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Abstract

When a concrete structure is located in environments naturally rich in sulfates a
series of deleterious reactions can occur inside the material. During the process
called sulfate attack the anions of sulfate, coming from the external environment
or released by the cement paste in the presence of water can di�use and react with
the constituents of cement (gel C-S-H and calcium hydroxide) forming gypsum
which in turn reacts with the hydrate calcium aluminates present in the cement
paste. The �nal product of these reactions is the secondary ettringite, an expan-
sive phase that, forming within the hardened matrix, can generate states of stress
inside the material. The mechanical e�ects of these chemical reactions consist in
a progressive decrease of the sti�ness and strength of the material. This is due to
two di�erent phenomena: a chemical damage due to the leaching of silicate hy-
drates and calcium hydroxide and a stress-induced mechanical damage due to the
expansion of ettringite in the pores. The macroscopic consequences on structural
elements can be very serious, up to compromise the reliability and the safety of
the entire construction. The performance of a structure subject to sulfate attack
depends on a large number of strongly interacting factors both of physical-chemical
nature (molar concentrations, di�usivity and reactivity) and of mechanical nature
(material strength, fracture energy, ...) therefore it is very di�cult to predict the
real structural behavior. The objective of this thesis is the study, both from the ex-
perimental and theoretical point of view, of the mechanical e�ect of sulfate attack
in concrete.

A �rst objective of this work is to obtain an adequate experimental database on
concrete, under di�erent exposure and con�nement conditions. To this purpose,
an experimental campaign on concrete specimens, produced with two di�erent ce-
ments has been launched and is still ongoing. During the experimental campaign
samples of concrete were placed in di�erent exposure conditions to produce sulfate
attack. Periodically weight variations and macroscopic deformations were mea-
sured and the damage of the material was indirectly measured through ultrasonic
wave propagation measurements. After 400 days of immersion a series of chemical
and physical characterization tests were conducted: X-ray Di�raction, Scanning
Electron Microscope observations and Energy Dispersive X-ray Spectrometry.

The second objective of the thesis is the development of a model and of a
numerical strategy for the chemo mechanical analysis of concrete a�ected by the
sulfate attack. Within the framework of the Biot's theory, the concrete subject to
sulfate attack is represented by the superposition of two phases: the homogenized
concrete skeleton and the homogenized �uid which includes the pore solution and
the expansive reaction products.

Initially the pores are totally saturated with water but, due to the reaction,
acicular crystals of ettringite gradually grow and exert a isotropic pressure on the
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solid matrix. The evolution of chemical species during the reaction is computed
by a proper chemical model in which the di�usion process of the sulfate in the
material and the reaction with the aluminates naturally present in the cement
paste are simulated in a coupled form. The amount of ettringite produced is
directly related to the di�erence between the initial and actual amount of calcium
aluminates. During the chemical process a part of the solid is consumed due to the
leaching and the expansive ettringite can develop in the total porosity given by the
sum of the porosity naturally present in concrete and the additional porosity due
the leaching process. The state laws of the constitutive model are derived from
the free energy, which depends on strains, variation of �uid content and internal
variables. In particular an internal variable of chemical damage and two internal
variables of mechanical damage (for prevailing state of tension and compression)
are introduced.

Starting from this model, valid in the case of fully saturated conditions, an
extension to partially saturated condition is proposed. In the case of weakly per-
meable materials, like concrete, the description of the transport of moisture is
carried out through a simpli�ed model in which the only variable is the degree
of saturation. The unsaturated conditions modify the kinetic of the di�usion of
sulfates within the homogenized material: the model has been suitably modi�ed
to take into account the e�ect of the gradient of the water content on the dif-
fusion of ions. The proposed model and approach are calibrated and validated
by comparison of the obtained numerical predictions with experimental on mor-
tar and concrete both taken from the literature and obtained in our experimental
campaign.

The model showed a good capability to simulate the most important aspects of
the phenomenon in di�erent conditions. A good agreement is obtained between the
experimental data and the numerical results in terms of macroscopic deformation,
mass variation and depth of penetration of the salts. Furthermore, the internal
pressure computed with the developed model is in reasonable agreement with that
obtained through the crystallization theory.
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Sommario

Quando una struttura in calcestruzzo é collocata in ambienti naturalmente ricchi
di solfato puó essere soggetta ad una serie di reazioni chimiche, note con il nome
di attacco solfatico, che avvengono all'interno del materiale. Durante il processo
gli anioni di solfato, provenienti dall'ambiente esterno o rilasciati dal cemento in
seguito a processi di innalzamento termico, entrano a contatto con l'acqua pre-
sente nei pori di�ondendo nel materiale e, reagendo con i costituenti del cemento
(gel C-S-H e idrossido di calcio), formano gesso che a sua volta reagisce con gli
alluminati di calcio idrati presenti nella pasta di cemento. Il prodotto �nale di
queste reazione é l'ettringite secondaria, una fase espansiva che, formata nella ma-
trice indurita, puó generare stati di sforzo all'interno del materiale. Gli e�etti
meccanici delle reazioni chimiche consistono in un progressivo decremento della
rigidezza e della resistenza del materiale. Questo fenomeno é dovuto a due di�er-
enti meccanismi: un danneggiamento chimico causato dalla dissoluzione di silicati
idrati e idrossido di calcio e un danno meccanico indotto dagli sforzi generati nel
materiale dall'ettringite che espande nei pori. Le conseguenze macroscopiche sugli
elementi strutturali possono essere tali da compromettere la funzionalitá e la si-
curezza dell'intera costruzione. Le prestazioni di una struttura soggetta ad attacco
solfatico dipendono da numerosi fattori sia di natura chimico-�sica (concentrazioni
molari, di�usivitá e reattivitá) che meccanica (resistenza del materiale, energia di
frattura) fortemente interagenti tra di loro; per questo motivo risulta notevolmente
di�cile pervenire a previsioni a�dabili. L'obiettivo di questa tesi é lo studio, sia
dal punto di vista sperimentale che teorico, degli e�etti meccanici dell'attacco
solfatico sul calcestruzzo.

Il primo obiettivo di questo lavoro é la formazione di un adeguato database
sperimentale in diverse condizioni di esposizione e di con�namento. Allo scopo é
stata avviata una campagna sperimentale, tutt'ora in corso, su campioni in cal-
cestruzzo realizzati con due diversi cementi. Durante la campagna sperimentale
i campioni di calcestruzzo sono stati conservati in diverse condizioni ed esposti
a soluzioni con di�erenti concentrazioni di solfato di sodio. Periodicamente sono
state eseguite misurazioni di massa e di deformazione lungo diverse direzioni; il
danneggiamento del materiale é stato calcolato indirettamente tramite prove ultra-
soniche. Inoltre, dopo 400 giorni di immersione, sono state eseguite prove chimiche
e �siche per la caratterizzazione del materiale: misura della penetrazione dei sali,
Di�razione a Raggi X, osservazioni al microscopio elettronico e Spettroscopie EDX.

Il secondo obiettivo di questa tesi é stato lo sviluppo di un modello e la con-
seguente implementazione numerica per l'analisi chimico-meccanica del calces-
truzzo soggetto ad attacco solfatico. Nell'ambito della teoria di Biot sui mezzi
porosi il calcestruzzo soggetto ad attacco solfatico é rappresentato come sovrap-
posizione di due fasi distinte: lo scheletro di calcestruzzo omogeneizzato e il �uido
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omogeneizzato che include la soluzione concentrata nei pori e i prodotti di reazione
espansivi.

Inizialmente i pori sono totalmente saturi di acqua ma, a causa della reazione,
si ha la formazione e la crescita graduale di cristalli di ettringite che esercitano una
pressione isotropa sulla matrice solida. L'evoluzione delle specie chimiche durante
la reazione é calcolata tramite un modello chimico in grado di simulare il processo
accoppiato di di�usione dei solfati nel materiale e di reazione con gli alluminati
naturalmente presenti nella pasta di cemento. La quantitá di ettringite prodotta é
direttamente correlata alla di�erenza tra la concentrazione iniziale e attuale degli
alluminati di calcio. Durante il processo chimico una parte del solido é consumata
a causa dei processi di dissoluzione e l'ettringite espansiva puó svilupparsi nella
porositá totale data da un contributo legato alla porositá naturalmente presente
nel calcestruzzo e da una seconda porositá dovuta al processo di dissoluzione. Le
equazioni di stato del modello costitutivo sono derivate dall'energia libera espressa
in funzione delle deformazioni, della variazione del contenuto �uido e delle variabili
interne. Si é introdotta una variabile interna di danno chimico e due variabili
interne di danno meccanico (per stati di prevalente trazione e compressione).

Partendo da questo modello, valido nel caso di materiale inizialmente saturo, é
stata proposta un'estensione al caso di materiale parzialmente saturo. Nel caso di
materiali debolmente permeabili, come il calcestruzzo, le descrizione del processo
di trasporto dell'umiditá é stato svolto attraverso un modello sempli�cato in cui
l'unica variabile é il grado di saturazione. La condizione di parziale saturazione
modi�ca la cinetica del processo di di�usione dei solfati nel materiale: il modello
é stato adeguatamente modi�cato per tenere in conto della condizione di parziale
saturazione e dell'e�etto del gradiente idrico nel processo di di�usione ionica.

