores in cases of suction decrease and suction
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YANG et al. 1665

increase, respectively. A common expression 𝑓intra
M

proposed by Zhang26 is used for 𝑓intra
MD

and 𝑓intra
MI

, which is:

𝑓intra
M

=
𝑎intra
M

1 + exp
(
𝑏intra
M

+ 𝑐intra
M

𝑝

𝑝0(𝑠)

) (37)

where parameters 𝑎intra
M

, 𝑏intra
M

and 𝑐intra
M

are different in cases of SD and SI. 𝑝0(𝑠) is calculated with Equation (19) as
mentioned previously.
Δ𝜀

p,LC,intra

M
is calculated based on the coupled movement of the LC curve due to SD or SI yielding, as follows:

Δ 𝜀
p,LC,intra

M
=

𝜆intra
M (s) − 𝜅intrapM

(1 + 𝑒T)
(
1 − ℎs,imaℎLC,ima

) ⎛⎜⎜⎝
Δ𝑝0
𝑝0

− ℎLC,ima

⎛⎜⎜⎝
(𝑆intra
rM

)
𝛼intra
M Δ𝑠

𝑠

⎞⎟⎟⎠
⎞⎟⎟⎠ (38)

where 𝜆intra
M

(s) is the slope of the virgin consolidation line in 𝑒intra
M

-lnp plane at a given suction s. 𝑆intra
rM

is the saturation

degree of intra-grainmacro-pores and 𝛼intra
M

is the power parameter, controlling the suction contribution. If the (𝑆intra
rM

)
𝛼intra
M

equals zero, the suction contribution is zero. ℎs,ima is the parameter that controls the SD or SI yielding, and ℎLC,ima is the
function with the variable of suction, which controls the coupled movement of the LC curve due to SD or SI yielding for
the intra-grain micro-pores. The expression of ℎLC,ima is Equation (39):

ℎLC,ima = ℎ3 exp (−ℎ4𝑠) (39)

where ℎ3 and ℎ4 are parameters related to ℎLC,ima. ℎs,ima and ℎLC,ima also satisfy the following relationship21:

ℎs,imaℎLC,ima < 1 (40)

In the case of suction-controlled oedometer loading, when the mean net stress (vertical stress) exceeds the
pre-consolidation stress, Δ𝜀p,LC,intra

M
is reduced to Equation (41):

Δ 𝜀
p,LC,intra

M
=
𝜆intra
M (s) − 𝜅intrapM

1 + 𝑒T

Δ𝑝

𝑝
(41)

3.3.3 Inter-grain pore level

The framework of the BExM is adopted for describing the deformation of inter-grain pores. The total incremental strain
for inter-grain pores Δ𝜀inter is the sum of the elastic part Δ𝜀e,inter and the plastic part Δ𝜀p,inter:

Δ 𝜀inter = Δ𝜀e,inter + Δ𝜀p,inter (42)

As for the inter-grain pores, the increment of elastic volumetric strain for the inter-grain pores Δ𝜀e,inter is:

Δ 𝜀e,inter = −
Δ𝑝

𝐾interp

−
Δ𝑠

𝐾inters

(43)

where the bulk moduli of inter-grain pores for respectively stress and suction, 𝐾interp and 𝐾inters , can be calculated with
Equation (44). Note that the negative sign is adopted due to the filling of these pores during wetting and loading, as
mentioned previously in Section 2.3.

𝐾interp =
(1 + 𝑒T) 𝑝

𝜅interp

and 𝐾inters =
(1 + 𝑒T) 𝑠

𝜅inters

(44)

where 𝜅interp is the elastic compression index in einter-lnp plane and 𝜅inters is the elastic parameter for the inter-grain pores
in response to suction change.
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1666 YANG et al.

Similar to the intra-grain micro-pores level, the plastic strain of inter-grain pores is produced due to SD or SI yielding
(Δ𝜀p,SD,interor Δ𝜀p,SI,inter) and LC yielding Δ𝜀p,LC,inter, as follows (Equation (45)):

Δ 𝜀p,inter = Δ𝜀p,SD,inter + Δ𝜀p,SI,inter + Δ𝜀p,LC,inter (45)

Δ𝜀p,SD,inter or Δ𝜀p,SI,inter is calculated by Equation (46) by considering the coupling function between intra-grain and
inter-grain pores 𝑓inter

D
or 𝑓inter

I
:

Δ𝜀p,SD,inter = 𝑓inter
D

Δ𝜀intra
T

Δ𝜀p,SI,inter = 𝑓inter
I

Δ𝜀intra
T

(46)

where 𝑓inter
D

and 𝑓inter
I

are the coupling functions between intra-grain pores and inter-grain pores in cases of suction
decrease and suction increase, respectively. A common expression 𝑓inter is used for 𝑓inter

