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A B S T R A C T   

The temperature effect on the microstructure deformability of compacted bentonites was assessed using a 
Clausius-Clapeyron type equation. To this end, vapor adsorption data obtained at different temperatures under 
low water content conditions was used, identifying changes in the microstructural water with changes in the 
microstructural void volume. The formulation proposed allows for an extension of the 2D-models used in 
macroscopic double-porosity approaches to a 3D surface in which temperature is explicitly considered. The 
results obtained were encouraging, fitting the experimental data highly satisfactorily. Therefore, the approach 
proposed in this study can be a key tool for characterizing the nonisothermal behavior of compacted bentonites.   

1. Introduction 

As highlighted by numerous authors (Pusch, 1992; Tay et al., 2001; 
Acikel et al., 2020), the retention properties, low hydraulic conductivity 
and swelling capacity of compacted bentonites account for the keen 
interest in their use in different technical fields. This is particularly true 
in the construction of deep geological repositories for spent nuclear fuel 
and other high-level nuclear waste (Sellin and Leupin, 2013; Posiva, 
2017), where bentonite swelling will play a key role in the potential 
homogenization of the system (Gens et al., 2013; Juvankoski, 2013). 

In recent years, the results from microstructural testing techniques 
have provided important descriptive information on expansion pro
cesses (see, among others, Delage and Lefebvre, 1984; Romero and 
Simms, 2008; Monroy et al., 2010; Delage and Tessier, 2021), and the 
convenience of using multiporosity macroscopic models for simulating 
the behavior of compacted bentonites on an engineering scale has been 
highlighted. Among these models, double-porosity models (DPM) are 
the simplest and have undergone significant developments (see, for 
example, the reviews included in Mašín, 2013, and Qiao et al., 2019). 
These models consider the existence of two continuous media, macro
structure and microstructure. Since the seminal study by Gens and 
Alonso (1992), the microstructure introduces into the model the effect of 
the processes that occur in spaces occupied by water not flowing under 
hydrodynamic gradients. Fundamentally, microstructure is the space 
between clay layers and between the aggregates that form clay particles. 
In turn, the macrostructure is the tool that introduces into the soil model 
the effect of the processes that occur in the rest of spaces (partially 
saturated voids or saturated voids containing water flowing under 

hydrodynamic gradients). 
In recent years, the application of DPM has advanced significantly, as 

shown by the contributions of Moyne and Murad (2003), Mainka et al. 
(2014) and Qiao et al. (2019) and the robust framework provided by the 
Barcelona Expansive Model (BExM; Alonso et al., 1999; Sánchez et al., 
2005), perhaps the currently most widely used conceptual framework 
when developing DPM (Guimarães et al., 2013; Sánchez et al., 2016; 
Navarro et al., 2017a). Regardless of the macroscopic modeling strategy 
adopted, the changes in the microstructural void ratio, em (volume of 
microstructural voids per volume of mineral), must be modeled. Navarro 
et al. (2018) proposed a model in which em was determined as a state 
function of the thermodynamic swelling pressure, π, assuming that the 
increase in microstructure volume is equal to the increase in micro
structural water. Although the model has provided satisfactory results in 
simulating the behavior of MX-80 under various confinement and 
salinity conditions (Navarro et al., 2017b; Navarro et al., 2019; Asensio 
et al., 2018), it did not introduce explicitly the dependence of the 
variation in the microstructural water content on temperature, T, which 
was experimentally demonstrated by Villar et al. (2006), Villar and 
Gómez-Espina (2007), Gailhanou et al. (2017), and Sun et al. (2020a); 
Fig. 1. The characterization of this dependence is a matter of interest, 
especially when considering the analysis of the area near the nuclear 
waste canister, where temperatures could reach 150 ◦C, according to 
Johnson et al. (2002). 

This study analyzes the extension of the concept of π as a variable of 
the macroscopic state of the microstructure under nonisothermal con
ditions and contrasts its complementarity with temperature. For this 
purpose, the experimental evidence on which the analysis is based is first 
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described to establish the conceptual basis of the proposed formulation. 
Then, the scope of this formulation is assessed to illustrate the ability of 
the model to consistently describe the temperature effect on micro
structure deformability. 