Il modello e l'approccio proposti sono stati calibrati e validati tramite con-
fronto con dati sperimentali relativi a malta e calcestruzzo presi dalla letteratura e
ottenuti mediante campagna sperimentale in corso. Il modello mostra una buona
capacitá predittiva dei principali aspetti che caratterizzano il fenomeno su di�er-
enti geometrie, condizioni iniziali e al contorno. Un buon accordo é stato ottenuto
sia con i dati direttamente misurabili in laboratorio (variazione di massa, profon-
ditá di penetrazione dei solfati, deformazioni macroscopiche) che con i valori di
pressione calcolati tramite approcci alternativi basati sulla pressione di cristalliz-
zazione.
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1
Introduction

Concrete is a heterogeneous material consisting of geological aggregates, hydraulic
cement-based binder and water.The use of this material dates back to ancient
Rome: famous for the structural daring and the beauty of shapes, still now in-
tact, is the vaulted roof of the Pantheon. In the last two centuries, due to the
introduction and of metal reinforcements, concrete has become one of the most
important structural materials. Buildings, dams, transport infrastructures, un-
derground structures for storage and supports for machines are just some of the
applications of plain and reinforced concrete. Concrete structures have been con-
structed in greatly heterogeneous climatic and environmental contexts. Particu-
larly harsh external conditions can reduce the durability of the structure through
several deleterious chemical and physical processes. The consequences of these
phenomena can be substantial, both in terms of load-bearing capacity and func-
tionality (loss of sti�ness, cracking, spalling). Degradation process can result from
chemical reactions due to the penetration of external ions such as chlorides or
sulfates or from slow expansive reactions between the components of the concrete
as in the case of alkali-silica reaction or alkali-carbonate reactions. All these phe-
nomena are strongly dependent on the porous structure of concrete and on the
speci�c chemical composition of cement and aggregates. While in new structures
designed for aggressive environments the chemical degradation can be prevented
or at least mitigated by the use of special cements or additives, the safety assess-
ment of structures built several decades ago requires a proper chemo-mechanical
modeling of the phenomena.

This thesis is focused in particular on the degradation process related to the
sulfate attack.
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CHAPTER 1. INTRODUCTION

The sulfate attack in concrete consists in a complex set of reactions between
sulfate ions (coming from the external environment or released from the cement
after high heating) and hydrate calcium aluminates present in the cement paste.
The �nal product of these reactions is the secondary ettringite, an expansive phase
that, formed within the hardened matrix, can generate states of stress inside the
material. The mechanical e�ects on the structural elements can be very serious
up to compromise the reliability of the entire construction ([Lei et al., 2013], [Al
Shamaa et al., 2014]). When a concrete structure is located in a geological site
naturally rich in sulfates the phenomenon can not be avoided and one can only
try to mitigate the mechanical consequences of the phenomenon of reducing the
permeability, by using low-aluminates cements or by isolating the external surfaces.
In any case the spread of sulfates, as the presence of aluminates in the clinker, and
the resulting reaction can not be totally canceled. The present work aims to
develop a constitutive model that can simulate the mechanical e�ects related to
the delayed formation of ettringite.

1.1 Literature overview and open questions on sulfate attack

There are many studies on the chemical mechanisms and the mechanical conse-
quences of Sulfate Attack in concrete. Although there is not unanimous agreement
on the mechanisms that cause the expansion of material [Neville, 2004] many au-
thors agree on attributing it to the formation of secondary ettringite by reaction of
calcium aluminates with sulfates ([Collepardi, 2003], [Tixier and Mobasher, 2003],
[Basista and Weglewski, 2008], [Roziére et al., 2009], [Planel et al., 2006]). The
rate of reactions and the consequent mechanical response of material depends of
environmental factors (species and concentration of sulfate, pH of the solution, hu-
midity, temperature) and intrinsic material properties (w/c ratio, chemical com-
position of the cement paste, pore distribution, di�usivity properties), see e.g.
[Tarcy et al., 2004], [Wee et al., 2000], [Akpinar and Casanova, 2010], [Escadeillas
et al., 2007]. The computation of the amount of the reaction expansive products
requires a proper di�usion-reaction model, while a mechanical model is required
for the prediction of swelling and material damage. The mechanical model can
be formulated in di�erent ways. In [Tixier and Mobasher, 2003] the volumetric
expansion is treated as an eigenstrain and the mechanical response is modeled
by a simple uniaxial stress-strain law. In [Basista and Weglewski, 2008] a mi-
cromechanical model based on the Eshelby solution of the equivalent inclusion
method is implemented to determine the eigenstrain generated by the formation
of ettringite crystals in cement paste. In [Bary, 2008] the e�ect of expansion is
modeled by an approach based on pressure crystallization, the behavior of the
solid is described by a poroelasticity model and the Mazars' damage model is used
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to describe concrete microcracking. In [Idiart et al., 2011(a)] concrete a�ected
by External Sulfate Attack is modeled by at the meso-scale a two phase compos-
ite constituted by aggregates and reactive cement matrix and the degradation is
describe by cohesive-crack interface elements.

1.2 Objective of thesis

The performance of a structure subject to Sulfate Attack depends on a large num-
ber of factors both of physical-chemical nature (molar concentrations, di�usivity
and reactivity) and mechanical nature (material strength, fracture energy, ...).
These factors strongly interact and therefore is very di�cult to predict the real
structural behavior. The fundamental starting point is to have an adequate exper-
imental database in order to understand the physics of the problem and to have
the necessary data to calibrate numerical models.

A �rst objective of this work is to obtain such experimental data on concrete,
under di�erent exposure and con�nement conditions. To this purpose an experi-
mental campaign has been launched and is still ongoing.

Several concrete specimens were fully and partially immersed in solution with
di�erent concentration of sodium sulfate. Periodically weight variations and macro-
scopic deformation were measured in di�erent directions. The damage of the ma-
terial was calculated indirectly through ultrasonic measurements. Chemical and
physical characterization tests through X-ray Di�raction and SEM observations
were conducted on samples extracted after a �xed period of immersion.

The second main objective of the thesis is the develop a model and a numeri-
cal strategy for the chemo-mechanical analysis of concrete a�ected by the sulfate
attack. The model should accurately account for the main experimental evidences
and, at the same time, should be simple enough in order to be suitable for struc-
tural applications. To this purpose a two-phase and three-phase elasto-damage
model are proposed accounting for both chemical and mechanical damage.

1.3 Outline

This work is structured in six chapters besides the present Introduction.

Chapter 2 is dedicated to the presentation of the main chemical and physical
issues related to the Sulfate Attack. The phenomenon is divided in two di�erent
types according the source of sulfate reactant: Internal Sulfate Attack (ISA) and
External Sulfate Attack (ESA). In both cases the reactions between sulfate and
calcium aluminate and the mechanical e�ects are reported.
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Chapter 3 describes the experimental campaign carried out on concrete samples
exposed to ESA. After the description of materials properties and of the curing
procedures, the results in term of expansions and mass variations are presented.
The �nal part of the chapter is devoted to the results of chemical and physical
tests conducted on portions of material damaged by the reaction.

Chapter 4 presents a critical review of the principal models presented in the
scienti�c literature for the describtion of sulfate attack.

Chapter 5 describes the weakly coupled approach for the simulation of concrete
subject to Sulfate Attack in full-saturated conditions. First the di�usion and the
chemical reaction are modeled by transport-reaction equations accounting for mass
balance equations. These equations allow to compute the evolution in space and
time of the expansive reaction products. Then, a bi-phase chemo-poro-elastic
model with chemical and mechanical damage is proposed for the simulation of the
mechanical behavior.

Chapter 6 extends the saturated approach to the case of partially saturated
conditions. To this purpose the chemo-transport equations are modi�ed accounting
for the degree of saturation which is computed through a water di�usion analysis
and a three phase damage model is proposed for the mechanical analysis.

Chapter 7 presents the numerical approach adopted in the implementation
and reports a series of examples for the validation of the formulated model. The
di�usion-reaction process and the mechanical behavior are simulated in the case
of concrete and mortar specimens subject to ESA and ISA.

Chapter 8 contains conclusions and indications of future developments.

4



2
Physics and chemistry of sulfate attack

In this chapter we focus on the description of the chemical and physical aspects
characterizing the sulfate attack of concrete.

As indicated by many researchers, the strength of concrete against the deleteri-
ous reactions involving the material depend, in addition to the exposure conditions,
on the products formed during the �rst period of maturation. The processes of
hydration in�uence the micro-structure of the hardened material and the reactivity
towards di�erent ions di�using through the pore network. This aspect plays a cru-
cial role in the durability of the material. The increase of the porosity corresponds
to an increase of permeability and therefore accelerates the di�usion of external
agents (water, salts, ...) inside the material [Powers, 1958]. A careful design of the
mixture and proper curing conditions can lead to a dense and compact concrete
less prone to chemical degradation. Also the addition of �llers within the material,
such as the silica fume, allows to reduce the permeability improving the durability
of the material [Wee et al., 2000].