D
and 𝑓inter

I
, as follows:

𝑓inter =
𝑎inter

1 + exp
(
𝑏inter + 𝑐inter

𝑝

𝑝0(𝑠)

) (47)

where 𝑎inter, 𝑏inter and 𝑐inter are parameters for 𝑓inter. Different parameters are determined for 𝑓inter
D

and 𝑓inter
I

. Δ𝜀intra
T

is
the incremental total strain for the intra-grain pores, expressed by Equation (48):

Δ 𝜀intra
T

= Δ𝜀intram + Δ𝜀intra
M

(48)

Since nowater was found in inter-grain pores (see Figure 3), the suction effect is not considered. The incremental plastic
volumetric strains for the intra-grain macro-pores due to LC yielding Δ𝜀p,LC,inter is:

Δ 𝜀p,LC,inter = −
𝜆inter (𝑠) − 𝜅interp

1 + 𝑒T

Δ𝑝0
𝑝0

(49)

𝑝0(𝑠) can be determined by Equation (30). For suction-controlled oedometer tests, when the mean net stress (vertical
stress) exceeds the pre-consolidation pressure and the suction is kept constant, Δ𝜀p,LC,inter is:

Δ 𝜀
p,LC, inter
v = −

𝜆inter (𝑠) − 𝜅interp

1 + 𝑒T

Δ𝑝

𝑝
(50)

The relationships between 𝜅intrapm , 𝜅intra
pM

, 𝜅interp and 𝜅T and between 𝜆intram , 𝜆intra
M

, 𝜆inter and 𝜆T ought to satisfy the following
Equations (51) and (52):

𝜅T = 𝜅intrapm + 𝜅intra
pM

+ 𝜅interp (51)

𝜆T (𝑆) = 𝜆intram (𝑠) + 𝜆intraM (𝑠) + 𝜆inter (𝑠) (52)

4 DETERMINATION OFMODEL PARAMETERS

For the determination of parameters, themodelwas fitted to the results from suction-controlled oedometer tests conducted
in this study. Themodel was then validated using the results ofMolinero-Guerra et al.22 who performed suction-controlled
oedometer tests onMX80 bentonite pellet/powder mixture at a proportion of 80/20 in dry mass (80/20), together with the
results of Darde31 who performed swelling pressure tests on MX80 bentonite pellet/powder (70/30) mixture. The initial
properties of the three tested mixtures (this study, Molinero-Guerra et al.22 and Darde,31 are presented in Table 2. The
calculation of 𝑒T of Darde31 is presented in Appendix A.
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YANG et al. 1667

TABLE 2 Properties of bentonite pellet/powder mixtures in three studies.

Property This study Molinero-Guerra et al.22 Darde31

7-mm Pellet:
Dry density (Mg/m3) 1.91 2.06 1.91
Void ratio, 𝑒intraT 0.44 0.34 0.45
Water content, wpellet (%) 12.5 7.25 12
Suction (MPa) 87.4 132.4 89
Powder:
Water content, wpowder (%) 5.66 3.17 3.5
Suction (MPa) 125.4 190.9 185
Mixture:
Pellet/powder ratio 80/20 80/20 70/30
Diameter (mm) 50 50 60
Height (mm) 36 35 30
Dry density, 𝑝d (Mg/m3) 1.49 1.49 1.5015c

𝑒T 0.8376 0.8518 0.8448c

𝑒inter 0.3967 0.5118 0.3948
𝑒intraM 0.04140 0.03376 0.04140d

𝑒intram 0.3995 0.3062 0.4086
Pressure/vertical stress (MPa) 0.1 0.1 0.004
Suction (MPa) 113 138 113
Test condition Swell-consolidationa Swell-consolidationa Constant-volumeb

aSuction-controlled high-pressure oedometer test.
bSwelling pressure test.
cWith the help of the masses of pellets and powder grains (99.9 g and 39.5 g) and water contents, the initial dry density and initial void ratio of bentonite mixture
of Darde31 were re-calculated.
dThe initial 𝑒intraM of this study was used instead, due to the lack of MIP results in Darde31 for bentonite 7-mm pellet in initial state.

