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ABSTRACT

Chemical reactions can lead to the expansion of the geomaterial because of the strong
precipitation of minerals in the pores of the medium. The quantity and the variability
of these reactions led to the development of several chemo-mechanical models. A generic
chemo-poromechanical model is proposed to predict both the material degradation in-
duced by various concrete pathologies and the environmental multi-factor impact on the
macroscopic swelling. The model is based on the coupling between reactive transport
(species di�usion and chemical reactions) and poromechanics. The mineralogy and the
poromechanical properties are estimated by a hydration-micromechanics model which
allows to consider the material e�ects. The main applications are dedicated to External
Sulfate Attack and Delayed Ettringite Formation of cementitious material at mesoscale.
The studies highlight the ability of the model to deal with complex and various phe-
nomena such as coupling chemical reactions with calcium leaching, sulfate sorption and
ettringite precipitation, and to consider their impact on the macroscopic expansion. Re-
sults also bring out the accuracy of the chemo-poromechanical model to simulate di�erent
swelling pathologies. The characteristic crack paths induced by di�erential strain, mate-
rial impact, and swelling at the macroscopic scale, �t with experimental observations.
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1. Introduction

Swelling of geomaterial induced by chemical reactions is a major issue in the prediction of
the long term behavior of structures such as bentonite barriers for nuclear waste disposal
(Idiart et al., 2020), dam (Lemarchand et al. , 2002; Morenon et al. , 2017), tunnels (Ce�s et
al. , 2017), or containment building of nuclear power plant (Jabbour , 2018; Marquié et al.
, 2019). These reactions are characterized by a strong solid precipitation within pores and
cracks. The solid crystallization pressure in the porous medium induces both swelling of
the matrix and cracking by di�erential strain (Gu et al. , 2019; Idiart et al. , 2011; Liaudat
et al. , 2020; Martin et al. , 2013). The chemical reactions can be distinguished according to
the source of the reactants, internal or external. As explained in the literature, cementitous
sample expansions of mature concrete depend on many factors. In the following, we consider
three main factors.

(1) Chemical thermodynamics equilibrium of the main solid. The swelling re-
actions are mainly driven by the precipitation of large amount of one solid : alkali



silica gel for alkali silica reaction Lemarchand et al. (2002); Morenon et al. (2017)
or ettringite for sulfate attacks Bary et al. (2014); Gu et al. (2022); Sellier & Mul-
ton (2018); Tixier & Mobasher (2003). The amount of ions, which can precipitate
into the solid, depends on the environment and the initial microstructure. The pH
environment changes the electronegativity of the system which impacts the porous
medium thermodynamics chemical equilibrium (Neji et al. , 2015; Steefel et al. ,
2015). The initial microstructure evolves with the hydration reaction and the clinker
composition that impacts the �nal solid concentration (Bary , 2008; Sellier & Multon
, 2018; Tennis & Jenning , 1994; Tixier & Mobasher , 2003). In that way, in sulfate
reactions, the amount of tricalcium aluminate plays a major role in the expansion (El
Hachem et al. , 2012; Sellier & Multon , 2018; Tixier & Mobasher , 2003). Finally, the
moisture (Ce�s et al. , 2017; Malbois et al. , 2019) and the temperature (Damidot &
Glasser , 1992; Flatt & Scherer , 2008) in�uence the thermodynamic equilibrium of
precipitation.

(2) Material properties. Besides the chemical impact on the solid precipitation, the
material properties in�uence the sample expansion (El Hachem et al. , 2012). In-
deed, the cement paste properties (mechanical and di�usion) are a function of clinker
composition and water cement ratio (Bary , 2008; Bary et al. , 2014). Furthermore,
the type, the size and the volume fraction of aggregate impact the �nal swelling (Al
Schamaa et al., 2016).

(3) Size e�ect. The precipitation induced by the species transport leads to a spatial
gradient of degradation and stress �eld. Then, the sample expansion depends on the
size of the sample (El Hachem et al. , 2012b; Planel et al. , 2006) and the external
loading (Bouzabata et al. , 2012).

To estimate the material aging and the consequences on the reduction of structural
performance, models have been developed for the meso- and the macro-scale. Three main
types of models are presented in the literature:

(1) Mechanical modeling. This kind of modeling focuses on the impact of the swelling
area on the material degradation and structural aging (Eddy et al. , 2017; Giorla
et al. , 2015; Miura et al. , 2020). These works highlight the e�ect of the material
properties such as the volume fraction of aggregates, but are limited to describe the
link with the crack propagation and the swelling kinetic. Furthermore, the swelling is
modeled by empirical time functions which are not related to the clinker composition,
the pathology or the chemical environment.

(2) Hydro-mechanical modeling. In macroscopic modeling, the macroscopic swelling
depends on water saturation threshold, kinetic parameters and maximum strain esti-
mated by experimental results (Karthik et al. , 2017; Morenon et al. , 2017). The work
of (Martin et al. , 2013) depicts the di�culty to estimate the saturation threshold
parameter due to a strong dependence on material properties.

(3) Chemo-mechanical modeling. The models are based on thermodynamic chemistry
and allow to evaluate the quantity of main solid precipitate and its mechanical impact
(Bary , 2008; Bary et al. , 2014; Ce�s et al. , 2017; Flatt & Scherer , 2008; Gu et al.
, 2019; Idiart et al. , 2011; Qin et al. , 2020; Salgues et al. , 2014; Sellier & Multon
, 2018). Models are also able to take into account the variability of the material
composition as well as the chemical environment impact. Nevertheless, each model
considers only one swelling reaction. In our knowledge, only Gu et al. (2022) applied
a similar chemo-mechanical model for two pathologies. Nevertheless, their model does
not consider the ions di�usions that mainly impact the estimate crack path and the
overall chemo-mechanical degradation at the sample scale.

Our study aims to simulate the degradation of mature cement material by strong solid
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precipitation. The degradation is thus driven by the local swelling induced by chemical re-
actions. In that way, the novelty of this study is to propose a generic chemo-poromechanics
model where the genericity rests on a speci�c chemical model for each chemical degradation
such as external sulfate attack, delayed ettringite formation, or alkali-silica reaction. The
approach is based on reactive hydrogeology (Steefel et al. , 2015) for the chemical part and
microporomechanics (Bary et al. , 2014; Sellier & Multon , 2018; Ulm et al. , 2004) for the
mechanics modeling.

In that way, the model is based on the coupling between a generic reactive transport
model (species di�usion and chemical reaction) and a poromechanical model (poromechan-
ics for swelling and Frictional Cohesive Zone Model for the fracture). Taking into account a
reactive transport model allows to simulate the e�ects of the material composition and the
chemical environment on the chemical attack front. The initial concentration and material
properties of the mature cement are estimated using a hydration-homogenization model in
order to take into account the microstructure. The model is applied at the mesoscale in
order to capture the in�uences of the geometry and the size of the sample on the crack
path and the overall chemo-mechanical behavior. The phenomenological model is devel-
oped to catch the main factors that a�ect the sample expansion. The main applications of
the paper are External Sulfate Attack (ESA) and Delayed Ettringite Formation (DEF).

This paper begins with a description of the chemo-poromechanical model (section 2).
The model rests on the coupling of a reactive transport model, where the species trans-
port and the geochemistry equilibrium model are solved sequentially, and a discontinuous
poromechanical model. The chemo-poromechanical applications in section 3 are dedicated
to sulfate attacks: External Sulfate Attacks and Delayed Ettringite Formation. Each pathol-
ogy is distinguished by the source of sulfate and the associated chemical reactions. Note
that the mechanical and chemical solvers are the same. These applications bring out the
scope and the accuracy of the model. Furthermore, the results �t well with the experimental
and literature ones.

2. Chemo-poromechanical model in fractured heterogeneous porous medium

The chemo-poromechanical model is based on the coupling between a poromechanical
model and a reactive transport model. One focus on the impact of the swelling, induced
by the precipitation of chemical species, on cracking.

