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Cement-bentonite cut-off walls are commonly employed in geoenvironmental applications to limit ground water
flow and pollutant transport. The wide diffusion of this artificial material in the current practice is not only due
to its low permeability, but also to its simplicity of use. In this paper, experimental evidences about the role of
curing on the hydro-mechanical behaviour of cement-bentonite mixtures are presented. Different curing times
and curing conditions (representative for either water saturated or hydrocarbon polluted soils) have been

considered, and their effects on both hydraulic conductivity and mechanical response in oedometer and triaxial
conditions have been assessed. A unified hydro-mechanical framework, accounting for the changes of material
fabric occurring with curing time and environment, is formulated. The hydraulic conductivity is very well
predicted by a Kozeny-Carman like equation, whereas the mechanical behaviour is finely reproduced via an
enhanced elastic—plastic constitutive model.

1. Introduction

In geoenvironmental engineering applications, cutoff walls are often
employed for seepage control and to limit the diffusion of pollutants
[1-10]. Cement-bentonite mixtures are mainly used due to their low
hydraulic conductivity, that should be lower than 10~ m/s. This value,
considered suitable for seepage control [11], can be further decreased by
replacing part of the cement with furnace slag or fuel ash [2,3,6-8]. In
addition to low hydraulic conductivity, a shear strength roughly
equivalent to the surrounding soils is also required, together with a
sufficient ductility to deform without the development of cracks. Un-
fortunately, cement-bentonite mixtures are characterized in some cir-
cumstances by a brittle mechanical response [12]. This may be critical
for the barrier performance: softening, potentially inducing the devel-
opment of localized failures and the formation preferential paths for the
water flow, may compromise the functionality of the cut-off wall.

Due to the cement hydration process (curing), the hydraulic and
mechanical behaviour of cement-bentonite mixtures change with time.
In the past, this aspect has been studied from the experimental point of
view [1,4,6-8,11], but most of the studies focused on analysing mixtures
in which part of the cement was replaced with either furnace slag or fuel
ash [2,3,6-8]. These results highlighted that, in general, both strength

and stiffness increase with curing time, while permeability decreases.
Deschenes et al. [1] studied the hydro-mechanical behaviour of cement
bentonite mixtures, observing that both hydraulic and mechanical re-
sponses are affected by water content (or equivalently by void ratio).
The authors performed tests at different curing times (up to 90 days) and
observed that material strength increases with cement content and
significantly increases with curing time. In contrast, permeability
slightly decreases or remains constant with curing time. The hydro-
mechanical behaviour of cement-bentonite mixtures was also investi-
gated in [4]: different curing times were considered (up to 90 days) and,
also in this case, both an increase in material strength and stiffness and a
reduction in permeability with curing time were observed. Carreto et al.
[11] addressed the hydro-mechanical response of cement-bentonite
mixtures with respect to isotropic compression, highlighting that, after
curing, cement-bentonite mixtures present a yield stress that increases
with cement content and curing time. Moreover, in this study the au-
thors highlighted that for low confining pressure (i.e. lower than the
yield stress) the material strength and stiffness increase with curing time
but, despite that hydraulic conductivity only slightly changes. Finally,
Flessati et al [12] exploited the experimental mechanical response of
cement-bentonite mixtures to develop a stress—strain constitutive rela-
tionship suitable for engineering applications.
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Table 1
Cement-bentonite mixture composition.

Mixture Mass ratio at preparation
Water/bentonite [-] Cement/bentonite [-]
CB4 18/1 4/1
CB5 18/1 5/1
CB6 18/1 6/1
Table 2

Summary of the experimental tests, * CB5 after curing in oil not available, **
only CB5 and CB6.