The term "sulfate attack" indicates, in its most general form, the reaction
between the sulfate ions and the hydrates constituents of clinker. This reaction
leads to the formation of secondary ettringite within the hardened paste. At the
structural level it leads to a progressive decrease of the mechanical properties
of strength and sti�ness. In scienti�c literature it is customary to distinguish,
however, two types of sulfate attack depending on the origin of the pollutant:
External Sulfate Attack (ESA) and Internal Sulfate Attack (ISA). In the �rst case
the sulfate ions present in the external environment enter into the material through
the porous structure. The reaction proceeds from the surface and progressively
reaches the inner layers. In the second case the reaction takes place without
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preliminary internal di�usion process since the sulfate ions are already present in
the material. In both cases, the expansion process is possible only in the presence
of water.

The formation of secondary ettringite is a phenomenon dominant only at tem-
peratures above 10◦ C: for lower temperatures the sulfate attack can lead to the
formation of thaumasite, an even more expansive and deleterious product. This
work is devoted to concrete subject to sulfate attack at temperatures above the
critical value of thaumasite formation. Many of the real structures subject to sul-
fate attack are placed in contact with the ground and therefore protected from
very low temperature. In these conditions there is no formation of thaumasite.

2.1 Chemical composition of cement

The degradation of concrete is a direct consequence of two fact: the internal porous
structure of the material that allows the penetration of water and pollutants up to
the inner layers and the chemical characteristics of the cement-based binder. Most
of concrete used in structural engineering is made using Portland cement(Cement
Type I) constituted for 95% by clinker. More recently there has been a progressive
use of Portland-composite cement(Cement Type II) in which clinker is at least 65%
while the rest is occupied by mineral additions such as blast furnace slag, silica
fume, pozzolan, �y ash, calcined shale or limestone. This second class of cements
is more resistant to chemical attacks. In the case of an aggressive environment, or
particular needs of reduction in the development of heat during hydration, another
class of cements is preferred, with a lower percentage of clinker: the blast furnace
cement (Cement Type III) with a maximum percentage of 64% of clinker and the
blast of furnace slag 36%− 95%, the pozzolanic cements (Cement Type IV ) with
percentage of pozzolan between 11% and 55%, the composite cements(Cement
Type V according to EN197-1) with maximum content of clinker equal to 64%
and with simultaneous addition of blast furnace slag and pozzolanic materials. In
all these types of cements the percentage of clinker tends to decrease, replaced by
di�erent binders. This fact, besides having positive implications in terms of heat
of hydration, leads to a reduction of the vulnerability of the material to chemical
attack. The clinker is obtained from raw materials consisting of a mixture of
limestone and clays that, suitably mixed, are cooked in a rotary furnace at a
temperature of about 1450◦C. This process allows to release the oxides from the
raw materials which can be combined between them giving origin to the clinker: a
granular material varying in size from a few centimeters to portions of millimeter.
The main constituents present in raw materials and in clinker are reported in table
2.1 both in real chemical formula and in Cement Chemist Notation ([Taylor, 1997],
[Hewlett, 2003], [Collepardi, 1991]).
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Principal raw materials

Name Chemical formula CCN

Water H2O H
Sulfur trioxide SO3 S̄
Calcium oxide CaO C
Aluminium oxide Al2O3 A
Silicon dioxide SiO2 S
Iron oxide Fe2O3 F

Clinker composition

Name Chemical formula CCN

Tricalcium silicate (CaO)3SiO2 C3Si
Dicalcium silicate (CaO)2SiO2 C2Si
Tricalcium aluminate (CaO)3Al2O3 C3A
Tetracalcium alumino ferrite 4CaO·Al2O3 · Fe2O3 C4AF

Table 2.1: Raw materials and clinker composition

The calcium aluminates play a marginal role on the ultimate strength, which
is almost entirely given by the hydrated silicates, but they reduce the �ring tem-
perature of the clinker and give the initial resistance of the material. To delay the
hydration process of aluminates a small percentage of gypsum (about 5%) is usu-
ally added to the cement clinker. In the initial stage of hydration the gypsum reacts
with the calcium aluminates creating a �lm of primary ettringite and around them.
During the next hours the water penetrates beyond the layer of ettringite and re-
acts with tricalcium aluminate producing gel C−A−H. The main constituent of
the gel C−A−H are mono-sulphoaluminate C4AS̄H12, tetra-hydrated aluminate
C4AH13, allumino-ferrite C4AF . The presence of hydrate calcium aluminate con-
fers the initial strength and allows for a fast de-molding of concrete. Aluminate
hydrates are, however, reactive toward sulfates: their presence represents a nega-
tive factor in term of the durability. The e�ective mechanical strength of concrete,
necessary to meet the resistance requirements, is achieved by the hydration of sil-
icates. The two silicates, by reacting with water, form a calcium silicate hydrate
(gel C − S − H) and the calcium hydroxide. Only the gel C − S − H provides
a signi�cant contribution to the mechanical strength while the calcium hydroxide
does not in�uence appreciably the mechanical properties. The �nal strength and
sti�ness of the material is reached when all the silicate has transformed into gel
C − S −H. This process has a rapid initial kinetics and then a slow kinetics.
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2.2 External Sulfate Attack (ESA)

In the case of ESA the sulfate ions which are present in the external environ-
ment (ground, industrial water, stored materials) di�use through the porous micro
structure and, reacting with the hydrated constituents of cement, form expansive
species. Figure 2.1 shows the cracking patter of a mortar specimen [Al-Amoudi,
2002] and of concrete cylinder after immersion in sodium sulfate solution. Figure
2.2 (a) shows the spalling in a concrete lining of a ventilation shaft.

This type of attack is manifested primarily in structural elements in contact
with environments containing sodium sulfates, potassium sulfates, calcium sulfates
or magnesium sulfate with a su�cient humidity to enable the activation and devel-
opment of the di�usion process ([Collepardi, 2003], [El-Hachem et al., 2012], [Lei
et al., 2013]). Documented examples of structures a�ected by ESA are galleries
[Lei et al., 2013] and structures for storage of radioactive waste ([Scrivener and
Young, 1997], [Sarkar et al., 2010]).

((a)) ((b))

Figure 2.1: Circumferential cracks on (a) mortar [Al-Amoudi, 2002] and (b) con-
crete specimens after immersion in sodium sulfate solution

2.3 Internal Sulfate Attack (ISA)

In the case of ISA the sulfate ions involved in the reactions with the components
of the cement may come from an excess of gypsum, during the phase of prepa-
ration of cement or, more frequently, from the thermal decomposition of primary
ettringite formed in the early time of the hydration process. This second case
is often referred to in the literature as Delayed Ettringite Formation (DEF). As
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widely observed in experimental campaigns the phenomenon of decomposition is
triggered when the material reaches temperatures close to 70◦C [Al Shamaa et al.,
2014]. These temperatures can be reached within massive structural elements due
to the heat released during the hydration process (dams, foundations) or in case
of curing in oven (precast elements). Also in this case the presence of water is
essential for the development of reaction ([Batic et al., 2000], [Collepardi, 2003]).
A particular type of ISA is caused by the reaction between the hydration products
and anions present in sulfate-rich aggregates. Typical example is the case aggre-
gates containing iron (pirotite): the penetration of atmospheric oxygen inside the
pores causes the oxidation of iron with consequent release of sulfates according the
reaction:

2FeS2 + 7.5O2 + H2O→ Fe2(SO4)3 + H2SO4 (2.1)

This type of attack has been detected for instance in two dams in Spain: the Graus
dam and Tavascan dam. The mechanical e�ects consist in a considerable di�used
cracking of the structures [Oliveira et al., 2013]. Figure 2.2 (b) shows the crack
pattern which is visible on the inspection tunnel of the Graus dam [Leemann and
Loser, 2011].

Additional sources of sulfate are the aggregates containing calcium-sulfate. The
sulfates dissolve in water and react with aluminates causing the formation of et-
tringite.

((a)) ((b))

Figure 2.2: Cracks and spalling in vertical ventilation shaft (Switzerland) due to
ESA [Leemann and Loser, 2011] (a); cracks in Graus Dam (Spain) due to ISA
[Oliveira et al., 2013] (b)
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2.4 Chemical reactions of ettringite formation

The sulfate attack of concrete manifests itself through a set of topochemical reac-
tions occurring between the hydrated product of cement and the sulfate ([Basista
and Weglewski, 2008], [Marchand, 2003]). In the most common case the sulfates
anions come from the ionic dissociation of sodium sulfate through reactions with
the portlandite CH or the gel C − S − H leading to the formation of gypsum
CSH2 ([Marchand, 2003], [Collepardi, 2003],[Tixier and Mobasher, 2003], [Idiart
et al., 2011(a)]). The initial process can be de�ned by the reactions:

CH + Na2SO4 + H2O→ CSH2 + 2NaOH (2.2)

C − S −H + Na2SO4 + H2O→ CSH2 + 2Na++ (2.3)

Then, the reactions between the gypsum and the hydrated and unreacted alumi-
nates lead to the formation of ettringite C6AS̄3H32:

C4AS̄H12 + 2CSH2 + 16H → C6AS̄3H32 (2.4)

C4AH13 + 2CH + 3S̄ + 17H → C6AS̄3H32 (2.5)

3C4AF + 12CSH2 + aH → 4
(
C6AS̄3H32

)
+ 2 [(A,F )H3] (2.6)

C3A+ 3CSH2 + 26H → C6AS̄3H32 (2.7)

In reactions (2.2)-(2.7) the cement notation of table 2.1 has been used.
The amount of secondary ettringite formed through reactions (2.2)-(2.7) de-

pends on the composition of the cement and in particular on the amount of trical-
cium aluminate initially present. Several experimental campaigns ([Akpinar and
Casanova, 2010], [Wee et al., 2000], [Ouyang et al., 1988]) have shown how cements
with lower content of C3A are signi�cantly less a�ected by the delayed ettringite
formation. Figure 2.3 shows the evolution in time of the expansion of mortar
prisms cast with two di�erent types of cement, with high and low concentration of
calcium aluminate. The lower curves refer to samples fully immersed in a sodium
sulfate solution with concentration of 6000 ppm, while the higher curves refer to
a solution with sodium sulfate concentration of 50000 ppm.