The fracture is studied through a micromechanical modeling based on a multibody
concept and Frictional Cohesive Zone Model (FCZM) (cf. Figure 1) (Monerie & Acary
, 2001; Perales et al. , 2010). Each mesh of �nite element modeling is considered as an
independent body and the overall behavior is obtained by the coupling of a volume and
surface behavior respectively inside and between elements. The volume behavior takes into
account the poromechanics and the geochemical behavior of a porous medium without any
damage (section 2.2.1). The surface behavior describes the cracks initiation, propagation
and post-fracture phenomena (section 2.2.2).

2.1. Reactive transport modeling

The reactive transport model represents the evolution of the mineralogy due to chemical
reactions in a fractured concrete. The system is solved by a sequential non-iterative ap-
proach (SNIA) with operator splitting method. For each time step, the species transport
and the geochemistry equilibrium model are solved sequentially. This article being dedi-
cated to the impact of the chemistry on the concrete swelling, in what follows, the model
is brie�y described. For more details, see (Socié , 2019; Socié et al. , 2021). Note that here
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Figure 1. Multibody concept applied to a heterogeneous reactive porous medium. At the gauss points, bulk
mechanical processes are integrated. The chemical reaction are described at each nodes. Along the meshes, cracking
processes are modeled using a local normal-tangent decomposition.

we assume a constant porosity and no di�usion inside the fracture.

2.1.1. Species transport

The geomaterial is assumed to be fully saturated and the advection phenomenon is not
taken into account (Bary et al. , 2014). The transport of the Naq aqueous species is de-
scribed by the �rst Fick's law written in terms of concentration:

∂φCaqi
∂t

= ∇. (Di∇Caqi ) +
∂φ(Caqi )Ξ

∂t
(1)

where Caqi [mol.L−1], Di [m
2.s−1] are respectively the concentration and the e�ective

di�usion coe�cient of the species i and φ is the porosity [−]. The term
∂φ(Caqi )Ξ

∂t
is a

source/sink term accounting for the creation/consuming of the ion i in solution as a result
of chemical reactions [mol.L−1.s−1].

The species transport modi�es the local chemical equilibrium of the system and induces
the evolution of the mineralogy.

2.1.2. Geochemistry model

We assume that the chemical processes are at the thermodynamic equilibrium. At
mesoscale, the chemical reactions are reversible and are fast enough compared to the species
transport. Thus the chemical reactions are supposed to be instantaneous and the kinetic
of reactive transport is driven by the species di�usion, as demonstrated by (Samson &
Marchand , 2007; Socié et al. , 2021).
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In internal swelling reactions, the solid phase depends on the associated precipitation
reaction, but also on other chemical reactions such as sorption reaction, initial solids volume
fractions or limiting reactant ions concentration (Gu , 2018; Gu et al. , 2022; Liaudat et
al. , 2020; Salgues et al. , 2014; Sellier & Multon , 2018). So, we consider three kinds of
chemical reactions.

(1) Aqueous reaction which is a homogeneous reaction where the products and the re-
actants are aqueous components. The system is split into Naq,p primary and Naq,s

secondary components, which concentrations are respectively denoted Caq,p and Caq,s

(Dieuleveult et al. , 2009; Morel & Morgan , 1972). The secondary aqueous compo-
nents, products of the reaction, are deduced using the law of mass action of each
aqueous reaction:

Caq,si =
Kaq
i

γi

Naq,p∏
j=1

(
γjC

aq,p
j

)Saq
ij

(2)

where Kaq
i is the equilibrium formation constant of the aqueous reaction [−] and

Saq is the stoichiometric coe�cient matrix of the aqueous reaction [−]. The activity
coe�cient of the ion i, γi [−], is expressed by the truncated Davies' law (Neji et al. ,
2015; Samson & Marchand , 2007):

Is =
1

2

Naq∑
i=1

z2
iC

aq
i

ln (γi) = −Az2
i

( √
Is

1 +
√
Is
− bIs

) (3)

where zi is the valence number of the ion i, A and b are parameters.
(2) Adsorption reaction which is an heterogeneous reaction involving sorbed and aqueous

species. Such as the aqueous components, the sorbed components are split into Nad,p

primary, denoted Cad,p, and Nad,s secondary components, denoted Cad,s. Based on
(Dieuleveult et al. , 2009), we consider the activities of the adsorbed species equal
to their concentrations and the secondary components concentrations are deduced
using the law of mass action of each absorption reaction:

Cad,si = Kad
i

Naq,p∏
j=1

(
γjC

aq,p
j

)Sad/aq
ij

Nad,p∏
u=1

(
Cad,pu

)Sad/ad
i,u

(4)

whereKad
i is the sorption equilibrium constant [−], Sad/ad and Sad/aq are the stoichio-

metric coe�cients matrices of the sorption reaction [−]. The adsorbed concentrations
correspond to the quantity of the site sorbed in a mineral.

(3) Solid reaction which is a heterogeneous reaction involving solids and aqueous species.
Since the solid activity is equal to unity, the solid concentrations cannot be directly
deduced by the law of mass action (Erhel & Migot , 2018). The law of mass action
condition must be satis�ed to ensure the thermodynamic balance of each N sol solid
(Erhel & Migot , 2018; Steefel et al. , 2015):

ξsoli (Caq)
def
= (Ksol

i )−1
Naq,p∏
j=1

(
γjC

aq,p
j

)Ssol
ij − 1 = 0 (5)
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where Ksol
i is the dissolution equilibrium constant [−], and Ssol is the stoichiometric

matrix of the solid reactions [−].

The system is closed by the mass conservation law of the aqueous and the sorbed species:



�nd Caq,p, Cad,p and Csol, such that:

Caqtot −
[
Caq,p +

(
Saq
)T · Caq,s + (Sad/aq)T · Cad,s + (Ssol)T · Csol] = 0

Cadtot −
[
Cad,p +

(
Sad/ad

)T
· Cad,s

(
Caq,p, Cad,p

)]
= 0

ξsol (Caq,p) = 0

(6)

where Caqtot and C
ad
tot are respectively the total concentration vector of the aqueous species

and the sorbed species [mol.L−1], the subscript T de�ne the transpose of the stoichiometric
matrix. As considered in the literature (Erhel & Migot , 2018; Lagneau & van der Lee ,
2010; Socié et al. , 2021; Steefel et al. , 2015), the measure of the concentration is the
molarity which indicates the number of moles of solute per liter of solution. Considering
the mass conservation and the mass action of the primary adsorbed species, the multicom-
ponent ion exchange and competitive sorption e�ects are taken into account. This e�ect is
not considered by the sorption models obtained with the Langmuir or Freundlich formu-
lations (Steefel , 2019). Because the thermodynamic equilibrium is assumed, there is not
a linear relationship between the primary components that allows us to obtain the solid
concentration like in the kinetic models (Steefel et al. , 2015). The solid concentrations are
deduced by solving the overall equations system (6).

Note that some ions do not interact strongly with the porous medium but impact the
thermodynamic equilibrium of the solids due to electrostatic e�ects. (Gu , 2018; Gu et al.
, 2022; Neji et al. , 2015; Sellier & Multon , 2018). To take into account this impact, one
impose the electroneutrality (Gu , 2018; Gu et al. , 2022; Liaudat et al. , 2020; Neji et al.
, 2015; Salgues et al. , 2014):

Naq∑
j=1

zjC
aq
j = 0 (7)

To ensure the positivity of all concentrations, the law of mass action is rewritten in loga-
rithmic form and the system is solved by a Newton algorithm. When the electroneutrality
is imposed, the equation 7 replaces a mass conservation law of a primary aqueous species.
For more details, see (Socié , 2019; Socié et al. , 2021).