Curing time [days]

28 60 120 240 360
Oedometer 4 4 v v v
TXCU v X X X v
TXUU v 4 v v v
Permeameter v v v v v

In addition to time, cement-bentonite mixtures are also influenced by
the environmental conditions during curing. For instance, having in
mind the typical case of barriers for landfill confinement, in [13,14] the
hydraulic behaviour of cement-bentonite mixtures cured in acid sul-
phate solutions is studied. The experimental permeameter test results
put in evidence that hydraulic conductivity evolution during curing is
not monotonic: it initially decreases and it subsequently increases. Ac-
cording to the authors this is due to a clogging due to the deposition of
calcium carbonate and to the advance of the reaction front. Analogously,
[15] also the mechanical properties of cement-bentonite mixtures are
shown to be affected by the presence of sulphates in curing water. In
particular, the experimental tests shown that during curing uniaxial
strength initially increases and subsequently it decreases.

The aim of this paper is to evaluate, by interpreting experimental
laboratory test results, the impact of curing time and environment on the
hydro-mechanical response of cement-bentonite mixtures. Specimens
with different cement/bentonite ratios were prepared in the laboratory
and experimental tests were performed after different curing times, in
different curing conditions. During curing, the specimens hardened and
consolidated under their self-weight. Two different curing conditions
were considered: the specimens, after preparation, were immersed
either in water or in liquid paraffin oil, a non-toxic hydrocarbon fluid
used to simulate the recurring operating conditions where cut-off walls
are built to isolate polluting Non Aqueous Phase Liquids (NAPLs) from

Construction and Building Materials 383 (2023) 131392

clean groundwater. This second condition leads to a null water and so-
lute exchange between the specimen and the surrounding.

From an engineering perspective, the possibility of predicting the
hydraulic properties and mechanical behaviour for different curing
times is of fundamental importance for cut-off wall design, both in terms
of serviceability and resistance. As the stress state in engineering works
is not homogeneous, experimental results are interpreted in light of a
mechanical constitutive relationship (built on basis of the one proposed
by Flessati et al. [12]), that allows the mechanical response and porosity
to be modelled under different stress conditions. As for hydraulic pur-
poses, the experimental evidences are exploited to link the material
porosity to the hydraulic conductivity through a modified Kozeny Car-
man expression, whose main parameter is set to depend on curing time
and environment.

2. Experimental tests

The experimental tests, carried out in the Geotechnical Laboratory of
Politecnico di Torino, were aimed at studying the influence of curing on
the hydro-mechanical behaviour of cement-bentonite mixtures. The
mechanical behaviour was studied by performing both oedometer and
undrained triaxial tests (both consolidated and non-consolidated, here-
after named TXCU and TXUU, respectively). Hydraulic conductivity was
estimated by interpreting oedometer test results.

Specimens of three different cement-bentonite mixtures (CB4, CB5
and CB6) were prepared by mixing in different proportions water,
Portland cement (CEM I 32.5 N) and a sodium bentonite (specific gravity
2.95, liquid limit 535% and plastic limit 75%), as summarized in
Table 1. By following the procedure employed in [10], the preparation
consisted of three steps: (i) water and bentonite were mixed by using a
laboratory mixer; (ii) after 24 h, during which bentonite hydration took
place, cement was added and the slurry was mixed again; (iii) the
mixtures were poured into cylindrical molds of height 76.2 mm and 20
mm, in order to obtain specimens ready for mechanical testing (triaxial
and oedometer, respectively). In all the cases, the time between steps (ii)
and (iii) was always lower than 5 min. To reduce uncertainties, all the
samples relative to a given mixture were obtain by using the same slurry.
The subsequent curing stage was performed by immersing the specimens
into two different liquids, namely water and paraffin oil. Experimental
tests were performed after different curing times (t), as summarized in
Table 2.

CB4 CB5 CB6
O Curing 28 days @ Curing 360 days O Curing 28 days 4 Curing 360 days A Curing 28 days A Curing 360 days
10 - 10 - 10—
9 9r 9
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Fig. 1. Compression curves for the oedometer tests at different curing times (curing in water): a) mixture CB4, b) mixture CB5 and c) mixture CB6.
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Fig. 2. Variation of yield stress with curing time (curing in water).

3. Experimental results
3.1. Curing in water

3.1.1. Mechanical behaviour

The oedometer test results relative to the three mixtures and two
different curing times (28 and 360 days) are plotted in Fig. 1 in the e —&,
compression plane, being e and o, the void ratio and the vertical effec-
tive stress, respectively. It is worth remarking that the void ratio
(namely, the volume of the voids over the volume of the solids of a
porous medium representative volume) is related with porosity n via the
expressionn = e/(1 + e).