The level of acidity of the solution has a great in�uence on the reaction extent.
The ettringite is stable at pH values close to 10.7 [Pajares et al., 2003]. In less
alkaline solutions the ettringite coexists with gypsum and for pH values close to 8
the ettringite may not be present.

2.5 Mechanical consequences

The damage of concrete caused by the sulfate attack consists of an overall ex-
pansion and microcracks formation with progressive reduction on strength and
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sti�ness on concrete with possible macro-cracking and spalling of the material.
This phenomenon is mainly due to two interacting e�ects. The �rst e�ect is

the dissolution of calcium hydroxide and gel C−S−H caused by the reaction with
the sulfates. The gel C−S−H is the main responsible of strength and sti�ness in
the hardened concrete and its dissolution causes micro-cracks formation. A similar
phenomenon is the decalci�cation of calcium hydroxide by the interstitial solution
poor in calcium. From the mechanical point of view the calcium hydroxide does
not contribute to the strength but its consumption causes an increase in porosity
facilitating the migration of aggressive species inside the material. The second
main phenomenon is the formation of expansive ettringite in the pores. This
phenomenon is more prominent in ESA where the penetration of sulfate, and the
resulting reaction, takes place progressively: the outer layers react before and tend
to expand. In this region the solid skeleton is subject to a prevailing compression
state. The inner layers instead, in which the reaction has not yet occurred, tend
to constrain the expansion of the outer layers and are therefore subject to tensile
stresses. These e�orts can overcome the resistance of the material causing cracking.
This phenomenon is visible on concrete or mortar specimens immersed in sulfate
solution as shown in �gure 2.1.

The phenomenon of leaching and expansion due to the ettringite formation are
two phenomena strongly interacting. Microscopic observations on mortar samples
subject to a combination of leaching and ettringite formation show that three
distinct zones can be identi�ed, as schematically sketched in �gure 2.4 [Santhanam
et al, 2002]. The �rst zone is characterized by di�usive microcracking due to
leaching and by ettringite formation. In the second zone there is no leaching
and no visible damage is present, but there is delayed ettringite formation. This
region tends to expand with respect to the inner part and is therefore subject to
compressive stress. In the third zone the reaction is not yet developed and the
material is cracked due to tensile stress arising for compatibility of deformation
with the outer reactive layer. Figure 2.5 (a) shows a SEM image of the �rst zone,
near the surface of a mortar specimen after immersion in a sodium sulfate solution.
The black cracks due to leaching are visible. Figure 2.5 (b) shows a SEM image
of the inner part of the same specimen. Microcracks due to tensile stresses are
visible in zone 3.
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Figure 2.3: Expansion of mortar prism immersed in sodium sulfate solution
[Akpinar and Casanova, 2010], (a) high C3A content and (b) low C3A content
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Figure 2.4: Schematic view of the three zones due to ESA
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((a)) ((b))

Figure 2.5: SEM image of the three di�erent zones [Santhanam et al, 2002]
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3
Experimental characterization of concrete

subject to ESA

Concrete is a heterogeneous material that consists in a balanced mixture of aggre-
gates made rigid by a binder composed of cement and water. When the material
is subject to sulfate attack, the extent and the kinetics of the chemical reactions
are strongly dependent on the mineralogical composition of the cement and on
the amount of the individual reactant species within the material. An adequate
simulation of the mechanical behavior in time requires the knowledge of several
parameters, both of chemical (composition and concentration of the reactants) and
physical nature (porosity, water content, temperature).

The main purpose of the experimental campaign carried out at Politecnico di
Milano is to measure the response of concrete samples subject to external sulfate
attack in terms of deformation and damage evolutions in order to obtain a reliable
database designed to calibrate the input parameters of the numerical model. Most
of the experimental campaigns presented in the scienti�c literature are focused
on the behavior of cement paste [Planel et al., 2006] and mortar [Akpinar and
Casanova, 2010]-[Yu et al., 2013], while a few results are available for concrete.

Furthermore the vast majority of tests is performed under free expansion con-
ditions: the in�uence of mechanical stress on the phenomenon has been seldom
considered in experimental tests. An exception of particular interest is the ex-
perimental campaign reported in [Bouzabata et al., 2012], though referring to the
internal sulfate attack.

The experimental program developed in this work involves concrete samples
immersed in solutions with di�erent concentrations of sodium sulfate Na2SO4 (ex-
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ternal sulfate attack). The evolution of the reaction and the consequent in�uence
on the mechanical behavior of the material are monitored by measuring the lon-
gitudinal and radial extension and the variation of mass. The evolution of the
Young modulus is indirectly measured through ultrasonic wave propagation.

3.1 Materials, casting and curing

The tests are conducted on concrete specimens of di�erent shape and composition
at the Laboratory of Materials Testing of Politecnico di Milano. The �rst serie of
samples are cylinders of diameter 15 cm and height 30 cm made with a Portland
cement CEMII / A-LL 42.5 R, the second serie of samples are prisms of 8 cm ×
8 cm × 16 cm made with a pure Portland cement type CEM I 52.5R.

Standard cubes of 15 cm side have also been produced with the two mixtures
to assess the mechanical strength of the material at 28 days. Table 3.1 shows the
chemical composition of cements in relation to the class of sulfate resistance and
table 3.2 reports the mix design of the two concretes in terms of water/cement ratio,
cement content, maximum size of the aggregates. The particle size distribution of
the aggregates is calibrated according to the Fuller's curve.

Cement C3A C4AF SO3

CEM II/A-LL 42.5R 6.08% 7.90% 3.15%
CEM I 52.5R 4.22% 5.16% 3.61%

Table 3.1: Chemical composition of cements

Compressive strength w/c cement content [kg/m3] Dmax[cm]

First C30/37 0.45 250 3.2
Second C30/37 0.62 387 1.6

Table 3.2: Composition of concrete

The cylinders and the cubes were cast in steel molds, see �g. 3.1 ((a)) , while
the prisms were cast in polyurethane molds, ad-hoc fabricated. In addition three
cylinders were cast in stainless steel rings of 3 mm thickness, see �g. 3.1 ((b)).
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((a)) Casting in stainless steel ring ((b)) Casting in steel molds

((c)) Samples in aging room ((d)) Preliminary mechanical testing

Figure 3.1: Preparation of test specimens

The concrete was kept for 24 hours in the molds in order to ensure a proper
hardening. The samples were cured in a climatic chamber at controlled temper-
ature (T = 20◦ C) and humidity (RH = 90%) for 28 days, see �g. 3.1 ((c)).
After curing ultrasonic measurements along 3 directions were performed on cubes.
The results showed that the speed of propagation of the wave are substantially
equal in the three directions, con�rming the homogeneity and isotropy of samples.
The measuring operation is performed in transparency using a transducer with
frequency of 50 kHz according to the standard UNI EN 12504-4:2001. The mean
value of the dynamic elastic modulus is estimated through the following relation
[Lamond, 2006]

Ed = V 2 [ρ(1 + ν)(1− 2ν)]

(1− ν)
(3.1)

where

ρ = density of concrete;
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V = wave velocity;

ν = Poisson's ratio;

Ed = dynamic modulus of elasticity.

The relation between the static (E) and dynamic (Ed) elastic modulus of ordinary
concrete can be obtained through the empirical correlation given by [Lydon and
Balendran, 1986]

E = 0.83Ed (3.2)

Table 3.1 reports the values obtained on three cubes in three directions (1: direc-
tion of casting, 2/3: orthogonal directions) together with the mean values and the
standard deviation.

Specimen E1[MPa] E2[MPa] E3[MPa] Emean[MPa] SD [MPa]

A 30797 30459 30933 30703 199
B 29433 30361 30030 29941 384
C 30539 29948 30076 30188 254

The characterization of the compressive strength of the material is carried out
through mechanical testing of cubes after curing, see �g. 3.1 ((d)). The mean
values of strength R measured on two cubes extracted from each cast are

Specimen R [MPa]

A 33.33
B 26.84
C 29.88

3.2 Experimental procedure

After curing brass studs are glued on cylinders and prisms for the subsequent
measurement of axial and longitudinal expansion. Twelve studs are placed on
each cylinder, 4 at 90 degrees one from each other at 3 di�erent heights, see �gure
3.2 (a). As for the prisms, two studs are glued at the center of the bases for
longitudinal measures while 8 studs are placed on the lateral faces to measure
transversal deformation.