2.2. Poromechanics modeling

2.2.1. Volumetric behavior: poromechanics

In the bulk, the porous medium is described through an isotropic elastic poro-mechanical
model (Coussy , 2004):

σ = C : ε− bPchI (8)

where σ is the Cauchy stress tensor [Pa], ε is the linearized strain tensor [−], C is the
fourth order sti�ness tensor [Pa], b is the Biot coe�cient [−], Pch is the pore pressure [Pa],
and I is the identity second order tensor.
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In chemo-poromechanics modeling, the pressure use to be proportional to the volume
fraction of main solid precipitation such as the silica gel for Alkali Silica Reaction (Lemarc-
hand et al. , 2002; Morenon et al. , 2017) or the ettringite for Delayed Ettringite Formation
(Salgues et al. , 2014; Sellier & Multon , 2018). Furthermore, in these models, a volume
fraction threshold is introduced and the pressure remains positive. So, based on the second
macroscopic state equation, the pore pressure can be written:{

Pch = N
〈
ϕms −

〈
ϕ0
ms + btr(ε))

〉
+

〉
+

ϕms = φVmsC
sol
ms

(9)

where ϕi and Vi are respectively the volume fraction [−] and the solid molar volume
of the solid i [m3.mol−1], the subscript ms de�nes the variable associated with the main
solid phases, 〈x〉+ = (x+ |x|) /2, N is the skeleton Biot modulus [Pa] and ϕ0

ms represents
the quantity of initial pores to be �lled by the solid to induce swelling [−] which can be
related to the microscopic precipitation behavior. According to (Gu et al. , 2022), during a
sulfate attacks, the largest pores are partly �lled �rst by ettringite and then the material
swelling is induced by the precipitation inside the smallest pore. Note that the Biot's
coe�cient and modulus are estimated by analytical homogenization and thus the impact
of the precipitation source can be considered.

The porosity φ depends on the mineralogy evolution such that (Lagneau & van der Lee
, 2010; Planel , 2002; Socié et al. , 2021):

φ = 1−
Nsol∑
i=1

ϕi = 1−
Nsol∑
i=1

φViC
sol
i ⇒ ∂φ

∂t
= −

Nsol∑
i=1

φVi
∂Csoli

∂t1 +

Nsol∑
i=1

ViC
sol
i

 (10)

As a �rst approximation, the viscoelasticity of the cement paste is not taken into account
(Bary , 2008; Bary et al. , 2014; Ce�s et al. , 2017; Eddy et al. , 2017; Gu et al. , 2022;
Liaudat et al. , 2020; Miura et al. , 2020; Tixier & Mobasher , 2003). Furthermore, the
evolution of the porosity only impacts the mechanical model (swelling).

2.2.2. Surface behavior: cracks

Each element is considered as an independent body and an interface law is introduced
between each �nite element representing the crack (Perales et al. , 2008). A cohesive stress
Rcoh [Pa.m−1], is related to the displacement jump of the crack lips [u] [m], by a damage-
able surface second order sti�ness tensor K(β) (β = 1: healthy interface, β = 0: broken

interface). Rcoh and [u] are described in the local frame (n,t,s) by their normal and tan-
gential components respectively noted [u] = [un]n + [uts] and R

coh = Rcohn n + Rcohts (see.
Figure 1):

Rcoh = K(β) · [u] (11)

In the Frictional Cohesive Zone Model (FCZM) approach, the cohesive stress is introduced
in the Signorini�Coulomb conditions to take into account the cohesive phenomena (Monerie
& Acary , 2001):
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Signorini conditions:

[un] ≥ 0, Rn +Radhn ≥ 0, [un]
(
Rn +Radhn

)
= 0, (12)

Coulomb's laws:

||Rts +Radhts || ≤ µc|Rn +Radhn |, (13)

where
||Rts +Radhts || < µc|Rn +Radhn |,=⇒

∂[uts]

∂t
= 0,

||Rts +Radhts || = µc|Rn +Radhn |,=⇒ ∃λ ≥ 0,
∂[uts]

∂t
= −λ

(
Rts +Radhts

)
,

(14)

where µc is the Coulomb friction coe�cient [−] and R = Rnn+Rts is the contact force
vector [Pa.m−1] (see Figure 1).

The evolution of the surface sti�ness is written as (Perales et al. , 2008):

K(β) = β

(
R0
nn⊗ n+R0

ts

[uts]⊗ [uts]

|| [uts] ||2

)
,

β = min (g(|| [u] ||), g(|| [u] ||max)) ,

g(x) =


1 if x ≤ [uc] ,

[uc]

x

(
1−

(
x− [uc]

[uu]− [uc]

)2
)

if [uc] < x < [uu] ,

0 if x ≥ [uu]

(15)

where R0
n and R0

ts are respectively the initial normal and tangent surface sti�nesses of
the perfect interface [Pa.m−1], [uc] and [uu] are respectively the displacement damage at
initiation and the ultimate displacement at the onset of the failure (cf. Figure 2). ||[u]||max
is the maximum value reached by ||[u]|| during the fracture process.

0 < β < 1β = 1
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100

0
0.0 0.2 0.4 0.6 0.8 1.0

σmax

I

R
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h

n
[M

P
a
]

[un][µm]
[uc] [uu]

R
0 n

Figure 2. The FCZM normal behavior ([uts] = 0)
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The initial surface sti�nesses R0
n and R

0
ts are deduced from the bulk parameters (isotropic

material) and the characteristic mesh length lc such that (Blal et al. , 2012):

R0
n ≥

23

1− ν
E

lc
R0
ts = 2

1− 2ν

1 + 3ν
R0
n (16)

where E is the Young modulus [Pa] and ν is the Poisson coe�cient [−].
The values of [uc] and [uu] depend on the maximum values of the cohesive stress

(σmaxI , σmaxII ) and the modes I and II fracture energy (wI , wII) which allow to take into
account the mixed mode crack (Biso�-Sauve et al. , 2019; Socié , 2019; Venzal et al. ,
2020):

[uc] =
σmaxI σmaxII

R0
nR

0
ts

 1 + b2β(
σII
R0
ts

)2

+

(
σIbβ
R0
n

)2


1/2

, bβ =
[uts]

[un]

[ur] =
3

2

wIwII −
[uc]2$

2
[uc]$

+ [uc] , $ =
wIIR

0
n

1 + b2β
+
wIR

0
tsb

2
β

1 + b2β

(17)

where bβ is the displacement ratio.
The crack problem is treated with the Non-Smooth Contact Dynamics (NSCD) approach

(Monerie & Acary , 2001; Perales et al. , 2008).

2.3. Chemo-poromechanical modeling

Coupling strategy

The coupling strategy rests on a Sequential Non Iterative Approach (also called Stag-
gered approach). For each time step, one calculates sequentially (Figure 3):

(1) Species transport (section 2.1.1): the aqueous species concentrations are obtained
integrating Fick's law using the chemical state of the previous time;

(2) Geochemistry (section 2.1.2): the mineralogical modi�cation is estimated by aque-
ous, solid and sorption reactions from current aqueous species concentrations ;

(3) Poromechanics (section 2.2.1): the main solid phases evolution leads to the swelling
of the bulk and potentially the fracture initiation or propagation.

Characteristic time On one hand, to solve properly the Frictional Cohesive Zone Model
problem, the NSCD approach imposes small time step (i.e. around 10−6s for our applica-
tions) (Monerie & Acary , 2001). On the other hand, the internal swelling reactions are
delayed pathologies that can occur up to 300 days (El Hachem et al. , 2012; Gu et al. ,
2019; Salgues et al. , 2014; Sellier & Multon , 2018). To keep reasonable computational
time, a characteristic time has to be introduced tc = at. The species transport equation 1
becomes:

∂φCaqi
∂tc

= ∇. (aDi∇Caqi ) +
∂φ(Caqi )Ξ

∂tc
(18)

The physical models are implemented in the XPER (eXtented cohesive zone models
and PERiodic homogenization) code (Perales et al. , 2010), which handles general Finite
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Transport solving

Chemical solving

Poromechanical solving

While t < tfinal

Caq

Csol
ms

Figure 3. SNIA coupling strategy.

Element tools with parallel computation capability. It is devoted to the study of dynamic
fracture of heterogeneous materials with strong multi-physics coupling (Bichet , 2017;
Socié , 2019).

Initialization The initial chemo-mechanical parameters are estimated, on the one hand,
by a hydration computation to estimate the microstructure and the initial concentrations,
and, on the other hand, by analytical homogenization to evaluate the di�usive and
poro-elastic parameters (Socié et al. , 2022) (see appendix A). Thus, only the volume
fraction ϕ0

ms is �tted or estimated.