TABLE 3 Parameters of the water-retention model of this study by the PSO algorithm.

pr 0.001 e0 1.22
𝑆intrarm αp αs m1 m2 m3 m4 m5

0.0024 0.048 0.60 1.60 144.96 1.04 0.06
𝑆intrar αp αs m1 m2 m3 m4 m5

0.0033 0.086 0.46 0.75 80.00 2.90 0.08
𝑆r αp αs m1 m2 m3 m4 m5

0.011 0.091 0.55 0.76 4.00 2.39 0.35

4.1 Hydraulic parameters

Zhang et al.39 measured the void ratios and determined the water-retention properties of compacted MX80 bentonite
which was instantaneously unloaded from oedometer cell. A suction increase, a tiny water loss and a limited rebounding
were observed during the instantaneous unloading. The saturation degree measured after instantaneous unloading was
close to that measured before unloading. The same procedure was applied in this study to determine the water reten-
tion properties of the studied mixture. Note that the same hydraulic parameters were used to model Molinero-Guerra
et al.22 and Darde31 tests due to the lack of test data. The experimental values of 𝑆intrarm , 𝑆intrar and 𝑆r were obtained from
Equations (6), (8) and (9) and are presented in Figure 6, together with the fitting expression (Equation (10)). For the
practical purpose, the imposed zero suction is presented as 0.1 MPa in a semi-log plot. An efficient artificial intelligence
algorithm—Particle Swarm Optimization (PSO) method was employed in determining the parameters by matching the
modelled results with the experimental ones.41 The determined hydraulic parameters are presented in Table 3. It appears
from Figure 6 that 𝑆intrarm , 𝑆intrar and 𝑆r increased with the suction decrease and the stress increase. This suggests that the
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1668 YANG et al.

F IGURE 6 Soil-water characteristic curves for intra-grain micro-pores, total grain and total mixture (𝑆intrarm , 𝑆intrar and 𝑆r) of this study:
(A) 𝑆intrarm − 𝑠; (B) 𝑆intrar − 𝑠; (C) 𝑆r − 𝑠.

loading enhanced the water retention capacity. It was found that the fitting curves for 𝑆intrarm , 𝑆intrar and 𝑆r matched well
with the experimental results. Moreover, the 𝑆r was close to 100% at zero suction, but was much smaller than 100% at s
≥ 4.2 MPa. Considering that all the pores in the WC samples were filled by water due to the water injection technique,
the 𝑆r must be 100% before unloading. Therefore, the WC samples were categorized into the saturated samples, while the
VET samples were classified into the unsaturated samples.

4.2 Mechanical parameters

The compressibility parameters for the mixture are determined essentially based on suction-controlled oedometer tests in
this study. The obtained parameters 𝜆T and 𝜅T are shown in Figure 7A. The large difference in 𝜆T between this study and
Molinero-Guerra et al.22 resulted from the different initial 𝑒intra

T
and einter. The 𝜆T of this study is fitted with Equation (53)

in the form of BExM:

𝜆 (𝑠) = 𝜆 (0) [(1 − 𝑟) exp (𝛽𝑠) + 𝑟] (53)

where r and β are parameters and λ(0) is the saturated compressibility parameter. The parameters of 𝜆T of this study are
presented in Table 4. The compressibility parameters at the levels of inter- and intra-grain pores 𝜆intram , 𝜆intra

M
and 𝜆inter are

determined using Equation (54):

𝜆 =
𝑒2 − 𝑒1

ln(𝜎2) − ln(𝜎1)
(54)

where e1 and e2 refer to the void ratios of various pores (intra-grain micro- and macro-pores and inter-grain pores) at
vertical stresses σ1 = 3.2 MPa and σ2 = 12.8 MPa. The calculated results are shown in Figure 7B. Note that if the calculated
𝜆intra
M

at high suctions is smaller than zero due to cracking, 𝜆intra
M

is taken as zero. It appears that 𝜆intram , 𝜆intra
M

and 𝜆inter are
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YANG et al. 1669

F IGURE 7 Compressibility parameters determined based on the tests in this study and in Molinero-Guerra et al.22: (A) 𝜆T and 𝜅T of this
study and Molinero-Guerra et al.22; (B) 𝜆intram , 𝜆intraM , 𝜆inter and 𝜆T of this study.

TABLE 4 Compressibility parameters.

Parameter λ(0) r β
𝜆T of this study 0.185 0.64 −0.068
𝜆intraM of this study 0.048 0.0012 −0.014
𝜆inter of this study 0.046 2.38 −1.05
𝜆inter of Molinero-Guerra et al.22 0.05 2.78 −0.10
𝜆inter(𝑠) of Darde31 0.087 2.15 −0.26
𝜆intram (𝑠) of this study a b c d

0.097 −5.66 0.037 −0.009

highly suction dependent. Only 𝜆intram is fittedwith Equation (55), whereas 𝜆intra
M

and 𝜆inter are still fittedwith Equation (53).