The compression curves of Fig. 1 clearly show that the initial void
ratio depends on the cement/bentonite mass ratio: larger values of
cement/bentonite mass ratio are associated to lower void ratios (as also
observed in [11;12]), due to a “more dense” crystalline structure [11]
that characterizes larger cement contents. Moreover, the experimental
results also put in evidence the larger void ratio of the specimens cured

Curing 28 days
— — — Curing 360 days

— — — Curing 360 days
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for 360 days. The experimental results also evidence a steep change in
stiffness at a given vertical stress, as shown when the pre-consolidation
stress is reached along oedometer compression of soils. In soil me-
chanics, preconsolidation is recognised to be mostly related to the
maximum vertical stress applied in the past and to creep. As no vertical
stress was applied on the specimen top during curing the use of the term
‘yield stress’ instead of ‘preconsolidation stress’ appears to be more
correct This yield stress (a'y) was estimated by using the standard pro-
cedure introduced by Casagrande, (see e.g. [13]). It increases with both
the cement/bentonite mass ratio value and curing time, as shown in
Fig. 2 (where other curing times than 28 and 360 days have been also
introduced) and can be related to the presence of cementation bonds
between particles [11-12]. According to Fig. 2, 0;, significantly increases
for curing times up to 120 days, while it remains practically constant for
larger curing times. Moreover, the experimental results also emphasise

that the increment in o, with curing time is more evident for lower

cement/bentonite mass ratios (CB4 and CB5). Vice versa the slopes of
both unloading-reloading (C;) and the virgin loading line (C.) slightly
decrease with curing time, as also found by [8,11].

The TXCU tests were performed at different initial effective confining
pressures p., for curing times of both 28 and 360 days. Experimental
data for mixtures CB4 and CB6 are reported in Figs. 3 and 4, respec-
tively. Results were plotted (i) in the g —¢, plane (where ¢, is the
imposed axial strain, while q is the deviator stress) in Fig. 3a and 4a, (ii)
in the Au,, —¢, plane (Au, is the excess pore water pressure accumulated
during the shearing stage of the test) in Fig. 3b and 4b and (iii) in the
q —p’ plane (p’ is the average effective pressure) in Fig. 3c and 4c.

For both curing times, when the confining pressure is significantly
lower with respect to the yield stress identified in the compression
curves of Fig. 1, the stress deviator monotonically increases up to an
asymptotic value (Fig. 3a and 4a), while the initially increasing excess
pore water pressure starts decreasing (“dilatant behaviour”) at an axial
strain value of approximately 1% (Fig. 3b and 4b). On the contrary, if the
confining pressure is slightly smaller than the yield pressure (mixtures
CB4, p.=100 kPa and curing time 28 days) both q and Au, mono-
tonically increase up to an asymptotic value (“contractive behaviour”).
Finally, in case of confining pressure almost coincident with the yield
pressure a peak and a subsequent softening branch are evident in the
q —&q plane (CB6, p.=300 kPa for both curing times). During the soft-
ening branch, as is also observed in [11,16], Au, practically remains
constant and the effective stress path in the q-p’ plane is inclined of 3.

Material strength was interpreted by using the conventional Mohr-
Coulomb failure envelope. The values of friction angle (¢') and cohe-

Curing 28 days
— — —Curing 360 days

Curing 28 days
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g 3 gl o= g
; 80 3 80 7/ p’5:10&Pa ; 80 —
5 2 s
£ 60 3 60 .g 60 //
[0} [} ()] 1
o . o
@ g @ |
g 40 5 40 g 40
) o o |
20 £ 20f= 20 \
hT‘———____QF_ZO_kPa
0 I I I | 0 I I I | 0 I I I |
0 5 10 15 20 0 5 10 15 20 20 40 60 80 100 120

Axial strain €, [%]

b)

Axial strain €, [%]

c)

Effective pressure p’ [kPa]

Fig. 3. Mixture CB4 triaxial tests (p, = 20 and 100 kPa) results (curing in water): a) q —&, plane, b) Au, —&, plane and c) g —p’ plane.
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Fig. 4. Mixture CB6 triaxial tests (p, = 20, 100 and 300 kPa) results (curing in water): a) q —¢, plane, b) Aw, —¢, plane and ¢) ¢ —p’ plane.