Modular validation The proposed model is based on the coupling of three physical mod-
els: a reactive transport model, a poromechanical crack model, and a multiscale-hydration
model. The validation is modular, each physical model has been independently validated:

(1) the reactive transport has been benchmarked with the so-called reactive transport
code HYTEC (van Der Lee et al. , 2003), see (Socié et al. , 2021);

(2) the cohesive zone model has been the subject of several publications (Biso�-Sauve
et al. , 2019; Lhonneur , 2021; Perales et al. , 2008; Salah et al. , 2019);

(3) the poromechanical behavior is described in details in (Socié , 2019);
(4) the multiscale validation is depicted in (Socié et al. , 2022).

The proposed study presents a methodology to tackle the simulation of chemical pathol-
ogy that induces cementitious material swelling and the next section is dedicated to the
qualitative validation of the multiphysics coupling.

3. Simulations of sulfate attacks

Swelling of concrete due to Sulfate reactions is characterized by a high concentration of
sulfate that induces mainly the precipitation of ettringite. The applications focus on the Ex-
ternal Sulfate Attack (ESA) (section 3.1) and Delayed Ettringite Formation (DEF) (section
3.2). These simulations are qualitative applications of the model to a mature homogeneous
cement material that focuses on swelling reaction and the associated crack propagation. The
chemical modeling focuses on the main parameters, and some approximations have been
taken into account in order to reduce the computational time. Furthermore, as previously
described in the �rst part 2.2.1, the model considers only one main solid precipitation and
does not consider the impact of secondary solid precipitates, such as gypsum, that could be
a source of swelling (Bary et al. , 2014; Bui , 2016) and impact the chemical �eld (Planel
et al. , 2006).
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Note that, each application model di�ers only in the geochemical model and chemical
boundary conditions.

3.1. External Sulfate Attack (ESA)

ESA is an external chemical pathology where the sulfate penetrates the concrete from
the surrounded medium and leads to ettringite and gypsum precipitation. Sulfate ions are
present in groundwater, seawater and geological site (Ce�s et al. , 2017; Planel et al. , 2006).
Precipitation mainly occurs on surface, leading to di�erential strain and �nally �aking of
the concrete structure (Ce�s et al. , 2017; Idiart et al. , 2011; Planel , 2002).

3.1.1. Chemical modeling

The chemical model describing ESA takes into account the main ions composing the et-
tringite solid. To reduce the chemical system, only one solid phase is considered by ions
and we do not model second solid phases. For each ions we assume the following phases:

• Portlandite is the main calcium phases,
• The aluminate phase is mainly represented here by the katoite,
• The main sulfate phase is the ettringite.

In �rst approximation, we do not consider the in�uence of C-S-H phases on the chemical
behavior. The C-S-H are relatively stable in leaching reaction (Socié et al. , 2021), the
decalci�cation occurs when the portlandite is totally dissolved and the C-S-H is degraded
on a zone of about 0.1-0.3 mm from the exposed surface (Bary et al. , 2014; Planel , 2002;
Soive et al. , 2016). Because of the size of the cement sample simulated (see section 3.1.2),
we do not model the C-S-H dissolution. This assumption is also consider by (Gu , 2018;
Idiart et al. , 2011; Tixier & Mobasher , 2003). Furthermore, the sorption reaction is not
modeled. Indeed, in our knowledge except the work of (Barbarulo , 2002; Soive & Tran ,
2017), few reactive transport simulations model the sorption reactions for ESA simulation
(Bary , 2008; Bary et al. , 2014; Gu , 2018; Gu et al. , 2022; Planel , 2002; Qin et al. , 2020;
Tixier & Mobasher , 2003). Finally, to avoid modeling a large number of aqueous reactions,
the electroneutrality condition is imposed and replaces the mass conservation law of the
hydroxide species OH− (Socié et al. , 2021). The chemical reactions, the aqueous compo-
nents and the equilibrium constant of the porltandite, katoite and ettringite precipitation
reaction are described in the Table 1. The thermodynamic database THERMODEM 17
(Blanc et al. , 2012) and CEMDATA (Lothenbach et al. , 2019) are used and the truncated
Davie's law parameters (3) are A = 1.13 and b = 0.25 (Socié et al. , 2021).

Chemical equations log10

(
Ksol

)
Portlandite ⇐⇒ Ca2+ + 2OH− -5.19
Katoite ⇐⇒ 2Al(OH)−4 + 3Ca2+ + 4OH− -20.5
Ettringite ⇐⇒ 2Al(OH)−4 + 6Ca2+ + 3SO2−

4 + 4OH− + 26H20 -44.9
Table 1. Chemical reactions for the External Sulfate Attack simulation (Blanc et al. , 2012; Lothenbach et al. ,
2019).

3.1.2. Planel experiments (Planel , 2002)

Planel experiments (Planel , 2002) focus on the free swelling and the degradation of a
rectangular parallelepiped cement paste sample (15× 40× 160 mm3) submitted to sodium
sulfate attack on two thirds of the boundaries.
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Following (Planel , 2002), we assume two dimensional plane strain conditions. Due to
symmetry, we consider only one quarter of the sample subjected to a chemical loading
(Dirichlet boundary conditions) on two-third of the left side (cf. Figure 4). The other
boundaries are subjected to free Neumann conditions (no stress and no chemical �ux are
imposed).

The mechanical loading induced by chemical reactions can be viewed as a thermal load-
ing and thus can lead to a shock (Bary et al. , 2014) and the �aking of the boundary
�nite elements. As (Bichet , 2017), we consider a non-damageable area with high cohesive
properties in a thin band close to the imposed boundary conditions.

8 mm

25 mm

80 mm

Symmetry condition Φ = 0, u · n = 0

C
aq
Na+ = 0.03mol.L−1

C
aq

SO2−
4

= 0.015mol.L−1

pH = 7

Post-processing area

Figure 4. External Sulfate Attack: sketch of the chemical and the mechanical boundary conditions applied to the
system (Planel , 2002). Φ is the imposed species �ux.

The cement is composed of CEM I 52.5 R Calcia cement, 100% clinker with an additional
6% gypsum, and a water/cement ratio of 0.4 (Planel , 2002). The cement composition is
speci�ed in the Table 2.

C3S C2S C3A C4AF Additional gypsum
58.4 14.5 9.9 7.1 6

Table 2. Chemical composition (in percent of mass) of cement with a water cement ratio equal to 0.4 (Planel ,
2002) .
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The Table 3 and 4 describe respectively the initial chemical properties and the material
parameters estimated by a hydration model (see Appendix A) from the cement composi-
tion (Planel , 2002; Planel et al. , 2006). The mechanical parameters �t well with the
experimental measurements, but the porosity and the Young's Modulus are respectively
underestimated and overestimated. The di�erence could be explained by the fact that the
hydration computation considers a total hydrated cement. Furthermore, we assume the
cement paste is composed of katoite and ettringite which admits a higher volume fraction
than a system composed of monosulfoaluminate and ettringite. The cohesive parameters
are described in the Table 5. The maximum value of the normal cohesive stress corresponds
to a tensile strength of 3MPa (Bichet , 2017; Socié , 2019), commonly chosen for mortar
or cement paste (Eddy et al. , 2017; Giorla et al. , 2015; Idiart et al. , 2011; Socié , 2019).
In mode II, the cohesive stress and fracture energy is considered to be 10 times higher than
the �rst mode as reported by (Idiart et al. , 2012, 2011; Socié , 2019) The chemical time
step is 1 minute and the mechanical time step is 10−7 minutes (with a = 107 in (18)). The
characteristic mesh size is about 0.3mm.

Solid phase Aqueous species
Species Volume fraction Species Concentration [mmol.L−1]
C-S-H 0.369 SiO2 8.7× 10−4

Portlandite 0.189 Ca2+ 17.
Ettringite 0.144 SO2−

4 1.1× 10−3

Katoite 0.072 AlOH−
4 8.5× 10−2

Calcite 0.026 OH− 34
φ 0.2

Table 3. External Sulphate Attack: initial chemical parameters for the cement paste composition described in
(Planel , 2002). Note that the C-S-H and the silica aqueous species are not taken into account in the sulfate attack
simulation.