𝜆intram (𝑠) = 𝑎exp (𝑏𝑠) + 𝑐exp (𝑑𝑠) (55)

where a, b, c and d are parameters. All compressibility parameters are summarized in Table 4.
Due to the difference in 𝑒inter between the three studies and the important role played by inter-grain pores in the global

volume change behaviour of the whole mixture, λinter of Molinero-Guerra et al.22 and Darde31 should be different to those
of this study. The parameters from the tests in this study and from the tests in Molinero-Guerra et al.22 and Darde31 are
also summarised in Table 4.
The saturated pre-consolidation pressure of bentonite pellet/powder mixture of this study (1.32 MPa) is taken as the

value for 𝑝∗
0
. The other parameters of this triple-microstructure constitutive damage model are determined with the PSO

algorithm by matching the modelled compression curves with the experimental results shown in Figure 10A. Note that
𝜅intrapm , 𝜅intra

pM
and 𝜅interp of the unsaturated (VET) samples and the saturated (WC) samples are determined separately, since

the 𝜅T values of the saturated samples are markedly higher than that of the unsaturated samples. All the parameters are
summarised in Table 5.
Due to the different initial conditions, some parameters of Molinero-Guerra et al.22 and Darde31 (Tables 6 and 7) are

adjusted by matching the modelled results with the experimental ones by the PSO algorithm (Figure 8). The fitting curves
for pre-consolidation pressure of this study matched with the experimental results (Figure 9).

5 TEST SIMULATIONS AND DISCUSSIONS

As mentioned previously, the model results are firstly fitted to the oedometer tests of this study. Then, the results of
Molinero-Guerra et al.22 and Darde31 are used to validate the proposed model.
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1670 YANG et al.

TABLE 5 Parameters of this study by the PSO algorithm.

𝜿𝐢𝐧𝐭𝐫𝐚𝐬𝐦 𝜿𝐢𝐧𝐭𝐫𝐚
𝐬𝐌

𝜿𝐢𝐧𝐭𝐞𝐫𝐬 𝜿𝐢𝐧𝐭𝐫𝐚𝐩𝐦 * 𝜿𝐢𝐧𝐭𝐫𝐚
𝐩𝐌

*

0.048 0.038 0.0048 0.0024/0.031* 0.00088/0.0038*
𝜅interp * hs,imi h1 h2 hs,ima
0.0079/0.0083* 2.54 × 10−5 5.14 3.10 3.31 × 10−4

h3 h4 𝑎intraM 𝑏intraM 𝑐intraM

0.10 6.93 64.37 15.68 11.44
ainter binter cinter 𝛼intram 𝛼intraM

−0.28 9.74 −175.10 1.13 3.53
𝑝∗0 𝑝c

1.32 0.87

*The left was for the unsaturated samples and the right was for the saturated (WC) samples. Taking 𝜅intrapm as an example, 0.0024 was for the unsaturated (VET)
samples and 0.031 was for the saturated (WC) samples.

TABLE 6 Adjusted parameters of Molinero-Guerra et al.22 by the PSO algorithm.

𝜿𝐢𝐧𝐭𝐫𝐚𝐬𝐦 𝜿𝐢𝐧𝐭𝐫𝐚
𝐬𝐌

𝜿𝐢𝐧𝐭𝐞𝐫𝐬 𝜿𝐢𝐧𝐭𝐫𝐚
𝐩𝐌

*

0.057 0.020 0.010 0.0013*
𝜅interp * ainter binter cinter−

0.0040* −0.70 131.14 −1546.29

*Only 𝜅intrapM and 𝜅interp of the saturated samples are adjusted, while those of the unsaturated samples are kept the same as the parameters from the results of this
study.

TABLE 7 Adjusted parameters of Darde31 by the PSO algorithm.

𝜿𝐢𝐧𝐭𝐞𝐫𝐬 ainter cinter

0.018 −0.40 −400.10

5.1 Wetting-induced swelling and compression behaviour

The model results from the suction-controlled oedometer tests of this study and Molinero-Guerra et al.22 are presented
in Figures 10 and 11, respectively. It appears from Figures 10A and 11 that for the two studies, the model results agree
well with the experimental ones in terms of wetting-induced swelling and loading-induced compression for the bentonite
mixture. The unloading behaviour of the mixture in Molinero-Guerra et al.22 is also well reproduced.

F IGURE 8 Fitting curves of λinter of this study, Molinero-Guerra et al.1 and Darde.2
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YANG et al. 1671

F IGURE 9 Fitting curves for pre-consolidation pressures of this study (loading-collapse LC curve).