The samples are then placed in di�erent storage conditions in order to observe
the response of the material in di�erent environmental of situations. Twelve free
cylinders, three cylinders with rings and six cubes are fully immersed in three
di�erent conditions:
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- four free cylinders, one cylinder with rings and two cubes in pure water;

- four free cylinders and two cubes in sodium sulfate solution at 5%;

- four free cylinders, two cylinders with rings and two cubes in sodium sulfate
solution at 10%;

Three cylinders with the lateral surface wrapped by a plastic �lm and located in a
climatic chamber at temperature T = 20◦C and RH = 50% are partially immersed
at the bottom edge in two di�erent conditions:

- one cylinder in pure water;

- two cylinders in sodium sulfate solution at 10%;

Two cylinders with the lateral and the top surfaces wrapped by a plastic �lm
and located in a climatic chamber at temperature T = 20◦C and RH = 50% are
partially immersed at the bottom edge in two di�erent conditions:

- one cylinder in pure water;

- one cylinder in sodium sulfate solution at 10%;

Eight prisms are fully immersed in two di�erent conditions:

- four prisms in pure water;

- four prisms in sodium sulfate solution at 10%;

Four prisms are located in a climatic chamber at temperature T = 20◦C and
RH = 90% partially immersed for half height in two di�erent conditions:

- two prisms in pure water;

- two prisms in sodium sulfate solution at 10%;

Measurements were performed initially every 14 days to accurately capture the
phenomenon of water absorption. After saturation, measurements were performed
every two months. The measurements on the cylinders and prisms are performed
with the following procedure. The sample is extracted from the solution and, af-
ter a couple of minutes necessary to allow dripping of the solution in excess, it is
weighed. After weighing, the radial/transversal and longitudinal deformation are
measured. In cylindrical samples the measurements of longitudinal displacement
are performed by a mechanical comparator Huggenberger while the radial deforma-
tion is measured with a electronic micrometer Mitutoyo, see �gure 3.2 (b) and (c).
In prismatic specimens, given the small size, both measurements are performed by
the electronic micrometer Mitutoyo. Finally ultrasonic tests are performed: the
samples are place horizontally on a wood rail and the time required for the wave
train to traverse the specimen is measured.

19



CHAPTER 3. EXPERIMENTAL CHARACTERIZATION OF CONCRETE SUBJECT TO
ESA

((a)) Positioning of the measuring points

((b)) Measuring longitudinal expansion ((c)) Measuring radial expansion

Figure 3.2: Preparation of test specimens and strain measurements
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Figure 3.3: Capillary rise test: experimental set-up and evolution of the mass

3.3 Results

3.3.1 Capillary rise test

The parameters governing the di�usion of water have been calibrated on the ba-
sis of the experimental data of capillary rise tests. One cylinder partially im-
mersed in water is stored in a climatic chamber at �xed temperature and humidity
(RH = 50%, T = 20◦C). The water uptake in time is measured by weighing. The
results in term of mass variation in time are showed in �gure 6.1.

3.3.2 Penetration of salt

After 400 days of exposure one cube stored in sodium sulfate solution at 10% is
extracted from the solution in order to characterize the penetration of salt. The
preliminary operation consisted in cutting in half the cube and in the subsequent
storage in a climatic chamber at RH = 50%. The evaporation of water leads to
the crystallization of salt which is clearly visible and measurable, see �g. 3.4.

3.3.3 Expansion and mass uptake

Fully immersed cylinders

The displacement measurements in the longitudinal and radial directions allow to
characterize the time evolution of the specimens expansion due to water uptake and
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Figure 3.4: Pro�le of salt after 400 days on the half section of the specimen

the chemical reactions. Figure 3.5 shows the evolution of the mean longitudinal
and radial deformation on specimens immersed in pure water. After two months of
immersion a constant value is reached denoting full saturation of the specimens. It
should be noted that the di�erence between the radial and longitudinal asymptotic
deformation is due to the swelling of the glue which a�ects the radial displacement.

To investigate the behavior of the glue and to characterize its swelling a simple
test was performed an a metallic bar with glued studs immersed in water. The
measurements in time showed an actual swelling whose asymptotic value is reached
approximately after 30 days of immersion. After 15 days the deformation of the
glue has already reached the 70 % of the �nal value. This expansion of glue was
subtracted from all the radial measurements in order to obtain the actual concrete
expansion. The porosity of the samples was evaluated by di�erence between the
mass of full saturated sample and the mass of the same after drying in a climatic
chamber at �x temperature and humidity. The average value of porosity obtained
is 0.18.

Figures 3.6 and 3.7 show the concrete radial and longitudinal deformations
measured on the cylinders immersed in di�erent solutions. Each curve represent
the mean value of 3 specimens, the bars represent the variance of the measures.

Figure 3.8 shows the increase in weight over time for the specimens immersed
in the di�erent solution. In all cases a constant value is reached after 3 months of
immersion, denoting full saturation of the material.
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Figure 3.5: Mean longitudinal and radial deformation of cylinder stored in pure
water

The deformations of the samples stored in water are due to the variation of the
water content and stabilize when the specimens reach full saturation. The radial
expansion has a faster evolution due to the geometry of the sample. The samples
stored in sulfate solutions exhibit a continuous growth of deformation in time due
to the expansive chemical reactions occurring in the material. As con�rmed by
SEM observation presented in section 3.4, there is a delayed ettringite formation
which causes swelling. The increase of deformation is higher in the radial direction
because the ratio between the length of the external layer where the reaction occurs
and the total length is higher in that direction.

The e�ect of the sulfate concentration of the solution is very clear: after 570
days of exposure in the 5% sodium sulfate solution the radial deformation is about
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0.0008, while the specimens stored in the 10% solution have a radial deformation of
about 0.0012. The same remark holds for the longitudinal deformation: 0.0006 for
specimens in the 5% solution and 0.0008 for those in the 10% solution. The tests
are still ongoing since strains are still growing, showing that chemical reactions are
still occurring.

In the case of cylinders cast in stainless steel ring the kinetics of expansion is
very slow with respect to the corresponding expansion in free cylinders. This is
probably due to the e�ect of the hoops that severely limits the di�usion of the
water and the solution inside the material. For this reason no further comments
relating to this set of cylinders are reported in this thesis.
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Figure 3.6: Radial deformation of cylinders
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Figure 3.7: Longitudinal deformation of cylinders
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Figure 3.8: Mass variation in di�erent exposure conditions of the cylinders
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Fully immersed prisms

The prisms with the second concrete mix design were cast about 10 months later
with respect to the cylinders, thus the measurements are relative to 200 days of
immersion only. The experimental data in terms of transversal and longitudinal
strains are shown in �g. 3.9 and 3.10 respectively both for samples in water
and in 10% sodium sulfate solution. The concrete of these specimens is more
reactive than that used for the cylinders, therefore the e�ect of the sulfate attack
is very important already after few months of exposure, especially in the transversal
direction, where a 0.0015 strain is reached after 180 days of immersion in a 10%
sulfate solution.

Figure 3.9: Transversal deformation of prisms totally immersed
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Figure 3.10: Longitudinal deformation of prisms totally immersed

Partially immersed cylinders

Some cylinders, cast in a di�erent time but with the same geometry and mix design
of those totally immersed, have been employed for partial immersion tests in a
climatic chamber with T = 20◦C and RH = 50%. Unfortunately, due to failures
of the climate control, the real value of relative humidity was often di�erent from
the theoretical one. The results on these cylinders are therefore only qualitative.

Figure 3.11 shows the time evolution of mass density of the cylinder partially
immersed.

The curves corresponding to samples with wrapped lateral surface, immersed
in 10% sodium sulfate solution show a highly irregular trend in the �rst 250 days.
This phenomenon can be attributed to anomalies of climatic chamber and to the
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Figure 3.11: Time evolution of density in partially immersed cylinders. Light
blue line: lateral wrapping (LW); blue line: complete wrapped in water (CW);
orange line: lateral wrapping (LW) sides in 10% sodium sulfate solution; red line:
complete wrapped (CW) in 10% sodium sulfate solution

corresponding evaporation at the top edge. The curves of specimens wrapped
also at the top face (blue and red line) show a lower anomaly due to a reduced
evaporation.

Figures 3.12 and 3.13 show for the bottom, mid and top level the radial de-
formation for cylinders in water and in 10% sodium sulfate solution with lateral
wrapping and complete wrapping respectively. The time evolutions of deforma-
tion show how the reaction is present only in the lower part of the cylinders in
contact with the solution. In the two upper levels the radial deformations of the
cylinders in the sodium sulfate solution are even lower than that of the correspond-
ing cylinder in water.

This phenomenon can be justi�ed by observing that, at these low levels of
humidity, the sulfate salts crystallize and occlude the pores reducing the di�usion
of water. This hypothesis is supported by the appearance of e�orescence in the
lower part of the samples, see �gure 3.14. The upper part of the samples has a
lighter color than the lower part, and this indicates that water has not reached the
upper part.

The model formulated in this thesis is related to humidity levels higher than
the value of sulfate salts crystallization, for this reason these tests will not be
simulated.
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Figure 3.12: Time evolution of radial deformation of laterally wrapped cylinders
at bottom, mid and top level
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Figure 3.13: Time evolution of radial deformation of completely wrapped cylinders
at top, mid and bottom level
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Figure 3.14: Cylinders partially immersed in 10% sodium sulfate solution after 600
days of exposure - two cylinders (left and center) are laterally wrapped while one
cylinder (right) is completely wrapped

Partially immersed prisms

The prisms partially immersed in water in a climatic chamber with RH = 90%,
shown in �gure 3.15, progressively adsorb water and swell in the �rst two months
until saturation is reached. Figure 3.16 shows the corresponding longitudinal strain
and transversal strains at two di�erent heights.