E [GPa] ν [−] b [−] N [GPa] ϕ0
ms [−] D [m2.s−1]

Estimated values 24.06 0.253 0.123 101.513 0.16 2.73× 10−12

Experimental values 20 0.2 - - - [4.3× 10−13, 2.3× 10−12]
Table 4. External Sulphate Attack: initial mechanical parameters estimated for the cement paste composition
described in (Planel , 2002).

Interface σI [Pa] σII [Pa] wI [J.m
−2] wII [J.m

−2]
matrix-matrix 46× 106 46× 107 20 200

Table 5. External Sulphate Attack: cohesive parameters (Bichet , 2017; Socié , 2019).

The Figure 5 shows the solid concentrations fraction in the �rst millimeters. As described
by various authors (Bary et al. , 2014; Planel et al. , 2006; Qin et al. , 2020; Soive et
al. , 2016; Soive & Tran , 2017), on the one hand, the ettringite precipitation induces
the dissolution of the aluminate phase and on the other hand, the low pH environment
leads to the portlandite dissolution. The maximum ettringite value depends on the initial
concentration of katoite which is the limiting reactant of the reaction.

The evolution of the porosity according to the di�erent solid phases (see (10)) impacts the
volume fraction of the main precipitate and so the pressurization of the medium (see (9)).
In the literature (Bary , 2008; Bary et al. , 2014), the porosity dependency is generally
introduced through the Young's modulus with similar swelling e�ects. To illustrate the
strain e�ect, one can write the strain from the elastic poro-mechanical model (8) in one

13



dimension:

σ = Eε− bP = 0⇐⇒ ε =
bP

E
(19)

Considering a Representative Volume Element without any external loading, a constant
pressure and a Young Modulus decreasing with respect to the porosity, the strain increases.
Note that the porosity is constant in the reactive transport solver and the porosity evolution
only impacts the solid volume fraction and therefore the mechanical swelling.

The model takes into account the impact of the chemical reactions coupling, here the
calcium leaching and the ettringite precipitation, on the mechanical loading (Bary , 2008;
Bary et al. , 2014; Qin et al. , 2020). Because the initial solid volume fractions are estimated
by the hydration computation and the aluminate phase constitutes the limiting reactant
of the ettringite precipitation, the model accurately takes into account the in�uence of the
clinker mineralogy on the macroscopic expansion (Socié , 2019).

Figure 5. External Sulphate Attack: solid concentrations fraction, ettringite volume fraction and porosity at 70

days. Abscissa 0 corresponds to the boundary.

The gradient of the precipitation �eld induces a swelling gradient in the sample and
degradation by di�erential strain. The Figure 6 shows the evolution of the crack width
and the ettringite concentration �eld at di�erent times. As described experimentally by
(Planel , 2002) and numerically by (Bary , 2008; Bary et al. , 2014), four degradation steps
are highlighted:

• step 1: a crack initiates between the chemical attack zone/loading zone and the
internal safe zone due to di�erential strain,
• step 2: the crack propagates from the boundary towards the central part of the
sample,
• steps 3 and 4: several cracks initiate on the interface between the attack and the safe
zones, and propagate to the center with an angle around 45◦ with the top boundary.
Cracks coalescence occurs and create a crack parallel to the boundary conditions.
The two kinds of cracks shapes are observed experimentally by (Planel , 2002).

The model is able both to capture the local swelling e�ects such as the shearing between
the safe and the degraded zones and to reproduce the specimen behavior.
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3.1.3. Conclusion

The developed approach can model the combined e�ects of both external sulfate reac-
tion and calcium leaching on the chemistry and on the swelling of the cement paste. The
crack initiation is due to the local di�erential strain between the chemical attack zone
and the safe material. Then, the crack propagation is in�uenced by the local swelling and
macroscopic sample expansion. The simulation highlights the importance of mesoscale sim-
ulations to distinguish the local material e�ect from the one induced by the macroscopic
sample deformation.

Step 1: 69 days Step 2: 70.73 days Step 3: 70.8 days Step 4: 71 days
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ett
[mol.L−1]
3.7

3.

2.5
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1.5

1.

76

0
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50

40

30

20

10

Figure 6. External Sulfate Attack: displacement jump or crack width (blue to red) and ettringite concentration
(green) for the four main times.

3.2. Delayed Ettringite Formation (DEF)

DEF is an endogenous pathology due to a signi�cant warm-up of a particular cement com-
position. The curring condition induces the dissolution of primary sulfoaluminate hydrates.
Some hydrate's components, as sulfate, are sorbed by C-S-H. In contact with a moisture
environment, sulfate ions are desorbed and ettringite can precipitate in voids and cracks
(Divet & Randriambololona , 1998; Malbois et al. , 2019; Salgues et al. , 2014; Sellier &
Multon , 2018).

This application focuses on the modeling of the degradation of a mature mortar induced
by the delayed ettringite formation. The model does not consider the physical-chemistry
reaction during the excessive heating, but consider an initial concrete where a part of sulfate
ions are sorbed. The great uncertainty associated with the initial mortar composition leads
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to a qualitative simulation.
Note that only the chemical modeling of DEF application is di�erent of ESA application.

The mechanical and chemical solvers are the same. This application underlines the modeling
genericity and the capacity of the model to simulate a large number of swellings reactions.

3.2.1. Chemical modeling

As described by (Gu et al. , 2022; Sellier & Multon , 2018) (Gu , 2018; Martin et al. , 2013;
Salgues et al. , 2014), the DEF chemo-mechanical model has to take into account the link
between the sulfate sorption and the sodium leaching. In that way, we add to the ESA
chemical model (cf. section 3.1.1) the sorption of sulfate with main anions in solution, i.e.
calcium sulfate CaSO−

4 and sodium sulfate NaSO2−
4 (Irbe et al. , 2019). The reactions

and the associated equilibrium parameters are described in the Table 6. Based on (Haas
& Nonat , 2015; Irbe et al. , 2019; Soive & Tran , 2017), the silanol (denoted ≡ Si−OH)
is considered to be the only surface site of C-S-H phase and main sorbed component of
the model. Note that the equilibrium coe�cient considered for the sorption of the calcium
sulfate by C-S-H in our applications is the mean value used in (Irbe et al. , 2019; Soive &
Tran , 2017). Finally, in �rst approximation, we do not consider the surface potential of
C-S-H such as (Bradbury et al. , 2005; Dieuleveult et al. , 2009).

Chemical equation log10

(
Kad

)
≡ Si−OH + Ca2+ +OH− + SO2−

4 ⇐⇒≡ Si−OCaSO−
4 +H2O 7.3

≡ Si−OH +Na+ +OH− + SO2−
4 ⇐⇒≡ Si−ONaSO2−

4 +H2O 5.8
Table 6. Equilibrium sorption constant used for the DEF simulation (Haas & Nonat , 2015; Irbe et al. , 2019;
Soive & Tran , 2017).

3.2.2. Free swelling of a cylindrical mortar samples

The application deals with the free swelling of a 11 × 22 cm2 cylindrical mortar samples.
As experiments (Al Schamaa et al., 2016; Gu , 2018; Jabbour , 2018), the samples are
immersed in low pH environment to speed up the reaction. Due to symmetry, we simulate
only one quarter of the sample (cf. Figure 7). A concentration of 10−7 mol.L−1 is imposed
for hydroxide OH− and sodium Na+ and null for others.

The mortar is based on the one called "d510p30" in (Al Schamaa et al., 2016) which
corresponds to a volume fraction of limestone �ller of 0.3 and a water-cement ratio of 0.37.
The hydration computation is solved in two steps:

(1) one hydration computation such as presented in the section A.1,
(2) a thermodynamic simulation considering the microstructure previously estimated but

where the ettringite is totally dissolved. The sorption reactions described in 3.2.1 are
considered.

Due to the uncertainties in the estimation of the ITZ volume fraction from the size of the
sand and the ITZ thickness (Garboczi & Bentz , 1997; Honorio et al. , 2016), we assume a
constant value of 0.25. The sand is considered as a no reactive and no di�usive phase.