F IGURE 10 Modelling suction-controlled high-pressure oedometer tests of this study on MX80 bentonite pellet/powder (80/20)
mixture: (A) modelling with damage model; (B) comparison of modelling with and without consideration of damage (*WD: modelling with
damage; WOD: modelling without damage).

The model results with and without consideration of damage for the two studies are compared in Figures 10B and 11.
For the wetting stage, the damage effect is found identifiable at low suctions (s≤ 9MPa), but insignificant at high suctions
(s ≥ 25 MPa). Conversely, the damage effect appears negligible in the loadings stage, because intra-grain macro-pores are
related to damage and the loading reduce the intra-grain macro-pore value thus the damage.

5.2 Microstructure evolution upon loading

The evolutions of the three pore structures of bentonite pellet/powder mixture of this study under oedometer loading at
constant suction are modelled and are depicted in Figure 12. The experimental results are extracted from Figure 4. Three
samples ‘S113L0.1’, ‘S113L3.2’ and ‘S113L12.8’ are presented in Figure 12A. It was worth noting that the experimental 𝑒intram ,
𝑒intra
M

, 𝑒inter and 𝑒T at initial state were determined from sample ‘S113L0.1’ instead of ‘S113L12.8’, leading to the difference
between model results and experimental ones of ‘S113L12.8’ (Figure 12A). It appears from Figure 12 that, for all suctions,
the modelled 𝑒intram , 𝑒intra

M
, 𝑒inter and 𝑒T match well with the experimental ones, except for 𝑒intraM

at high suctions 113, 82 and
57 MPa, possibly because without considering the deviatoric deformation of pellets at hight suctions, the volume increase
in intra-grain macro-pores due to cracking cannot be taken into account.
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1672 YANG et al.

F IGURE 11 Modelling suction-controlled high-pressure oedometer tests of Molinero-Guerra et al.22 on MX80 bentonite pellet/powder
(80/20) mixture (*ER: experimental results; WD: modelling with consideration of damage; WOD: modelling without consideration of
damage).

The evolutions of the three pore structures under loading at constant suction of Molinero-Guerra et al.22 are depicted
in Figure 13. Note that in both cases (Figures 12 and 13), for the unsaturated samples (s ≥ 4.2 MPa), the variations of 𝑒intram ,
𝑒intra
M

, 𝑒inter and 𝑒T are negligible before reaching the pre-consolidation pressure. Beyond the pre-consolidation pressure,
the decrease in 𝑒inter becomes significant, contributing to a large variation of 𝑒T. In addition, the decrease in 𝑒intram gradually
becomes larger with the suction decrease to 4.2 MPa. On the contrary, the decrease in 𝑒intram for the saturated samples (zero
suction) in the two studies was significant due to the low stiffness of grains at such suction, which makes the variation of
𝑒T predominant from the beginning of loading. When the pre-consolidation pressure is exceeded, the decreases in 𝑒intra

M

and 𝑒inter can be observed from Figure 13 and are close to each other. Summarising, the global compression behaviour of
mixture samples is governed by the filling of inter-grain pores for the unsaturated samples, but by the grain compression
for the saturated samples.

5.3 Swelling pressure and water content evolutions upon wetting

The development of swelling pressure upon wetting is modelled by applying the back compaction method.40 The com-
putation of swelling pressure can be performed in two stages at a certain suction and stress state: (1) to calculate the
swelling strain of various pores by allowing swelling in the first stage; (2) to compress the produced swelling strain back
and calculate the resulting stress after the compression process. Themodelling was carried out with the suction decreased
to 0.1 MPa at constant volume conditions. Note that only the elastic strain was induced by loading when the stress was
smaller than the pre-consolidation pressure, whereas the elasto-plastic strain was induced by loading when the stress
exceeded the pre-consolidation pressure. Thereby, the predicted swelling pressure can be obtained. The initial properties
of the bentonite mixture in the swelling pressure test of Darde31 are summarized in Table 1. The model results of swelling
pressure Ps evolution uponwetting under constant volume condition is presented in Figure 14, together with experimental
results. It appears that the modelled Ps agrees well with the experimental results, except for the Ps at high suctions (s ≥