Table 3
Mohr-Coulomb strength parameters from TXCU tests.
CB4 CB5 CB6
t=28 t = 360 t=28 t =360 t=28 t =360
days days days days days days
¢ [kPa] 4 8 11 18 17 47
(water)
¢ [°] (water) 45 44 44 41 39 34
¢’ [kPa] 4 20 11 38 17 36
(paraffin
oil)
¢ [°] 45 42 44 37 39 37
(paraffin
oil)
120 r OcB4 ¢ CB5 ACB6
100 r
80
g
x 60r
=]
w
o7 G/@/e/e
20t
O 1 1 1 1 1 J

0 60 120 180 240 300 360
Curing time t [days]

Fig. 5. TXUU tests (curing in water): variation of undrained strength with
curing time.

sion (¢") obtained from the TXCU tests are summarized in Table 3. The
friction angle decreases by increasing both cement/bentonite mass ratio
and curing time, differently from cohesion, which increases with both
cement/bentonite mass ratio and curing time.

To perform the TXUU tests a pressure of 50 kPa was imposed in the
triaxial cell and the back pressure was directly measured. All the results
are characterized by a continuous increase in g with &, (Appendix A).
The values of undrained strength S,, reported in Fig. 5, were conven-
tionally derived as the deviator stress corresponding to an axial strain of
15%. The experimental results highlight a general trend of undrained
strength increasing with curing time as was also observed in [1,4].

3.1.2. Hydraulic behaviour

The variations in hydraulic conductivity (k) with both effective
vertical stresses and void ratio, relative to mixture CB4 after 28 days of
curing, are reported in Fig. 6a and 6b, respectively. As is also discussed
in [11], for vertical stresses lower than a;,, the variations in k are very
small, whereas for vertical stresses larger than in k significantly de-
creases by increasing vertical stresses. This is consistent with the me-
chanical response of the material, which is characterized by a larger
stiffness (lower e variations) for stresses lower than a;, (Fig. 1). Vice-
versa, when the material is ‘virgin’ from the mechanical point of view, i.
e. the current stress is larger than the initial yield stress o;,, the stiffness is
lower and the reduction in void ratio with vertical stresses is much
larger. Consistently, k variations were interpreted as dependent only on
void ratio changes and modelled via a Kozeny-Carman-like equation, as
already proposed for other geomaterials [17,18]:

65'5

1+e

k=B (D)

B is used here as a fitting parameter which accounts for the effects of
tortuosity and specific surface (in fact, the permeability decreases as the
tortuosity and the specific surface increase). In Eq. (1), the impact of the
stress state on the permeability is implicitly introduced as the void ratio
depends on the stress. The fitting curve obtained by imposing B =
6-10~'2 m/s is reported in Fig. 6b. By following the same procedure (the
comparison between experimental results and fitting curves is reported
in Appendix B), the evolution of B with curing time for the different
mixtures can be derived (Fig. 7). The three curves of Fig. 7 are charac-
terized by a progressive decrease of B with curing time, highlighting the
beneficial effect of curing on the hydraulic behaviour. According to
[11], the reduction in hydraulic conductivity is due to the progressive
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O Experimental results
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Fig. 6. Variation of hydraulic conductivity (mixture CB4, cured for 28 days in water) with a) vertical effective stresses and b) void ratio.
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Fig. 7. Variation of Kozeny-Carman coefficient B with curing time (curing
in water).

reduction in intergranular pore size due to the formation of layers of
cementitious products.