Figure 3.17 shows the transverse and longitudinal deformations of the prisms
partially immersed in sodium sulfate solution (mass concentration 10%). The
transversal deformation of the immersed portion of material includes a part of
swelling caused by water absorption and, after about 50 days, the contribution due
to the reaction. The transversal deformation of the zone not immersed does not
show signi�cant di�erences compared to the one measured on the corresponding
specimens in water. In this part the reaction is not occurred. The longitudinal
mean deformation over the whole specimen accounts of the local strains of the
reacted and unreacted portions. Therefore its value is between the upper and
lower transverse deformations.
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Figure 3.15: Prismatic specimens partially immersed in water
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Figure 3.16: Longitudinal and transversal deformations of prisms partially im-
mersed in water
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Figure 3.17: Longitudinal and transversal deformation of prisms partially im-
mersed in sodium sulfate solution at mass concentration 10%
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3.3.4 Ultrasonic measurements

After 400 days of exposure the evolution of the mechanical properties on the cylin-
ders and the prisms are indirectly evaluated through non destructive ultrasonic
test. The experimental facility is shown in �g. 3.18. In these tests a train of
longitudinal waves, produced by a transducer placed in contact with one surface
of specimens, propagates in the material until it reaches the receiving transducer.
The travel time depends on the distance between the transducers, on the density
and on the sti�ness of the material. When the material is subject to damage the
sti�ness decreases and the travel time increases. In porous media, like concrete
or rocks, another aspect to consider is the variation of acoustic impedance due to
the degree of saturation [Berriman et al., 2000]-[Ohdaira and Masuzawa, 2000]. A
growth in humidity is associated with an increase in speed and therefore with a
higher apparent sti�ness.

Figure 3.18: Ultrasonic test on concrete prism

In the �gures 3.19 and 3.20 the mean value of elastic modulus computed by
equations (3.1) - (3.2) of cylinders and prisms are shown.

Comparing the elastic moduli in the two fully saturated cases (10% sodium
sulfate solution and water) we note a mean reduction of about 7.2% in case of
cylinders and 7.6% in case of prisms. This indicates the development of damage
inside the specimens.
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Figure 3.19: Mean value of elastic modulus on cylinders in air (right bar), pure
water (central bar), 10% sodium sulfate solution (left bar) after 400 days of expo-
sure

Figure 3.20: Mean value of elastic modulus on prisms in air (right bar), pure water
(central bar), 10% sodium sulfate solution (left bar) after 400 days of exposure
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3.4 SEM-EDS observations

In order to identify the morphology and the modi�cations due to the sulfate attack
a series of observations with Scanning Electron Microscopy has been performed.
The observations were carried out through microscope MIRA3XMU at the De-
partment of Earth Sciences of the University of Pavia, see Figure 3.21.

Figure 3.21: SEM-EDS MIRA3XMU - Department of Earth Sciences of the Uni-
versity of Pavia, courtesy of prof. Maria Pia Riccardi

The electron beam is generated by a crystal of Lanthanum hexaboride heated
by an electric �eld. The electrons are accelerated by a tension of 20 KV and suit-
ably collimated toward the sample placed in the vacuum chamber. The interaction
between the primary electrons and the atoms of the material investigated gener-
ates di�erent particles and in particular secondary electrons and X-ray. Secondary
electrons are captured by detector and converted into electrical impulses. These
signals are transform in image on a computer monitor. Photons X are used to
perform the Energy Dispersive X-ray Spectrometry (EDS). These rays, emitted as
a consequence of excitation of the outer electrons of the material, collide with a
crystal generating electric currents. The value of the energy allows a qualitative
evaluation of the chemical composition of the investigated material portion.

The observation was carried out on three small samples taken from specimens
stored in di�erent conditions for 400 days:

- Sample 1: taken from the reference concrete specimen stored in a climatic
chamber at T = 20◦C and RH = 50% and not subject to sulfate attack. The
purpose of these observations is to identify the phases naturally produced
during the hydration of the cement.
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- Sample 2: taken from the outer edge of the cube shown in �gure 3.4 immersed
in a solution of sodium sulfate with mass concentration of 10% for 400 days.
The purpose of these observations is to evaluate the microstructural alter-
ations and the ettringite formation due to the penetration of sulfate ions and
the reaction with the calcium aluminates.

- Sample 3: Taken from the middle part of the same cube of sample 2. The
purpose of these observations is to evaluate the microstructure of a portion of
the material immersed in the aggressive solution but not yet directly a�ected
by the reaction with the sulfates.

Before inserting the samples in the microscope, the mineralization process was
performed through the device shown in �gure 3.22. A strand of graphite is heated
to the evaporation temperature and carbon atoms are deposited on the samples.

The samples thus obtained, shown in �gure 3.23 (a), are then inserted into the
microscope (�g. 3.23 (b)).

Figure 3.22: Mineralization process

40



3.4. SEM-EDS OBSERVATIONS

((a)) ((b))

Figure 3.23: (a) Prepared samples, (b) positioning of the samples in the microscope

3.4.1 Results

The observations conducted on the sample 1 show the typical structure morphology
of the cement paste. Most of the material is made of the amorphous gel of calcium
silicate hydrates, see Figure 3.24 (a). Rare formations of primary ettringite are
incorporated in the gel 3.24 (b).

The primary ettringite has a typical needle-like shape and can be seen in the
SEM image of Figure 3.24 (b) but it cannot be identi�ed by EDS, as the �nite size
of electron beam of about 3−5 µm2 is larger than these crystals and consequently
also irradiates adjacent regions. Figure 3.25 shows a close up view of the SEM
image and the corresponding EDS spectrum which shows a predominant presence
of calcium silicate hydrates (indicated by the main peaks of silicon and calcium
in the spectrum) and a limited presence of the ettringite components (peaks of
aluminum and sulfur).

Figures 3.26 (a) and (b) compare the microstructure of the samples 2 and 3
with a zoom of 959×. In Figure 3.26 (a) several micro cracks are visible and are
indicated by white arrows. Microcracking is due to the stress generated by the
production of expansive ettringite. No micro-cracks are visible at this scale in
sample 3 taken from the inner part of the specimen, see Figure 3.26 (b)

Images at higher magni�cation, as that of �gure 3.27, show that the cracks
of the sample 2 are �lled with an expansive phase. The EDS spectra centered at
points 1 and 2 of �gure 3.27, i.e. inside the crack and at the edge of the crack are
reported in �gure 3.28. One can remark that the crystals inside the crack are rich
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((a)) Gel C-S-H ((b)) Ettringite formations inside matrix C-S-
H

Figure 3.24: SEM of CSH matrix and small primary ettringite formation in Sample
1

in sulfur, which may indicates the presence of ettringite, while the matrix at the
edge is rich in silicon, besides that in calcium, as typical in C-S-H gel.

Figure 3.29 (a) show the image of another portion of the sample 2, characterized
by the amorphous structure of the C-S-H matrix with cracks which can be due
to leaching. Figure 3.29 (b) shows the formation of needle-like crystal around an
aggregate.

In sample 3 the structure is mainly composed of calcium silicate hydrates and
there is a limited amount of ettringite. From the morphological point of view the
sample 3 is quite similar to the sample 1, compare �g. 3.30 and �g. 3.24.

The EDS spectrum of samples 3, reported in �gure 3.31 shows a limited amount
of sulfur and is similar to that of sample 1, see �g. 3.25 (b). This con�rms that
the internal part of the specimen was not yet reached by the sulfate attack.

To sum up, the observations by SEM showed the presence of a newly formed
crystalline phase in the external part of the specimen immersed in sodium sulfate
solution. Through EDS spectra this new phase can be recognized as secondary
ettringite. On the contrary no delayed ettringite formation is observed in the
internal part of the specimen.
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((a))

((b))

Figure 3.25: SEM and EDS of hydrated matrix in Sample 1
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((a)) Sample 2 ((b)) Sample 3

Figure 3.26: SEM immages of Sample 2 and Sample 3 (zoom 959×)

Figure 3.27: SEM image of a crack in Sample 2
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((a)) Point 1

((b)) Point 2

Figure 3.28: EDS refer of point 1 and 2 in the SEM image of �gure 3.27
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((a)) ((b))

Figure 3.29: SEM images of Sample 2: (a) amorphous C-S-H matrix, (b) crystal
around a aggregate

((a)) ((b))

Figure 3.30: SEM images in Sample 3: amorphous (a) and crystalline (b) mor-
phology of calcium silicate hydrate
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Figure 3.31: EDS of the matrix in Sample 3, corresponding to �gure 3.30(a)
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3.5 X-Ray Di�raction

A further con�rmation of delayed ettringite formation can be obtained through X-
Ray di�raction measurements. This technique consists in irradiating the sample
with a collimated beam of X rays. The distance between the atoms, compara-
ble with the wavelength of the incident radiation, causes a di�raction wave. In
the case of crystalline material, the distances between the di�erent atoms of the
lattice causes a speci�c di�raction pattern that is characteristic of a single com-
pound. X-Ray di�raction measurements have been carried out at the Department
of Chemistry, Material and Chemical Engineering "Giulio Natta" of Politecnico
di Milano on two samples taken from the same cube used in SEM-EDS measure-
ments. One of the samples is taken near the surface, in the region a�ected by
the SA and the other sample is taken in the centre of the specimen which is not
reached by the penetrating sulfates. Figure 3.32 shows the result of the test on
the �rst sample. Besides the minerals of the aggregates (quartz, calcite, dolomite),
ettringite has been clearly identi�ed and is reported in the table of constituents.
X'Pert Software
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02-0059 Ettringite Ca6Al2(SO4)3(OH)12!26H2O