10 MPa). This large difference results from the consideration of only the elastic strain induced by loading when the stress
was smaller than the pre-consolidation pressure. The sharp increase of the modelled Ps is induced by the development of
elastoplastic strain hardening. It is also observed that the modelled Ps without consideration of damage is clearly lower
than the experimental one, indicating the important effect of damage.
The evolution of water contentwith suction at the intra grain level is analysed and the results are shown in Figure 15. For

simplicity, the saturated water content of intra-grain micro-pores 𝑤intra
msa is calculated by assuming the intra-grain micro-

pores saturated. The intersection of 𝑤intra
msa and the water content of whole mixture 𝑤mixture indicates that water saturates

the intra-grain micro-pores at suction 19 MPa, and then starts filling the intra-grain macro-pores. When reaching suction
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YANG et al. 1673

F IGURE 1 2 Evolutions of the three pore structures of MX80 bentonite pellet/powder (80/20) mixture under oedometer loading at
constant suction in this study: (A) s = 113MPa; (B) s = 82 MPa; (C) s = 57 MPa; (D) s = 38 MPa; (E) s = 25 MPa; (F) s = 9 MPa; (G) s = 4.2 MPa;
(H) s = 0 MPa.
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1674 YANG et al.

F IGURE 13 Evolutions of three pore structures of MX80 bentonite pellet/powder (80/20) mixture under oedometer loading at constant
suction in Molinero-Guerra et al.22: (A) s = 138 MPa; (B) s = 9 MPa; (C) s = 0 MPa.

F IGURE 14 Modelling the swelling pressure test of Darde31 on MX80 bentonite pellet/powder (70/30) mixture upon wetting under
constant volume condition (*WD: with consideration of damage; WOD: without consideration of damage).

0.1 MPa, the inter-grain pores and intra-grain macro-pores are closed, leading water to come back to intra-grain micro-
pores. Similar observation was reported by Wang et al.40 on the water-retention results of MX80 bentonite/sand mixture
uponwetting under constant volume condition. The difference in the𝑤mixture between themodel results with andwithout
consideration of damage model appears smaller than that for 𝑤intra

msa .
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YANG et al. 1675

F IGURE 15 Water content of MX80 bentonite pellet/powder (70/30) mixture upon wetting under constant volume: (*WD: with
consideration of damage; WOD: without consideration of damage).

F IGURE 16 Modelling the evolutions of the three pore structures of MX80 bentonite pellet/powder (80/20) mixture upon wetting under
a vertical stress of 0.1 MPa: (A) this study; (B) Molinero-Guerra et al.22 (*ER: experimental results; *WD: modelling with consideration of
damage; WOD: modelling without consideration of damage).

5.4 Microstructure evolution upon wetting

The evolutions of the three pores structures of MX80 bentonite pellet/powder (80/20) mixture upon wetting under a
vertical stress of 0.1 MPa in this study and in Molinero-Guerra et al.22 are presented in Figure 16A,B, respectively. The
experimental results are extracted from Figure 4. Figure 16A shows that 𝑒intram , 𝑒intra

M
and 𝑒T consistently increase with

the suction decrease, while 𝑒inter continuously decreases, indicating the filling of inter-grain pores due to the swelling of
pellets and powder grains. The variation of 𝑒T is governed by 𝑒intram . As observed from Figure 16B, 𝑒intram , 𝑒intra

M
and 𝑒T also

consistently increase with the suction decrease, while 𝑒inter is decreasing. The decreasing rate of 𝑒inter is suddenly accel-
erated when the suction is smaller than 0.9 MPa, indicating a rapid filling of inter-grain pores upon further wetting. This
results from the disaggregation of pellets and powder grains due to liquid water injection.7,22,42 Moreover, the increasing
rate of 𝑒T slows down because of the suddenly accelerated filling of inter-grain pores.
The evolutions of the three pore structures of MX80 bentonite pellet/powder (70/30) mixture upon wetting under

constant-volume condition of Darde31 are presented in Figure 17, with 𝑒T keeping constant. When the suction decreases
from 113 to around 0.9 MPa, the 𝑒intram and 𝑒intra

M
increase together with the 𝑒inter which decreases to zero, indicating the

filling of inter-grain pores due to the swelling of pellets and powder grains. Upon further wetting to suction 0.1 MPa,
the 𝑒intra

M
nearly decreases to zero, which indicates that the intra-grain macro-pores are highly closed. In addition, the
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1676 YANG et al.

F IGURE 17 Modelling the evolutions of the three pore structures of MX80 bentonite pellet/powder (70/30) mixture upon wetting under
constant volume of Darde31 (*WD: with consideration of damage; WOD: without consideration of damage).

microstructure evolutions with and without consideration of damage model appears smaller than that for Ps, indicating
that Ps is more sensitive to the damage than the microstructure evolutions.