3.2. Curing in paraffin oil

3.2.1. Mechanical behaviour

In Fig. 8, the oedometer test results relative to mixtures CB4 and CB6
cured in paraffin oil (¢t = 28 and 360 days) are compared with the ones
cured in water. After 28 days of curing, a difference due to curing
conditions is evident only for mixture CB4 (Fig. 8a): curing in paraffin
oil is associated with a lower initial void ratio and a larger yield stress.
Viceversa, both the logarithmic compliance C, and C; are almost coin-
cident. For mixture CB6 (Fig. 8b), the responses of the specimens cured
in water and paraffin oil are almost identical. However, by increasing
curing time (Fig. 8c and d), the difference due to curing conditions be-
comes more pronounced. As already observed for curing in water, an
increase of curing time in paraffin oil is associated to lower C; and C,. and
to a larger yield stress (Fig. 9, where the data relative to mixture CB5 and

different curing times are also plotted).

Again, similarly to the water case, (i) a;, increases with curing time
for the first 120 days, whereas it remains practically constant for larger
times and (ii) the increment in a/y is more evident for CB4 and CB5 than
CB6 (Fig. 9). By comparing the values relative to the two different curing
conditions (Figs. 2 and 9), it is evident that, especially for mixture CB4,
curing in paraffin oil is associated with larger 0;, values.

In Figs. 10 and 11 the TXCU test results relative to CB4 and CB6
cured in paraffin oil are compared with the corresponding ones relative
to samples cured in water. As inferred from oedometer test results, for
large cement/bentonite mass ratio values (mixture CB6) the material
mechanical behaviour is only slightly affected by curing conditions. For
low cement/bentonite mass ratio values (mixture CB4) a significative
influence is observed especially at low confining pressure: the material
strength and dilatancy are larger in case of curing in paraffin oil. This
agrees with the increase in yield pressure highlighted by oedometer
tests.

The material strength was interpreted by using the Mohr-Coulomb
failure envelope and the values of ¢’ and ¢’ obtained from the tests are
summarized in Table 3. Friction angle decreases by increasing both
cement/bentonite mass ratio and curing time, while cohesion increases
with both cement/bentonite mass ratio and curing time. These changes
are less marked than in the case of curing in water.

The results of TXUU tests are summarized in terms of S, in Fig. 12
(the other results are reported in Appendix A). The experimental results
highlight an increase in material strength with curing time. In this case,
the increment is more evident for mixtures CB5 and CB6, whereas slight
variations are observed for mixture CB4.

3.2.2. Hydraulic behaviour

As for curing in water, even in this case hydraulic conductivity is
affected by both mixture composition and curing time. The experimental
results in terms of variation of k with e can be reproduced by using Eq.
(1) (Appendix B) and the variation of B with curing time for the three
mixtures is reported in Fig. 13. Also with immersion in paraffin oil
curing is beneficial, as is testified by the decreasing trend of the three
curves of Fig. 13. However, it is worth mentioning that B values are
always larger than the ones obtained in case of curing in water (Fig. 7).
This suggests that, curing in paraffin oil is beneficial in terms of me-
chanical behaviour, but it is not in terms of hydraulic properties.

3.2.3. Interpretation of the different response of the mixtures to the curing
environment accounting for their constituents properties

Even for different curing environments, most material properties
(yield stress, permeability, strength) of all the mixtures evolve with time
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CB6 curing 28days
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Fig. 8. Comparison between curing in water and in paraffin oil: oedometer test results: a) mixture CB4 after 28 days of curing, b) mixture CB4 after 360 days of
curing, c¢) mixture CB6 after 28 days of curing and d) mixture CB6 after 360 days of curing.

in a similar manner. The influence of the curing environment can be
appreciated by comparing, at given curing times, the behaviour of
samples of the same mixture cured in different environments. Differ-
ences are larger for the samples with the highest bentonite fraction
(CB6) and they are less significant for the samples with the lowest
bentonite fraction (CB4). In general, it is observed that the void ratio of
the samples cured in water had a certain tendency to increase with time
(see results Fig. 8), not detected for the samples cured in paraffin oil. The
unconfined compressive strength is generally larger with paraffin oil
(Fig. 12) than with water (Fig. 5) and the same can be said regarding the
yield stress (Fig. 9 and Fig. 2, respectively). Also the Kozeny-Carman
parameter B, and thus the hydraulic conductivity for a given void
ratio, is larger in the case of paraffin oil than in the case of water (Fig. 13
vs. Fig. 7).