The initial mechanical and chemical parameters are described in the Table 7, 8 and 9.
The cohesive parameters are described in the Table 5. We observe in Table 8 that a low
quantity of sulfate is sorbed and a low quantity of ettringite is dissolved. Some uncertain-
ties on the thermodynamic sorption coe�cients can explain this result. Furthermore, the
microstructure estimation does not take into account the in�uence of the curring time on
the chemical reactions (for example: e�ect of the curring time on the hydrogarnet siliceous)
and the thermo-chemo-mechanical damage behavior of concrete at early age that in�uence
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Figure 7. Delayed Ettringite Formation application: a) sketch of the chemical and mechanical boundary conditions
and b) mesh.

the �nal expansion (Salgues et al. , 2014; Sellier & Multon , 2018). In that way, the estima-
tion of the total porosity is 18.8% that is well below than the one reported by Al Schamaa
et al. (2016).

In this study, we focus on the in�uence of the initial quantity of pore to be �lled ϕ0
ms

on the mechanical response (9). Based on the initial porosity φ(tini), the initial volume
fraction of ettringite ϕett(tini), sulfate sorbed concentration Cad

NaSO2−
4

(tini) and using the

equation (9), we approximate the maximum value of ϕ0
ms to assure a macroscopic swelling

in our simulations:

ϕ0
ms < ϕett(tini) +

Cad
NaSO2−

4

(tini)φ(tini)Vett

3
(20)

This value is around 0.098. To study the sample expansion and degradation we consider
three values: 0.094, 0.095 and 0.096.

The chemical time step is 60 minutes and the mechanical time step is 6x10−8 minutes
(with a = 107 in (18)). The characteristic mesh size is 4mm.

E [GPa] ν [−] b [−] N [GPa] ϕ0
ms [−] D [m2.s−1]

26.2442 0.244 0.229 104.851 [0.095, 0.096, 0.097] 3.18× 10−12

Table 7. Delayed Ettringite Formation application: mortar mechanical parameters

Chemical evolution The Figure 8 shows the evolution of concentration, scaled by
the initial value (Ci)ini, of the main phases along the abscissa on the rotation axis at day
538. For the sake of readability, the calcium sulfate complex is scaled by 4(Ci)ini.

17



First hydration computation
Solid species Volume fraction
C-S-H 0.364
Portlandite 0.242
Ettringite 0.143
Katoite 0.0236
Calcite 0.03
φcp 0.197

Second hydration computation: solid properties
Solid species Volume fraction Aqueous species Concentration [mmol.L−1H2O]
C-S-H 0.364 Ca2+ 0.562
Portlandite 0.248 SO2−

4 1.6× 10−3

Ettringite 0.1327 AlOH−
4 1.

Katoite 0.0269 OH− 294.
Calcite 0.03 Na+ 294.
φcp 0.197

Table 8. Delayed Ettringite Formation application: cement paste composition, initial chemical parameters esti-
mated by hydration computation estimated from the cement composition of (Al Schamaa et al., 2016).

Solid species Volume fraction Sorbed species concentration [mol.L−1H2O]
C-S-H 0.2415 ≡ Si−OH 19.99
Portlandite 0.1645 ≡ Si−OCaSO−

4 3.5× 10−3

Ettringite 0.088 ≡ Si−ONaSO2−
4 0.233

Katoite 0.0178
φ 0.188

Table 9. Delayed Ettringite Formation application: initial mortar composition.

As observed in the ESA simulations, the precipitation of the ettringite induces the
dissolution of the katoite. Nevertheless, the limiting reactant is not the katoite but the
sorbed sulfate (≡ Si − ONaSO2−

4 ). The ettringite precipitation is due to the desorbed
sulfate induced by the sodium leaching (Irbe et al. , 2019; Salgues et al. , 2014; Sellier &
Multon , 2018). This leaching destabilizes the chemical equilibrium of the sodium sulfate
and induces the desorption of the phases. The released sulfate can be �xed to C-S-H by the
sorbed calcium sulfate complex (≡ Si − OCaSO−

4 ) or by the precipitated ettringite. The
localization of the sulfate depends on both the ions concentration and the electronegativity.
Thus, the ettringite precipitation does not only depend on the sodium leaching and, unlike
the ESA simulations, the maximum value of the ettringite is not reached on the surface.
This e�ect is a consequence of the low pH environment that induces the dissolution of the
portlandite and advantages the sulfate capture by the calcium sulfate complex.

At the time t, the mass of mortarm(t) [kg.m−3] is estimated from the discrete arithmetic
mean of solid concentration in a saturated porous medium:

m(t) =
1

NbN

NbN∑
j

Nsol∑
i

Csoli (t, j)Viρ
sol
i φ(tini) + ρsϕs + ρwφ(tini)

 (21)

where ρsol is the solid density [kg.m−3], NbN is the number of nodes, ρs is the sand
mass density, ρw is the water mass density and ϕs are the volume fraction of sand. The
mass is estimated trough the initial porosity, φ(tini), to isolate the variation of the mass
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Figure 8. Delayed Ettringite Formation application: concentrations of the main phases scaled by their initial values
along the abscissa of the rotation axis at day 538.

by the concentration change. The densities used for the post-processing are sum up in the
Table 10.

Portlandite Ettringite Katoite C-S-H sand
2241.13 1766.93 2530.93 2318. 1600.

Table 10. Densities of the main cement hydrates [kg.m−3] Thermoddem 2017 (Blanc et al. , 2012).

Figure 9 shows the relative mass variation of the samples simulated and experimentally
measured. The nomenclature for the experimental results is (Al Schamaa et al., 2016): dxpy
where x and y correspond respectively to the mean diameter in µm and the percentage
of sand �ller. The estimated relative mass variation �t quite well with the experimental
result. Two parts of the curve can be distinguished. Firstly, the mass variation increases
linearly with respect to time due to the sodium leaching and induces a constant kinetic rate
of average ettringite precipitation. Indeed, in the Figure 8, the ettringite concentration is
greater than its initial concentration in all the samples. Secondly, the ettringite is more
localized near the surface of the samples which reduces the kinetic of the mass evolution.
The underestimation of the relative mass at the end of the simulation can be explained by
the impacts on the estimated mass change of the porosity evolution, the water consumption
or production due to chemical reactions (Seigneur et al. , 2018) and the presence of cracks.

Mechanical response Figure 10 shows the ettringite and the �rst strain invariant
�elds at 519 days for ϕ0

ms = 0.095. We observe a compression state in the attacked zone
and a traction state in other areas. As observed in the ESA simulations, the ettringite
induces swelling into the sample and shearing in the corner.

The Figure 11 shows the macroscopic expansion for three threshold volume fractions
ϕ0
ms. The macroscopic expansion is calculated using the strain on the top of the samples.

The numerical results are compared to the experimental expansion of three mortar char-
acterized by the diameter of the sand (Al Schamaa et al., 2016). We underline that the
expansion �ts quite well with the experimental results, despite the great incertitude of the
hydration computation. The in�ection of the curve corresponds to the crack initiation (at
210 days for ϕ0

ms = 0.094 and 515 days for ϕ0
ms = 0.095). At this point, an acceleration of

the macroscopic expansion is observed. The crack initiation being induced by the swelling
gradient, the smaller the threshold volume fraction ϕ0

ms, the sooner the crack initiates. As
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Figure 9. Delayed Ettringite Formation reaction: evolution of the relative mass of experimental (Al Schamaa et al.,
2016) and numerical mortar samples.
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Figure 10. Delayed Ettringite Formation reaction for ϕ0
ms = 0.095 at 519 days: a) ettringite concentration (green),

the minimum value is scaled by the initial ettringite concentration and gap (blue to red), b) �rst strain invariant.

described in di�erent works (Bary et al. , 2014; Martin et al. , 2013), an expansion threshold
parameter impacts not only the initial macroscopic expansion but also the crack propaga-
tion. For ϕ0

ms = 0.094 and ϕ0
ms = 0.095, the crack initiates and propagates through the

sample. For ϕ0
ms = 0.096, the expansion begins later than the other values, evolves linearly

with time and at day 600, the sample remains undamaged.
The threshold volume fraction in�uences the global response of the system, and takes

into account some coupling behavior between mechanics, reactive transport and material
characteristic.