2. Materials and methods 

2.1. Experimental data 

The findings of Villar et al. (2006) and Villar and Gómez-Espina 
(2007) as summarized by Jacinto (2010), as well as those of Gailhanou 
et al. (2017), who tested MX-80 sodium bentonites (Table 1), and of Sun 
et al. (2020a), who tested the Czech B75 calcium bentonite (Table 1), 
were analyzed. This section synthesizes the main characteristics of the 
previously published tests so that the reader understands how the data 
were collected and then analyzed. For further details, the reader is 
directed to each reference. 

Gailhanou et al. (2017) used a thermogravimetric dynamic analyzer 
to determine the adsorption isotherms shown in Fig. 1 a. This figure also 
includes the results used by Jacinto (2010) to gather the data in Figs. 2 (a 
and b) and 3. These results were obtained by Villar et al. (2006) and 
Villar and Gómez-Espina (2007) using both the vapor equilibrium 
technique (see, for example, Pintado et al., 2009) and a capacitive sensor 
installed in a hole drilled in a bentonite block installed inside a hermetic 
cell. Sun et al. (2020a) (Fig. 1 b) also obtained results using the vapor 
equilibrium technique. 

In addition, Fig. 3 plots immersion calorimetry data from Kahr et al. 
(1990) and Cases et al. (1992) for MX-80 bentonites. As described by 
Edlefsen and Anderson (1943) when analyzing the heat of wetting, 
immersion values increased with the enthalpy of the vaporization of 
water (Lide, 2005) to obtain values consistent with the enthalpy of water 
vapor adsorption. 

2.2. Conceptual basis 

Assuming that variations in the thermodynamic properties of 
bentonite during the water vapor adsorption process are fundamentally 
associated with variations experienced by the adsorbate (water) and not 
by the adsorbent (soil minerals), a Clausius-Clapeyron type equation 
(Hill, 1949) can be written to express the equilibrium 
(

∂(LnPV)

∂T

)

w
=

Δh
RT2 (1)  

where Δh is the enthalpy of water vapor adsorption, R is the universal 
gas constant, and the subscript w of the first term of the equation 

indicates that consideration is given only to those processes of variation 
in the absolute temperature, T, in which the gravimetric water content, 
w, remains constant. 

The present double-porosity study assumes the differentiation of the 
total water content into two levels (Abed and Sołowski, 2021), analyzing 
the behavior of the microstructure by considering processes in which w 
is low enough to assume that most of the water of hydration is in the 
microstructure and does not form significant amounts of macro-capillary 
water (w = wm, where wm is the microstructural water content). Ac
cording to Gailhanou et al. (2017), this occurs at a relative humidity 
(RH) lower than 75%, a value similar to 72% RH identified by Cases 
et al. (1992). According to Kelvin's law, at a temperature of 20 ◦C, these 
RH values are associated with suctions near 45 MPa, higher than the 30 
MPa proposed by Jacinto et al. (2009), or the 10 MPa estimated by Villar 
(2007) as the suction threshold marking the flooding of macropores with 
capillary water. Hence, data associated with relative humidities below 
80% were analyzed, obtaining em (Della Vecchia et al., 2013) as 

em = GS wm (2)  

where GS is the specific weight of the solid particles. Under these con
ditions, in Eq. [1], Δh is equal to hV-hm, wherein hV is the enthalpy of 
water vapor and hm is the enthalpy of microstructural water. Integrating 
Eq. [1] between the two temperatures TO and T at a constant em, Δh can 
be calculated as 

Δh
R

=
Ln

(
PV

/
PV,O

)

(1/TO − 1/T)
=

Ln((RH/RHO)(PV0(T)/PV0(TO) ) )

(1/TO − 1/T)
(3)  

where PV defines the vapor pressure, which is equal to the product of RH 
and the saturation vapor pressure PV0 at the corresponding temperature 
(calculated according to the formula by Buck, 1981). Since adsorption is 
an exothermic process (Kahr et al., 1990), the values of Δh are positive. 