02-0767 Dolomite CaMg(CO3)2

01-0705 Microcline KAlSi3O8

09-0457 Albite, calcian, ordered (Na,Ca)(Si,Al)4O8

Figure 3.32: XRD of mortar powder of the external edge of cube

Figure 3.33 reports the results of the XRD on the central sample. In this case
ettringite is not detected. This indicates that the amount of ettringite possibly
present is below the sensitivity of the XRD measurements.
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X'Pert Software
Graph: PROVA-CLS 29/06/2015 14.28
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Figure 3.33: XRD of mortar powder of the center of cube
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4
Mechanical models for concrete subject to

Sulfate Attack: an overview

In Chapter 2 it has been shown that the mechanisms of sulfate attack are very
complex due to the various interacting phenomena involved. During the external
sulfate attack the degradation of concrete is due to the migration of ions inside the
material and to the consequent reactions: the decalci�cation due to calcium leach-
ing, the reaction between the sulfate ions and the hydrated products (portlandite
and gel C-S-H ) of cement paste with gypsum formation and the reaction between
gypsum and the calcium aluminates with consequent formation of ettringite.

From the chemical point of view there is a broad consensus on the reactions
leading to the formation of ettringite, but the same can not be said for the mech-
anisms which cause expansion. This uncertainty is re�ected in the mechanical
interpretations of the phenomenon and in the consequent strategies of theoretical
modeling.

The common point of the di�erent models is the need to describe the di�usion
and reaction of the chemical species involved in the process in order to determine
the amount of ettringite produced. An overview of these models is reported in
section 4.1.

When the ettringite concentration in time and space is known the problem
consists in the evaluation of swelling and degradation in concrete. Several di�erent
proposals exist in the literature to describe the mechanical consequences of sulfate
attack. These models can be divided into two classes:

� Chemo-mechanical models based on topochemical reactions in which the ef-
fect of the expansion is attributed to the change in volume between reactants
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and reaction products;

� Chemo-mechanical models based on the crystallization pressure in which
the expansion is attributed to the formation of expansive crystals inside the
pores.

This distinction stems from a di�erent interpretation of the ettringite formation
mechanism inside the material. In section 4.2 a review of mechanical model based
on the two approaches is presented.

The composite and multiphase nature of concrete suggests its modeling through
the theory of multi-phase porous media. This multiphase modeling is also very
e�ective when chemical or physical swelling and degradation processes occur. In
particular in the case of sulfate attack a bi-phase formulation can be used which the
concrete is represented by the superimposition of two phases: the solid skeleton
and the expansive products. A poroelasticity model is proposed to formulate
the mechanical model presented in [Bary, 2008]. Many theories aimed at the
study of the concrete subject to chemical and physical degradation phenomena
are formulated by modeling the material as a multiphase media. Examples include
the alkali-silica reaction ([Ulm et al., 2000], [Comi et al., 2009], [Pesavento et al.,
2012]), the freezing of concrete in cold regions ([Coussy and Monteiro, 2018]), the
leaching of calcium ([Gawin et al., 2007], [Gawin et al., 2009]), the e�ect of high
temperature ([Schre�er et al., 2002]).

The theory formulated in the next chapters for concrete subject to sulfate
attack are based on the mechanics of porous media.

To model the inelastic behavior of concrete, including the microcracks forma-
tion, both continuum damage models ([Comi and Perego, 2001], [Ce�s and Comi,
2014]) and cohesive models [Carol et al., 2001] are used. In several recent formu-
lations ([Segura and Carol, 2004], [Idiart et al., 2011(b)]) concrete is modeled as
a composite material with inclusions (aggregates) in the cement matrix and the
degradation is described by cohesive-crack interface elements. In this context with
application to sulfate attack, we quote the work of [Idiart et al., 2011(a)] in which
the variation of volume between reactants and products during delayed ettringite
formation is accounted for.

4.1 Chemical models

The assessment of chemical concentrations of the species involved in the reaction
can be conducted using two di�erent approaches. A �rst technique consists in the
evaluation of species locally present by minimizing the Gibbs free energy of the
entire chemical system. Through minimization it is possible to calculate the chem-
ical concentration at the equilibrium. The main disadvantage of these methods
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consist in the necessity to have a thermodynamic database and in the inability
to simulate the di�usion processes that govern, in a fundamental way, most of
chemical phenomena in porous media.

A second approach make use of di�usion-reaction models. This approach re-
quires a smaller number of parameters and it is therefore much easier to be cali-
brated by means of a few experimental data. The two main ingredients of these
models are a di�usive term that describes the penetration of chemical species and
a reactive term that simulates the consumption due to the reaction. A brief de-
scription of these terms is given in the following paragraphs

Di�usion on ions

Let us consider a reference volume of a porous medium in which the solid skeleton
and the liquid phase coexist. The di�erential equation describing the di�usion
process is obtained enforcing the mass conservation. In general form the equation
of conservation, applied to a penetrating ion, can be written in the form:

∂nc
∂t

+ div (j) = 0 (4.1)

where nc is the molar concentration of the ion in solution (mol/m3) and j is the
�ux. The problem is completed with the boundary conditions on the concentration
and or on the �ux.

At constant temperature and in the absence of electrochemical coupling be-
tween di�erent ions in solution the kinetic of migration process is governed by
the agitation of the molecules (Brownian motion). The process, which is purely
di�usive, can be modeled by the Fick's �rst law

j = −D̃grad(nc) (4.2)

where D̃ (m2/s) is the di�usion coe�cient, which can be experimentally measured.
In the case of non-isothermal conditions the di�usion equation must also con-

sider the e�ect of the thermal gradient. The additional motion due to thermal
agitation is known as thermophoresis and a mathematical description can be per-
formed using the Soret's law ([Piazza e Parola, 2008]):

j = −D̃grad(nc) + ncD̃Tgrad(T ) (4.3)

where D̃T is the thermal di�usion coe�cient. If in the solution are present dif-
ferent charged ions the di�usion process can not be described only by equations
(4.2)-(4.3). In these cases the mechanism are governed by further phenomena: a
di�erence in concentration between di�erent points of the solution induce a motion
of di�usion similar to the Fick term; a di�erence of electric potential due to an
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external electric �eld generate a transport of charged ion and this phenomenon is
known as electric transport ; an external di�erences in pressure, temperature or hu-
midity generates the motion of ions by hydrodynamic �ow. A complete description
of these phenomena to be found in the classical texts of electrochemistry ([Bard et
al., 2003], [Bockris e Reddy, 2013], [Carbó, 2009]) and in [Samson and Marchand,
2007].

In the case of external sulfate attack of concrete, the dominant phenomenon is
the di�usion for gradient concentration between the material and the environment.
Most of the models present in the literature neglects totally other e�ects.

Reaction

In porous media two types of chemical reactions can take place:

- through solution reactions: the solid matrix before reacting dissolves in the
solution and the reaction occurs between reactants in solution;

- topochemical reactions: the reaction takes place directly between the surfaces
of the solid and the solution contained in the pores.

The reactions between the sulfate anions and the calcium aluminates of the
cement paste are essentially of topochemical nature. The topochemical reaction
can be represented in the form:

A+B ⇐⇒ C (4.4)

where A and B are two reactant and C is the product of reaction. The chemical
reaction and the rate of formation of reaction products change the equation of
mass transport in which the term −k ncA ncB must be added, where ncA and ncB
are concentrations of the species involved in the reaction while k is the coe�cient
that de�nes the kinetics of the reaction.

4.2 Chemo-mechanical models on sulfate attack in concrete

4.2.1 Chemo-mechanical model based on topochemical reactions

Several models proposed in the literature assume that the expansive process is due
to the volume change between the reactants (sulfate anions in solution and calcium
aluminates present on the walls of pores) and the reaction products (ettringite). In
a topochemical reaction the amount of overall expansion depends on the amount
of ettringite produced. Many models have been proposed for the simulation of the
di�usion-reaction process and for the evaluation of the expansion due to the change
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of volume. In [Krajcinovic et al., 1992] a single-ion di�usion-reaction equation in
terms of molar concentration of sulfate nc [mol/m3] ions is introduced

∂nc
∂t

= (Deff Grad(nc))− kc(nc0a − nce) (4.5)

where Deff [m2/s] is the e�ective di�usion coe�cient depending on microcrack
evolution, k is the rate of reaction, nc0a [mol/m3] is the initial concentration of tri-
calcium aluminate in the hardened paste, nce [mol/m

3] is the actual concentration
of ettringite. In this model it assumed that the ettringite forms around the spher-
ical grains of aluminate and develops radially. The volumetric expansion depends
on the volumetric density and on the elastic properties of ettringite, on microcrack
density and on the deformation of the aluminate grain. The mechanical response
of the material is assessed through an elastic perfectly brittle constitutive model
for states prevailing traction.