While an exhaustive quantitative analysis of the physical-chemical
reasons for these differences is beyond the scope of the paper, a quali-
tative explanation is here proposed on basis of the existing literature
regarding the impact of the pore fluid chemistry on the fabric and hydro-
mechanical behaviour of bentonites. Despite for all the mixtures the
cement mass is predominant with respect to the bentonite one, it should
be considered that in virtue of the small size of its particles, bentonite
has a very large specific surface (ranging between 700 and 840 m?/g, see
e.g. [19]). Although a complex granular micro-structure is formed by the

interaction between the bentonite and the products of the cement re-
actions (see [12,20]), its relevance is still clear recognizing that chemo-
mechanical effects increase with the specific surface. The relevance of
pH and pore fluid salinity in the behaviour of clays, and particularly of
bentonites, is well known in geotechnical engineering (e.g. [21-23]).

Cement hydration and pozzolanic reaction cause, on the one hand,
the precipitation of hydrated CSH and CAH. On the other hand, ac-
cording to [20], they also causes three major changes in the pore fluid
chemistry which are likely to modify the properties of the bentonite
slurries: (i) a strong pH rise; (ii) a supersaturation of Ca 2+ ions; and a
non-negligible K * ion concentration.

A progressive diffusion, and therefore dilution, of the reaction
products from the sample pore fluid to curing bath was allowed when
water was used as curing fluid. As paraffin oil is immiscible with water,
diffusion cannot occur when this is used as curing fluid. While cement
bonding remains the distinctive hallmark of the behaviour of the
cement-bentonite mixtures, the impact of the curing environment can
still be related to the impact of the pore fluid concentration on the
bentonite response, as for the latter a decrease in the solute concentra-
tion was recognised to induce swelling (‘osmotic swelling’, see e.g.
[21]), to decrease the permeability (e.g. [22-23]), to reduced shear
strength (e.g. [21]) and to decrease the yield stress ([24]).
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4. Constitutive modelling

ocB4 OCB5 ACB6
350 — To reproduce the mechanical behaviour of cement-bentonite mix-
tures, a strain hardening elastic plastic constitutive relationship, named
Cement Bentonite Constitutive (CBC) model, was introduced in [12].
300 - This model, by following an approach similar to that suggested for
compacted clayey silts in [25], was conceived by introducing in the well-
‘© 250 known Modified Cam Clay model some features commonly employed to
& reproduce the undrained mechanical behaviour of granular materials
> 200 [26,27]. The CBC model proved able to reproduce the mechanical
g behaviour of cement-bentonite mixtures, but for increasing curing time
3 the yield stress of the material increases and a more suitable shape of the
-*3 150 yield surface on the so-called “dry side” (i.e. for stress much lower than
ke the yield stress) becomes relevant. A correct reproduction of the mate-
g 100 |- rial behaviour at low confining pressures, relevant for the environmental
application of cut-off walls, is in fact crucial to predict the integrity of
the barrier. For this reason, to improve the constitutive model pre-
S0 dictions, the Modified Cam Clay yield function adopted in [12] has been
here substituted with the one proposed in [28]:
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Fig. 9. Variation of yield stress with curing time (curing in paraffin oil). being
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Fig. 14. Comparison between experimental results and model predictions: oedometer tests (curing in water).
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where M is the slope of the critical state line in the ¢ —p’ plane, p; the
hardening variable, m and a non-dimensional constitutive parameters
governing the shape of the yield function.

The direction of the plastic strain increment can be calculated ac-
cording to the flow rule proposed in [27]:

d = Mexp(g1y) _I% (€)]

being d the dilatancy (i.e. the ratio between the volumetric and the
deviatoric plastic strain increments), g; a non-dimensional constitutive
parameter and i the state variable as defined in [26], i.e. the difference

between the current void ratio and the void ratio on the critical state line
at the same confining pressure. In the e —Inp’ plane the critical state line
is assumed to be a straight line defined by two parameters 1 and I', the
former one defining the line inclination, the latter one the critical void
ratio for p’ = 1 kPa.