Figure 12 shows the evolution of the crack path for ϕ0
ms = 0.095. Due to strain gradi-

ent, the cracks initiate on the top face of the sample, propagate on the face then inside the
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Figure 11. Delayed Ettringite Formation reaction: impact of the threshold volume fraction ϕ0
ms on numerical

expansion and comparison with experimental expansion (Al Schamaa et al., 2016).

sample. Finally, some cracks initiate in the center of the sample and propagate circumfer-
entially due to structural e�ects. The crack path on the surface agrees with experiments
(Kchakech , 2016). The crack path inside the sample is also in accordance with the 2D
simulation of (Sellier & Multon , 2018), but our simulation estimates less circumferential
cracks.

3.2.3. Conclusion

The Delayed Ettringite Formation application highlights that the generic multiphysics ap-
proach can model several a di�erent sulfate reactions by changing only the chemical model
and keeping the poromechanical model. The DEF model has been tackled by an original
thermodynamics chemical model based on sulfate desorption and ettringite precipitation
depending on the local sodium-calcium concentration. The precipitated ettringite, on the
one hand, increases the sample's mass, which is in agreement with the experimental values,
and, on the other hand, leads to both mortar expansion and mechanical degradation. As
the ESA, the results of macroscopic behavior depends on the chemical boundaries condi-
tions that induces local cracks on the surface of the sample and leads to circumferential and
center cracks. In accordance with experimental observations, the cracking is more di�use
than for ESA.

4. Discussion of the local swelling induced by chemical reactions

Both applications highlight that the macroscopic expansion depends on the reactive trans-
port evolution as well as on the mechanical response of the sample. The last application
depicts that the local material behavior in�uences the overall chemo-mechanical response
of the sample. In this section, we outline the challenges and the limitations associated with
the expansion model.

First of all, in our model, it is assumed that the swelling can be quanti�ed from the
volume fraction of the main product. This hypothesis is mainly used in the model literature
as depicted in the Table 11. Nevertheless, this assumption has been challenged by several
papers as (Kunther et al. , 2013) and by models based on the crystallization pressure theory
(Flatt & Scherer , 2008; Gu et al. , 2022). The crystallization pressure theory considers
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Figure 12. Delayed Ettringite Formation reaction for ϕ0
ms = 0.095 : a) evolution of the crack path, b) ettringite

�eld and crack path in the volume at 538 days and c) crack path on external face at 538 days.

that the solid pressure is proportional to the chemical supersaturation:

P c =
RT

Vms
log

(Ksol
i )−1

Naq,p∏
j=1

(
γjC

aq,p
j

)Ssol
ij

 (22)

As depicted in the equation (5), the assumption of thermodynamical equilibrium based on
the overall reactive transport kinetic (Samson & Marchand , 2007; Socié et al. , 2021) and
used by several authors (Dieuleveult et al. , 2009; Erhel & Migot , 2018; Steefel et al. ,
2015), is not consistent with the crystallization theory because the associated pressure must

22



be negligible. In that way, the homogeneous concentration related to the reactive transport
theory is not emphasized with some multiscale theories depicted in the literature.

Expansion/Pressure related to the volume fraction Crystallization pressure
(Idiart et al. , 2011; Tixier & Mobasher , 2003) (Bary , 2008)
(Bary et al. , 2014; Ce�s et al. , 2017) (Flatt & Scherer , 2008)
(Miura et al. , 2017; Planel , 2002) (Miura et al. , 2020) (Gu et al. , 2022)
(Sellier & Multon , 2018) (Malbois et al. , 2019)
(Martin et al. , 2013; Salgues et al. , 2014)

Table 11. Summary of the main swelling behavior models of the literature.

Secondly, considering that the expansion is related to the volume fraction, the volume
fraction threshold, ϕ0

ms, evolves here with the porosity and so, for example, the pressure
increases with the porosity. Nevertheless, the void evolution could have a reservoir role
reducing the overall swelling. This porosity also a�ects the leaching and precipitation front
(Lagneau & van der Lee , 2010) which impacts the overall swelling kinetic and heterogeneity.
Note that the porosity must be impacted by the solid deformation (Kadeethum et al.
, 2021) but the e�ect remains in second-order (variation around ' 10−3) compared to
the precipitation/dissolution (variation around ' 10−1). Furthermore, the dissolution and
precipitation of hydrated mineral must release and consume water that impact both the
reactive transport kinetic (Seigneur et al. , 2018) and the poromechanical behavior (Ce�s
et al. , 2017).

Finally, cracks accelerate the species transport and lead to the localization of the chemical
degradation (Idiart et al. , 2011; Socié et al. , 2021). Solid precipitation inside the fracture
induces the pressurization of the crack but also limits the matrix swelling due to the
reservoir role of the discontinuity (El Hachem et al. , 2012; Liaudat et al. , 2020). These
combined phenomena induce the macroscopic swelling kinetic increase with the initial
damage (Leklou et al. , 2012) and the crack propagation (Idiart et al. , 2011; Martin et al.
, 2013). Thus, as further chemo-mechanical models speci�ed (Martin et al. , 2013; Salgues
et al. , 2014), our model is limited to reproduce the kinetic of degradation due to a low
description of the crack behavior.

The numerical method proposed in our work leads to improve and validate each physics
independently. For example, the chemical degradation front can be compared to exper-
imental measures before any damage. Subsequent works will be dedicated to couple the
crack propagation to our reactive transport model in a porous medium (Socié et al. , 2021).

5. Conclusions

A strong mineral precipitation in a geomaterial can induce the swelling of the structure
and its degradation. The swelling sample expansion depends on multi factor: the thermo-
dynamical chemical equilibrium, the material properties and the size of the sample. To
predict the main impact of the microstructure and the chemical environment in the sample
expansion, a generic chemo-poromechanical model, applied to mesoscale, has been imple-
mented in the XPER software (Perales et al. , 2010). The model relied on the coupling
between a poromechanical model and a reactive transport model (species transport and
chemical reactions). Fracture was studied through a micromechanical modeling based on a
multibody concept and Frictional Cohesive Zone Model (FCZM) (Monerie & Acary , 2001;
Perales et al. , 2008, 2010). The genericity of the reactive transport model allowed to sim-
ulate a large number of chemo-mechanical expansion, the environmental e�ect, the cement
mineralogy and to model coupling chemical reactions and their impact in the expansion.
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The poromechanical model takes into account the heterogeneity of the main solid �eld and
allows to simulate both the concrete swelling and the fracture behavior. The e�ect of the
clinker composition on the swelling kinetics rests on the estimation of the initial chemical
and mechanical properties thanks to a hydration-homogenization computation.

The chemo-poromechanical applications dealt with two kinds of sulfate reactions: Exter-
nal Sulfate Attack (ESA) and Delayed Ettringite Formation (DEF). The studies highlighted
the ability of the model to deal with complex and various phenomena such as the impact
of sodium concentration on the mineralogy and the e�ect of various limiting reactant (alu-
minate solid phases for ESA and initial sulfate sodium sorbed for DEF). For the External
Sulfate Attack, the estimated crack path agreed well with the experimental observations
(Planel , 2002). A �rst proposition of chemo-mechanical of DEF model at mesoscale was
proposed. The chemical model showed the impact of the sodium leaching in the sulfate
desorption and the ettringite precipitation. The chemical behavior represented well the
evolution of the mass. The poromechanical behavior was studied through the impact of
the volume fraction threshold in the macroscopic response. The main mechanical tendency
(cracks path and macroscopic expansions) �tted with the literature (Al Schamaa et al.,
2016; Sellier & Multon , 2018). The chemical modeling considers one solid phase by ions to
represent the main tendency of each swelling reactions. Further applications will be dedi-
cated to increasing the complexity of the chemical model, such as simulating the gypsum,
monosulfoaluminate and C-S-H behavior.