The chemical potential of water in the microstructure, μm, can be 
calculated as follows (Navarro et al., 2018) 

μm = μVO(T)+
WMM

ρW
(p − π)+ΔμmNCC (4)  

where μVO (T) is the chemical potential of pure water at a temperature T, 
WMM is the water molar mass, ρW is the water density and p is the net 
mean stress (defined as the mean stress minus the gas pressure PG). 
Finally, ΔμmNCC defines the increase in chemical potential due to the 
extra salinity of the microstructure. That is, the contribution to the 
chemical potential by cations and anions in excess of the cation ex
change capacity, the non-charge-compensating ions. Assuming that 
water vapor behaves as an ideal gas, its chemical potential, μV, can be 

Fig. 1. Adsorption isotherms. a) MX-80 bentonites. b) B75 bentonite. Legend codes: G: Gailhanou et al. (2017), Jacinto (2010), Sun et al. (2020a); 3.a, 3.5b, 4d, 4f, 4 
h: figures in the reference document where the data is presented; 20, 25, 40, 45, 60, 80, 100: T (◦C). 
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given by the following equation 

μV = μVO(T)+RT Ln(RH) (5) 

Therefore, when analyzing tests in which confinement is negligible, 
p ≈ 0, and performed under reduced salinity conditions, ΔμmNCC ≈ 0, at 
equilibrium, the expression 

π = −
ρW RT
WMM

Ln(RH) (6)  

used to convert the RH into π values holds. Using this expression, Eq. [3] 
can be written as 

π −
T
TO

πO =

(

1 −
T
TO

)
ρW Δh
WMM

+
ρW RT
WMM

Ln
PV0

PV0,O
(7) 

Consequently, if the reference swelling pressure, πREF, is defined as 

πREF =
ρW Δh
WMM

(8)  

then π can be calculated as 

π = πREF +
T
TO

(πO − πREF)+
ρW RT
WMM

Ln
PV0

PV0,O
(9) 

This is a generalized expression to calculate the thermodynamic 
swelling pressure π associated with the microstructural void ratio em at 
any temperature T from the value of the thermodynamic swelling 
pressure πO associated with em at a temperature TO. 

3. Results & discussion 

According to Eqs. [1] and [3], the variation in Δh with T at a constant 
wm can be determined using the slope of the relationship between Ln PV 
and 1/T. Such analysis was performed using data from Jacinto (2010), 
Figs. 2 a and 2 b, and obtained linear functions with a Pearson coeffi
cient of determination R2 of almost 1. A similar result was obtained from 
the analysis of the data from Sun et al. (2020a) at an initial dry density of 
1.60 g/cm3, Fig. 2 c. Because the slope is constant, as implicitly assumed 
when integrating Eq. [1] to obtain Eq. [3], each em has a single Δh value, 
regardless of T. In Fig. 3, the resulting values were compared with the 
enthalpies calculated by Kahr et al. (1990) and by Cases et al. (1992). 

Table 1 
Main characteristics of the bentonites analyzed. I: Villar et al. (2006); II: Villar and Gómez-Espina (2007); III: Gailhanou et al. (2017); IV: Sun et al. (2020a); Mt.: 
Montmorillonite; Q: Quartz; F: Feldspars; C: Cristobalite; AS: Amorphous silica; a: Data from Gailhanou et al. (2010); b: Data from Sun et al. (2020b).  

Bentonite Authors Main minerals (% weight) Major exchangeable cations (% 
saturation) 

Cation exchange capacity (meq/100 
g) 

Liquid Limit (%) Plastic Limit (%) 

MX-80 I, II Mt 74, Q 8, F 7 Na+ 82, Ca2+ 14, Mg2+ 4 74 350–570 70 
MX-80 III Mt 83, Q 9, C 4, AS 2 Na+ 93, Ca2+ 2, K+ 5 74a   

B75 IV Mt 85 Na+ 19, Ca2+ 59, Mg2+ 20, K+ 2 80b 229 65  

Fig. 2. a) 1/T-Ln(PV) relationship for the MX-80 bentonite analyzed by Jacinto (2010), dry density 1.60 g/cm3. b) Same as a) using dry density 1.75 g/cm3. c) 1/T-Ln 
(PV) relationship for B75 bentonite analyzed by Sun et al. (2020a). Legend: wm values. 