6 CONCLUSIONS

In this study, a triple-microstructure hydro-mechanical constitutive damage model was proposed to describe the hydro-
mechanical behaviour of MX80 bentonite pellet/powder mixture. A series of suction-controlled oedometer tests were
performed on the bentonite mixture. The microstructural characteristics of the pellet/powder mixture were analysed,
providing a rich hydro-mechanical data base for the model development. In particular, the pellet damage due to both
wetting and loading was identified and modelled. The model parameters were determined essentially based on the lab-
oratory tests performed in this study. The model response was firstly verified with the test results of this study. Then,
the results of Molinero-Guerra et al.22 and Darde31 who respectively carried out suction-controlled oedometer tests and
swelling pressure tests on the same bentonite pellet/powder mixture were employed to validate the proposed model.
The volume change behaviour and the development of swelling pressure can be well described by the model. The evo-

lutions of the three pore structures of bentonite pellet/powder mixture were also well depicted. It appears that under
suction-controlled oedometer loading condition, the global compression behaviour was governed by the filling of inter-
grain pores for the unsaturated samples, but by the compression of grains for the saturated samples. Conversely, when
wetted under constant-volume condition, the inter-grain pores and intra-grain macro-pores were closed, due to the
swelling of intra-grain micro-pores. The water-retention results showed that water saturated the intra-grain micro-pores
at suction 19 MPa, and then started filling the intra-grain macro-pores. When the inter-grain pores and the intra-grain
macro-pores were all closed at suction 0.1 MPa, water came back to the intra-grain micro-pores.
Under suction-controlled oedometer loading, the damage effect was found to be significant during wetting to a low suc-

tion, contrary to the insignificant damage effect during loading, the loading reduced the intra-grainmacro-pore value thus
the damage. When wetting under constant-volume condition, it appears that the damage affected the swelling pressure
and the microstructure evolutions.
On the whole, the main features of the hydro-mechanical behaviour of MX80 bentonite pellet/powder mixture could

be well described by the proposed triple-microstructure hydro-mechanical constitutive damage model.

Notation
Δ𝜀

e,intra
M

elastic incremental strain for intra-grain macro-pores
Δ𝜀

p,intra

M
plastic incremental strain for intra-grain macro-pores
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Δ𝜀
p,SD,intra

M
plastic incremental strain for intra-grain macro-pores induced by SD yielding

Δ𝜀
e,intra
m elastic incremental strain for intra-grain micro-pores
Δ𝜀intram total incremental strain for intra-grain micro-pores
Δ𝜀intra

M
total incremental strain for intra-grain macro-pores

Δ𝜀
p,intra
𝑚 plastic incremental strain for intra-grain micro-pores

ℎLC,ima parameter that controls the softening or hardening of the LC curve due to SD or SI yielding for intra-grain
macro-pores

ℎLC,imi parameter that controls the softening or hardening of the LC curve due to SD or SI yielding for intra-grain
micro-pores

ℎs,ima parameter that controls the inward movement of SD yield curve or outward movement of SI yield curve for
intra-grain macro-pores

ℎs,imi parameter that controls the inward movement of SD yield curve or outward movement of SI yield curve for
intra-grain micro-pores

𝐾interp bulk modulus for inter-grain pores for stress
𝐾intrapm bulk modulus for intra-grain micro-pores for stress
𝐾intra
pM

bulk modulus for intra-grain macro-pores for stress
𝐾inters bulk modulus for inter-grain pores for suction
𝐾intrasm bulk modulus for intra-grain micro-pores for suction
𝐾intra
sM

bulk modulus for intra-grain macro-pores for suction
𝑆r saturation degree of whole mixture

𝑆intrar saturation degree of whole grain
𝑆intrarm saturation degree of intra-grain micro-pores
𝑆intra
rM

saturation degree of intra-grain macro-pores
𝑉inter volume of inter-grain pores
𝑉intram volume of intra-grain micro-pores
𝑉intra
M

volume of intra-grain macro-pores
𝑉s solid volume

𝑉intra
V,wm

volume of water stored in intra-grain micro-pores
𝑉intra
V,wM

volume of water stored in intra-grain macro-pores
𝑒inter void ratio of inter-grain pores
𝑒intram void ratio of intra-grain micro-pores
𝑒intra
M

void ratio of intra-grain macro-pores
𝑒T total void ratio of mixture

𝑒intra
T

total void ratio of grain
𝑒intrawm water void ratio of intra-grain micro-pores
𝑒intra
wM

water void ratio of intra-grain macro-pores
𝑓inter
D

coupling function between intra-grain pores and inter-grain pores in case of suction decrease
𝑓inter
I

coupling function between intra-grain pores and inter-grain pores in case of suction increase
𝑓intra
MD

coupling function between intra-grain micro- and macro-pores in case of suction decrease
𝑓intra
MI

coupling function between intra-grain micro- and macro-pores in case of suction increase
𝑝∗
0

saturated pre-consolidation pressure of mixture
𝑝0(𝑠) pre-consolidation pressure of mixture at a given suction
𝑝c reference pressure for mixture
𝑝d dry density