The hardening rule, which links the hardening variable evolution to
the plastic strain increment is here expressed in terms of hardening
modulus H:

H= (p;l ”“)hl {M—”—exp(hzw} ®)
A—k q

where ey is the initial value of e, x the slope of the unloading-reloading
line in the e —Inp’ (and thus mathematically related to C;), whereas hy
and h, are two non-dimensional constitutive parameters.
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Table 5
Constitutive model parameters.
Mixture t[days] eo[-] v[-] k[-] -] M[-] m[-] al-] Py [kPal al-] hi[-] ha[-] r'-]
CB4 28 9.22 0.25 0.026 1.6 1.7 1.6 0.2 25 0.02 0.15 0.3 16
(water)
CB4 360 10 0.25 0.009 1.35 1.7 1.6 0.2 75 0.02 0.15 0.3 16
(water)
CB4 (paraffin oil) 28 8.24 0.25 0.026 1.6 1.7 1.6 0.2 70 0.02 0.32 0.3 14.3
CB4 (paraffin oil) 360 7.85 0.25 0.026 1.5 1.7 1.6 0.2 130 0.02 0.25 0.3 13.5
CB6 28 6.08 0.25 0.013 1.13 1.7 1.6 0.2 120 0.02 0.32 0.3 10.7
(water)
CB6 360 6.08 0.25 0.008 1.04 1.7 1.6 0.2 210 0.02 0.32 0.3 10.7
(water)
CB6 (paraffin oil) 28 6.14 0.25 0.025 1.13 1.7 1.6 0.2 130 0.02 0.32 0.3 10.7
CB6 (paraffin oil) 360 6.08 0.25 0.025 1.04 1.7 1.6 0.2 190 0.02 0.32 0.3 10.7
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Fig. 18. Mixture CB4 undrained unconsolidated triaxial tests results (curing in water): a) g —¢, plane, b) Au, —&, plane and c) ¢ —p’ plane.
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Fig. 19. Mixture CB5 undrained unconsolidated triaxial tests results (curing in water): a) g —¢, plane, b) Au, —é&, plane and c) g —p’ plane.

Finally, a non-linear elastic law has been adopted, with constant
Poisson ratio v and a bulk stiffness K dependent on p’:

1+€0 ,
=——7r
K

K

(6)

As it can be appreciated in Figs. 14-17, after the parameter cali-
bration (see the procedure discussed in the following section), the
modified CBC model allows a very satisfactory reproduction of the

11

experimental results, both along oedometer compression and triaxial
shearing paths.

4.1. Parameter calibration

To calibrate the CBC model, the values of ten constitutive parame-
ters, as well as ey and the initial value of the hardening variable (p,)
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Fig. 21. Mixture CB4 undrained unconsolidated triaxial tests results (curing in paraffin oil): a) ¢ —¢, plane, b) Au, —¢, plane and c) g —p’ plane.
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Fig. 24. Mixture CB4 (curing in water) comparison between experimental results and Eq. (1).

have to be defined. ey values are calculated from the water content and
specific gravity values directly measured after curing. The Poisson ratio
v is assumed to be equal to 0.25, independently on curing time and
mixture composition. The CBC model is intended to be an extension of
Modified Cam Clay model, therefore 4, x and p,, can be calibrated, by
following well-established procedures, on oedometer test results. The
parameters associated with the shape of the yield function (a, m and M)
were calibrated to obtain a yield surface almost coincident with the
MMC yield locus on the “wet side” (i.e. for stresses slightly lower than
the yield stress), but flatter on the “dry side”. As discussed in [12], h; can
be calibrated independently on the other constitutive parameters on the
virgin branch of oedometer test results, whereas g; and hy are related

13

with the shape of the post peak branch of undrained triaxial test results
performed at large confining pressure values. The I' value can be cali-
brated on the experimental results to correctly reproduce dilation and
compaction obtained when the confining pressure is lower or larger than
the yield stress, respectively.