Fig. 3. Enthalpy of water vapor adsorption. C: Cases et al. (1992). K: Kahr et al. 
(1990). J1600: Jacinto (2010), dry density 1600 kg/m3. J1740: Jacinto (2010), 
dry density 1750 kg/m3. S1600: Sun et al. (2020a). Dry density 1600 kg/m3. 
Jet: Jacinto (2010) estimated trend. Set: Sun et al. (2020a) estimated trend. 
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The consistency of the comparison gives confidence to the identification 
of Δh and consequently to the resulting formula derived in Eq. [9]. 

However, the ability of Eq. [9] to predict experimental isotherms 
should be explicitly evaluated. For this purpose, given the quality of the 
data, the results of Gailhanou et al. (2017) shown in Fig. 1 were 
analyzed. The isotherm at 25 ◦C was used as the reference value πO. The 
value of the thermodynamic swelling pressure “πEq-9” for 45 ◦C was then 
calculated using Eq. [9]. For this calculation, the value of πREF was 
determined using Eq. [8], computing Δh for each value of em from the 
estimated trend of Δh identified in Fig. 3. Fig. 4 a presents the isotherms 
and highlights the good fit between experimental and predicted values. 
The goodness-of-fit is more clearly illustrated in Fig. 4 b, in which the 
experimental values of π (calculated using Eq. [6]) were compared with 
the values estimated using the model. 

Highly satisfactory fits were also observed when applying the model 
to simulate the behavior of B75 calcium bentonite analyzed by Sun et al. 
(2020a). By following the procedure described in the previous para
graph, the isotherms obtained with initial dry densities of 1.27 g/cm3 

(Fig. 4 c) and 1.90 g/cm3 (Fig. 4 e) were simulated. In both cases, the 
isotherm at 20 ◦C was taken as the reference, using the estimated trend 
of Δh-em of B75 bentonite defined in Fig. 3. Figs. 4 c and e show the 
isotherms at 60 and 80 ◦C and indicate that not only the formula is valid 
also for calcium bentonite but in addition applicable at temperature 
differences higher than the 20 ◦C considered in Fig. 4 a. The goodness-of- 
fit is shown in Figs. 4 d and f, which compare the experimental and 
simulated values of B75 bentonite for each isotherm. 

Eq. [9] can be regarded as a 3D generalization of 2D state surfaces 
used in double porosity models, going from an em-π plane to an em-π-T 
space in which the isotherms are the contour lines of the 3D surface for 

constant temperatures. Thus, the isotherms of Figs. 4 c and f correspond 
to the three-dimensional state surfaces represented in Figs. 5 a and b, 
respectively. 

4. Conclusions 

The analysis of water vapor adsorption in the microstructure of 
compacted bentonites using a Clausius-Clapeyron type equation made it 
possible to characterize the temperature effect on the water retention 
capacity of the microstructure. By identifying the changes in the 
microstructural void volume (characterized using the microstructural 
void ratio em) with changes in the microstructural water, the formula
tion is a useful tool for defining microstructure deformability in double- 
porosity macroscopic models. 

The proposed formulation was tested by comparing the experimen
tally measured and simulated thermodynamic swelling pressure of 
various MX-80 and B75 bentonites. The good fits provide confidence in 
the model. 

Although validation of the proposed formulation should be 
enhanced, by analyzing its application to other bentonites and by 
evaluating its scope in cyclical processes of changes in water content, the 
formulation remains a rational and reliable strategy for extrapolating 
the conceptual model defined in various formulas using a 2D state sur
face em - πM to a 3D surface em - πM - T under nonisothermal conditions. 
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Fig. 4. Experimental and model isotherms: a) 45 ◦C MX-80 bentonite, Gailhanou et al. (2017); b) 60 and 80 ◦C B75 bentonite, dry density 1.27 g/cm3, Sun et al. 
(2020a)et al. (2020 a); c) Same as b), dry density 1.90 g/cm3. Correlation between experimental and model thermodynamic swelling pressures (line 1:1 is indicated): 
d) values linked to a); e), linked to b); f), linked to c). 
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the work reported in this paper. 
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