𝑤mixture water content of whole mixture
𝑤intra
msa saturated water content of intra-grain micro-pores
𝛼intram power parameter related to 𝑆intrarm

𝛼intra
M

power parameter related to 𝑆intra
rM

𝜀inter volumetric strain of inter-grain pores
𝜀intram volumetric strain of intra-grain micro-pores
𝜀intra
M

volumetric strain of intra-grain macro-pores
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𝜀T total volumetric strain
𝜅interp elastic compression index in 𝑒inter-lnp plane
𝜅intrapm elastic compression index in 𝑒intram -lnp plane
𝜅intra
pM

elastic compression index in 𝑒intra
M

-lnp plane
𝜅inters elastic parameter for inter-grain pores with suction changes
𝜅intrasm elastic parameter for intra-grain micro-pores with suction changes
𝜅intra
sM

elastic parameter for intra-grain macro-pores with suction changes
𝜅T elastic compression index in 𝑒T-lnp plane

𝜆inter(s) slope of the virgin consolidation line in 𝑒inter-lnp plane at a given suction s
𝜆intram (s) slope of the virgin consolidation line in 𝑒intram -lnp plane at a given suction s
𝜆intra
M

(s) slope of the virgin consolidation line in 𝑒intra
M

-lnp plane at a given suction s
𝜆T(s) slope of the virgin consolidation line in 𝑒T-lnp plane at a given suction s

Δ𝜀e,inter elastic incremental strain for inter-grain pores
Δ𝜀inter total incremental strain for inter-grain pores

Δ𝜀
p,LC,intra

M
plastic incremental strain for intra-grain macro-pores induced by LC yielding

Δ𝜀
p,SI,intra

M
plastic incremental strain for intra-grain macro-pores induced by SI yielding

Δ𝜀p,inter plastic incremental strain for inter-grain pores
Δ𝜀p,LC,inter plastic incremental strain for inter-grain pores induced by LC yielding
Δ𝜀p,SD,inter plastic incremental strain for inter-grain pores induced by SD yielding
Δ𝜀p,SI,inter plastic incremental strain for inter-grain pores induced by SI yielding

Δ𝜀intra
T

total incremental strain for the intra-grain pores
D damage coefficient

DL0.1 damage coefficient at a given suction under initial load
DS113L0.1 damage coefficient at initial state
mpellet initial mass of pellets

mpowder initial mass of powder grains
ms total mass of pellets and powder grains in dry mass
p mean net stress
Ps swelling pressure
ps density of soil particles
s suction

wpellet water content of pellets
wpowder water content of powder grains

ΔDloading change in loading-induced damage
ΔDwetting change in wetting-induced damage
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APPENDIX A
Due to the lack of data in Darde,31 the initial dry density and initial void ratio of bentonite mixture (𝑝d and 𝑒T) of Darde31
were calculated with the masses and water contents of pellets and powder grains, by means of Equations (A1) and (A2).

𝑚s =
𝑚pellet

1 + 𝑤pellet
+

𝑚powder

1 + 𝑤powder
(A1)

𝑝d =
𝑚s

𝑉v
and 𝑒T =

𝑝s
𝑝d

− 1 (A2)

wherempellet andmpowder are the initial masses of pellets and powder grains, which were 99.9 g and 39.5 g, respectively.31
ms is the total mass of pellets and powder grains in dry mass, wpellet and wpowder are the water contents of pellets and
powder grains, respectively, ps is the density of soil particles, equal to 2.77 Mg/m3.
The initial 𝑒intra

M
could be extracted from the MIP results of MX80 bentonite 7-mm pellet at initial state from this study

and Molinero-Guerra et al.,25 by accumulating the void ratio of pores with sizes larger than 1 μm. 𝑒intram is the difference
between 𝑒intra

T
and 𝑒intra

M
and 𝑒inter is the difference between 𝑒T and 𝑒intraT

. Due to the lack of MIP results of Darde31 for
bentonite 7-mm pellet at initial state, the initial 𝑒intra

M
of this study was used instead, because the initial suctions, water

contents and void ratios of the 7-mm pellets of this study and Darde31 are almost the same (see Table 1).
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