Finally, as depicted in the discussion part, several studies have been planed in order
to improve the quantitative estimation of the macroscopic swelling based on a fully phe-
nomenological model. Among other, the chemo-poromechanical will be improved to couple
the crack propagation to our reactive transport model in a porous media (Socié et al. ,
2021).
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Appendix A. Estimation of the initials properties

The application focuses on the chemo-mechanical behavior of a cement paste and mortar.
As usually considered, the mortar microstructure is decomposed into two elementary levels
(Socié et al. , 2022) (Figure A1):

(1) cement paste : composed of C-S-H matrix, hydrate inclusions and capillarity pores.
We consider the main hydrates: portlandite, ettringite and katoite.

(2) mortar : composed of cement paste matrix, the interfacial transition zone (ITZ) and
sand particles.

Figure A1. Schematic of the multi-scale representation used for the estimation of the material properties.

The initial properties are computed into two steps: estimation of the microstructure
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through a hydration computation, and evaluation of the di�usive and poro-elastic param-
eters by analytical homogenization.

A.1. Estimation of the microstructure

The cement paste microstructure is estimated by a static chemical computation model
based on the assumption of a totally hydrated reaction (Socié , 2019). With the mass
fraction of each components of the clinker, noted fmi for the solid i, the water cement mass
ratio w/c, the total concentration of each main component are estimated [mol.L−1 porous
medium]: 

(Caqtot)Ca2+ = 3CC3S + 2CC2S + 3CC3A + CCaSO4
+ 4CC4AF

(Caqtot)H2SiO
2−
4

= CC3S + CC2S

(Caqtot)SO2−
4

= CCaSO4

(Caqtot)Al(OH)−4
= 2CC3A + 2CC4AF

(A1)

with (Planel , 2002):

mci =
Vtotalρci
w

c

ρci
ρw

+ 1
; (Caqtot)i =

Mif
m
i mci

Vtotal
∀i ∈ [1, 4]

(A2)

with i is the species, Mi is the molar mass [kg.mol−1], mci is the cement mass [m], ρci
is the cement density [kg.m−3], ρw is the water density [kg.m−3] and Vtotal is the total
volume [m3].

The hydration model considers the precipitation of the main hydrate of the cement
paste and gives the concentration of each component. The chemical reactions, the aqueous
components and the equilibrium constant are described in the Table 1 and A1.

Chemical equation log10

(
Ksol

)
C − S −H(1.65) + 2H2O ⇐⇒ 1.65Ca2+ + 3.3OH− + SiO2 -17.64

Table A1. Chemical reaction for the hydration simulation (Blanc et al. , 2012; Lothenbach et al. , 2019).

Estimation of the porosity: The cement paste porosity, φcp, is obtained from the hydra-
tion product:

φcp = 1.−
Nsol∑
i=1

Vi(C
sol
i )∗ = 1.−

Nsol∑
i=1

ϕi (A3)

where (Csoli )∗ is the solid concentration in mol.L−1 of cement paste, obtained by the
chemical computation.

The total porosity is computed by the molar volume of dried C-S-H and in that way, the
porosity contains the gel and the capillary porosity. To apply the micromechanical model,
we need to distinguish the capillarity porosity from the total cement paste porosity. Based
on the work of Tennis & Jenning (1994):

φcp = φcsh + φcap with: φcsh = αcsh(ϕcsh)
� (A4)

where (ϕcsh)
� is the volume fraction of wet C-S-H (dried C-S-H and saturated gel porosity),

and αcsh is a function parameter that we consider equal to 0.28 (Tennis & Jenning , 1994).
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To apply a micromechanical scheme at the cement paste scale, the following restriction
must be satis�ed:

φcap = 1.−
Nsol−1∑
i=1

Vi(C
sol
i )∗ − (ϕcsh)

� (A5)

We deduce the following result:

(ϕcsh)
� =

ϕcsh
1− αcsh

φcap = φcp −
αcshϕcsh
1− αcsh

(A6)

At the mortar scale, the porosity is a function of the capillary and ITZ porosity. In the
�rst approximation, we consider the ITZ porosity as a function of the cement paste value
(Socié et al. , 2022). We deduce the mortar porosity, φm:

φm = ϕitzφitz + ϕcpφcp = (ϕitzαitz + ϕcp)φcp (A7)

ϕitz and ϕcp de�ne the volume fraction of ITZ and cement paste respectively. αitz is a
parameter that admits a value between 1.5 and 4 in the literature (Socié et al. , 2022). We
consider αitz = 2.

In the reactive transport model, the solid concentration are expressed in mol.L−1 of
solution (6) and their volume fraction (volume solid/volume of porous medium) must satisfy
the equations (9) and (10). For the cement paste, the solid concentration are obtained
directly from the hydration product:

Csoli =
(Csoli )∗

φcp
(A8)

At mortar scale, the solid volume fraction (L/L of mortar) and the concentration (mol/L
of solution) are related to the total porosity by the following equations :

φm = 1−
Nsol∑
i

ϕmti − ϕs = (ϕitzαitz + ϕcp)φcp; ϕmti = φViC
sol
i (A9)

where ϕs is the sand volume fraction and ϕmti is the solid volume fraction at mortar scale.
There is not a direct link between the volume fraction of solid at cement paste scale,
denoted ϕcpi , and at mortar scale, because hydrates compose also a part of the ITZ phase
(Honorio et al. , 2016). We consider the same repartition coe�cient, denoted r, for all the
hydrates between the ITZ and the cement paste. We thus deduce:

φm = 1−
Nsol∑
i

ϕmti − ϕs = 1−
Nsol∑
i

ϕcpi r − ϕs ⇒ r =
1− φm − ϕs

1− φcp
(A10)

We then deduce the solid fraction at mortar scale and the solid concentration for the mortar
simulation:

ϕmti = rVi(C
sol
i )∗; Csoli =

r(Csoli )∗

φm
∀i ∈ [1, N sol] (A11)
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A.2. E�ective poro-elastic and di�usive properties at mortar scale

Knowing the microstructure, the material properties are deduced by analytical homoge-
nization. We assumed a spheric inclusion distribution in a isotropic material. The retained
homogenization schemes follow recommendations of the literature (Socié et al. , 2022):

• Cement paste: Mori-Tanaka's scheme (Mori & Tanaka , 1973), also used in (Bary ,
2008; Ulm et al. , 2004).
• Mortar: Generalized Self-Consistent scheme (Hashin & Monteiro , 2002), also used
in (Bary et al. , 2014; Stora et al. , 2009).

The sand phase is considered as a no reactive and no di�usive phase with an elastic
mechanical behavior. We choose to not represent explicitly the ITZ phase due to the great
uncertainty of the material parameters (Patel et al. , 2016; Socié , 2019; Socié et al. , 2022),
and we consider the ITZ properties are a function of the cement paste parameters.

Finally, we consider the ettringite precipitate only in the capillary and ITZ pore, and
thus we do not consider the C-S-H Biot coe�cient. Moreover, the model can estimate the
impact of the ettringite concentration behavior on the overall swelling. The main material
properties are sum up in the Table A2. For more details on the homogenization model and
the overall equations, see (Socié et al. , 2022).

Di [m
2.s−1] ki [GPa] gi [GPa] Vi [L.mol

−1] References
C-S-H 4.64× 10−12 14.9 9 0.084 (Haecker et al. , 2005)

(Planel , 2002)
(Socié et al. , 2022)

Portlandite 0 40 16 0.033 (Haecker et al. , 2005)
(Lothenbach et al. , 2019)

Ettringite 0 14.9 9 0.707 (Haecker et al. , 2005)
(Lothenbach et al. , 2019)

Katoite 0 14.9 9 0.15 (Haecker et al. , 2005)
(Lothenbach et al. , 2019)

Capillary pore 2× 10−9 0 0 0 (Bary , 2008)
ITZ 4×Dpdc kpdc/2 gpdc/2 0 (Hashin & Monteiro , 2002)

(Kamali-Bernard et al. , 2009)
Sand 0. 35.9 25.8 0 (Stora et al. , 2009)

Table A2. Di�usivity coe�cient Di, bulk modulus ki, shear modulus gi, and molar fraction Vi of the main phases.
The subscript pdc de�ne the cement paste properties.
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