The comparison between experimental oedometer and triaxial test
results (points and dotted lines) and model predictions (solid lines) after
parameter calibration (their values are reported in Table 5) is reported
in Figs. 14-17. For the sake of brevity, the results relative only to two
mixtures (CB4 and CB6) are reported. In all the cases considered the
proposed constitutive relationship is capable of reproducing both the
initial and postpeak response.
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Fig. 25. Mixture CB5 (curing in water) comparison between experimental results and Eq. (1).
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Fig. 26. Mixture CB6 (curing in water) comparison between experimental results and Eq. (1).
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Fig. 27. Mixture CB4 (curing in paraffin oil) comparison between experimental results and Eq. (1).
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Fig. 28. Mixture CB5 (curing in paraffin oil) comparison between experimental results and Eq. (1).
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Fig. 29. Mixture CB6 (curing in paraffin oil) comparison between experimental results and Eq. (1).

It is worth noting that curing time only affects 4, «, g and p,,, which
are parameters that can be easily obtained from standard laboratory
tests and procedures.

5. Conclusions

In this paper the experimental results relative to the hydro-
mechanical behaviour of cement-bentonite mixtures at different
curing times and different curing environments (water and in paraffin
oil) are discussed. As was expected for a porous material [25-27,29,30],
the hydro-mechanical behaviour is affected by the void ratio (or
equivalently by porosity). Moreover, the experimental results clearly
show that, by increasing the curing time, both yield pressure and ma-
terial stiffness increase. The experimental results also highlight that for
lower cement contents the hydro-mechanical behaviour is influenced by
the curing environment. In fact, larger yield stresses, higher undrained
shear strengths, lower void ratios and larger hydraulic conductivity at
given void ratios are generally observed in case the samples were cured
in paraffin oil. Similar effects are known to occur in bentonites when the
ionic concentration of the pore fluid increases. As paraffin oil is non
miscible with water, it appears then plausible that the documented
differences between the response of the samples cured in water and the
one of those cured in paraffin oil are a consequence of different condi-
tions applied with respect to the diffusion of the soluble products of
cement hydration and pozzolanic reactions. Diffusion is allowed with
water as curing fluid, whereas it is completely inhibited in the case of
paraffin oil.

The hydraulic conductivity tends to decrease with curing time and
can be estimated, once the void ratio is known, by using a simple
Kozeny-Carman like equation, in which the unique parameter depends
on cement-bentonite mass ratio and curing conditions. The mechanical
behaviour of the material was reproduced by using a stress-strain
constitutive relationship (the CBC model) which explicitly accounts for
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the dependence of the material behaviour on the void ratio
[25-27,29,39] and can be calibrated on the results of standard labora-
tory tests. These tests are necessary to optimize the performance of the
cement-bentonite mixture in relation to the site specific conditions. The
CBC model was modified by introducing a different yield function more
suitable for reproducing the material response at low confining pres-
sures. This represents an important improvement for the model since in
shallower portions of cut-off walls cracks are more likely to develop,
implying that correctly reproducing the material strength is crucial.
From an engineering perspective, the development of strain localiza-
tions and cracks in cement-bentonite cut-off walls is particularly critical,
since they compromise the barrier effectiveness. Cracks in fact not only
modify material strength, but are also preferred pathways for contami-
nant migration. The constitutive model proposed by the authors can thus
be used not only to predict material response along compression paths,
but proved also able to correctly reproduce the post-failure response of
the material, related to the potential development of cracks.
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A. Appendix Unconsolidated undrained triaxial test results

The results relative to unconsolidated undrained triaxial tests are
reported in Figs. 18-23. In particular, the results relative to curing in
water are reported in Figs. 18-20 (mixtures CB4, CB5 and CB6,
respectively), whereas the ones to curing in paraffin oil in Figs. 21-23
(mixtures CB4, CB5 and CB6, respectively).

Appendix B. Calibration of Kozeny-Carman law

In Figs. 24-29 the comparison between experimental data and the
predictions with Kozeny-Carman law are reported. In particular,
Figs. 24-26 are relative to curing in water (mixtures CB4, CB5 and CB6,
respectively), whereas Figs. 27-29 to curing in paraffin oil (mixtures
CB4, CB5 and CB6, respectively).
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