The model proposed in [Tixier and Mobasher, 2003] and subsequently adopted
in [Idiart et al., 2011(a)] considers a two-ions di�usion-reaction scheme. The gen-
eral equations (2.5) - (2.7) that describe the reaction between sulfates and alumi-
nates are condensed in a single lumped reaction

Ceq + qS + rH −→ C6AS3H32 (4.6)

where Ceq is the equivalent grouping of calcium aluminates whose molar concen-
tration nc is given by

nc =
4∑
i=1

γi nci (4.7)

nci [mol/m3] is the actual molar concentration of each aluminate and γi is the
ratio between the concentration of each aluminate and the total concentration of
aluminates.

γi =
nci∑4
i=1 nci

(4.8)

The di�usion-reaction model related to the lumped equation is{
dns

∂t
+ k nc ns = div(D(grad(ns)))

dnc

∂t
+ k

q
nc ns = 0

(4.9)

The mechanical e�ect of ettringite formation is taken into account by the volu-
metric expansion εchem. Starting from the actual molar concentration of aluminates
the volumetric deformation is [Idiart et al., 2011(a)].

εchem =

〈
4∑
i=1

(
n0
c − nc

) ∆Vi
Vi

Vi − f · φ0

〉
(4.10)
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where 〈•〉 denotes the positive part of •, Vi is the molar volume of each alumi-
nate i [m3/mol], f ∈ (0.05− 0.40) is a coe�cient representing the portion of the
pores that needs to be �lled before macroscopic expansion appear, φ0 is the initial
porosity. The volumetric variation is [Tixier and Mobasher, 2003]:

∆Vi
Vi

=
Ve

Vi + νiVgyp
− 1 (4.11)

This formulation of di�usive-reactive problem has been used in [Idiart et al.,
2011(a)] and coupled with a meso-scale model based on zero-thickness interface
elements equipped with cohesive crack constitutive laws. The concrete is consid-
ered as constituted by two materials: the homogenized mortar (cement paste and
small aggregates) and the largest aggregates. The non linearity of the material is
taken into account with zero-thickness interface elements introduced at all aggre-
gate matrix interfaces and within the matrix, see �gure 4.1. The constitutive law

Figure 4.1: FE discretization at the meso-level (a) and arrangement of zero-
thickness interface elements for the same mesh (b) [Idiart et al., 2011(a)]

for the interface elements is able to incorporate the e�ect of mechanical damage
and aging of concrete. The initial failure surface depends on tensile strength, co-
hesion and friction angle. The damage of the material reduces the surface. The
aging of concrete is considered in a phenomenological way through an empirical
relation.

In this model the di�usive properties change due to the cracking of the material:
a quadratic - linear relation between crack width and di�usivity has been intro-
duced. This approach allows for a complete description of cracking on specimens,
in good agreement with the experimental observation.
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In [Sarkar et al., 2010] a more re�ned model was proposed for the analysis of
di�usive and reactive problem. A chemical activity gradient is taken into account
in the di�usive term. For each ionic species present in solution a di�usive equation
can be formulated and solved simultaneously in order to obtain the molar concen-
tration in time and space for all species. During the di�usive process some ions
react with the cement hydration products and some solids dissolve or precipitate
in the pore solution to maintain the chemical equilibrium. In this model the dif-
fusive and reactive problem is solved by a sequential approach: �rst the di�usion
equations are solved and then the chemical equilibrium is enforced.

The change in solid volume due to the reactions (leaching of calcium, depletion
of aluminate and ettringite formation) is calculated as di�erence between actual
and initial volume of each component. A positive change in volume due to ettrin-
gite formation induce deformation and crack inside the material. A isotropic scalar
damage parameter proportional to the deformation is introduced to simulate the
reduction in sti�ness and strength and the change in di�usive properties, see �gure
4.2.

Figure 4.2: Stress-strain curve used in [Sarkar et al., 2010]

In [Basista and Weglewski, 2008] a di�usion-reaction model similar to that
proposed in [Krajcinovic et al., 1992] has been adopted and enriched. The same
paper presents a comparison between the values of expansion obtained considering
the volume change in the topochemical reaction and that obtained considering the
crystallization pressure.
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Figure 4.3: Comparison between the experimental measure and the prediction of
expansion due to topochemical reaction, from [Basista and Weglewski, 2008]

4.2.2 Chemo-mechanical model based on crystallization pressure

This second class of models assumes that the expansive process is due to the
crystallization pressure of ettringite inside the pores. In this case the reaction
process is considered to be of through solution type. The crystallization process
takes place in con�ned conditions and induces a pressure on the walls of pores.
In general, the crystalization pressure pc can be calculated by the relation [Bary,
2008]

pc =
RT

Vcrys
ln

(
Qreac

Kreac

)
where Qreac =

∏
i

a
vreaci
i (4.12)

where Vcrys is the molar volume of crystal [m3/mol], R is the gas constant [J/(molK)],
T is the absolute temperature [K], ai and v

reac
i are the activity and the stoichio-

metric coe�cient of species in solution, Kreac is the equilibrium constant of the
chemical reaction. The pressure can develop only in supersaturated solutions, in
the presence of mechanical con�nement. The action exerted by the crystallization
consists in a pure hydrostatic pressure and any surface e�ect is neglected. The
pressure calculated using the formula (4.12) is well comparable with experimental
measurements but it is not su�cient to cause the real deformation of the material.
A similar approach was also presented in [Yu et al., 2013]. In that paper equation
(4.12) is developed accounting for the di�erent ionic species involved in the SA. In
[Basista and Weglewski, 2008] a nonsteady di�usion with a second order reaction
model is implemented for the solution of chemical problem. Starting from the
calculated concentrations of sulfate and ettringite, the crystallization pressure is
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calculated and used to simulate the expansion of mortar prism cast with di�er-
ent cement and stored in sulfate solution at molar concentration 0.352mol/l. The
results reported in �gure 4.4 show how the calculated pressure is not su�cient
to justify the macroscopic expansion of samples. In [Bary, 2008] the approach of

Figure 4.4: Comparison between the experimental measure and the prediction of
expansion due to crystallization pressure, from [Basista and Weglewski, 2008]

pressure crystallization is adopted to simulate the expansion of mortar specimens
subject to ESA. The description of the chemical process is more complex than that
proposed in [Basista and Weglewski, 2008] and considers two ionic species: calcium
and sulfate. The depletion of calcium is the cause of leaching and the reaction of
sulfate leads to the production of ettringite. The mechanical response of mate-
rial is assessed through a poro-mechanic model with Mazars' isotropic damage.
Crystallization pressure is introduced in the constitutive model by a coe�cient of
interaction which modi�es the value. The �nal results of the study are the distri-
butions of molar concentrations of the species involved in the process (sulphate,
calcium, gypsum, portlandite, ettringite) and the pattern of damage. Quantitative
comparisons in terms of displacements are not reported.
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5
Multi-phase model in fully saturated

conditions

The present model for the simulation of concrete subject to sulfate attack is for-
mulated within the theory of porous material [Coussy, 2004]. At the mesoscale
the material can be represented by a superposition of two phases: the homoge-
nized concrete skeleton including the nonreactive material (u) and the reactive
part of solid matrix (c); the homogenized �uid including water (w), sulfates (s)
and reactant products (e). This approach, used for the study of other chemical
reactions in concrete ([Ulm et al., 2000], [Comi et al., 2009]), considers the mate-
rial in conditions of total saturation. The chemical reactions here considered are
the reactions of the sulfates with the aluminates which lead to the formation of
ettringite crystals. The stress exerted by these crystals is assumed to be isotropic,
so that the secondary ettringite is considered as a �uid-like constituent exerting a
pressure on the solid skeleton.

A schematic representation of the material is shown in �gure 5.1.
The total volume V of the representative volume element RVE at each instant

is the sum of the volume of the solid matrix Vs and the volume of �uid inside the
pores Vf . The lagrangian porosity φ is de�ned as the ratio between the volume
currently �lled by the �uid and the initial total volume of RVE V0.

φ =
Vf
V0

(5.1)

The constitutive model presented in this chapter is based on the following
assumptions:

61



CHAPTER 5. MULTI-PHASE MODEL IN FULLY SATURATED CONDITIONS

Figure 5.1: Biphase model of concrete a�ected by Sulfate Attack

� a single �uid phase is considered including water and reaction products;

� a single solid phase, the homogenized skeleton, is considered including ag-
gregates and cement paste;

� fully saturated conditions are considered with the pores initially �lled by
water;

� the reaction products, and in particular ettringite, is modeled as a �uid like
material only exerting pressure on the solid matrix;

� the chemical reactions consumes water but the pressure change due to the
variation of the water content is assumed to be negligible;

� the delayed ettringite formation is a topochemical reaction and the change
in solid volume together with the oriented anisotropy crystal growth causes
a volume increase which is proportional to the reaction extent ;

� the calcium leaching induced by sulfate penetration is modeled by a chemical
damage variable d which depends on the reaction extent ;

� the system is in isothermal conditions;

� the mechanical stress-induced damage D is modeled by two isotropic damage
variables Dt and Dc.

In this chapter, after a brief introduction to the classic poroelasticity, a double
porosity approach is proposed to describe the increase in porosity due to damage
of the material. Through this approach we obtain the relationships between the
microscopic parameters of the solid matrix and of the �uid inside the pores and
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the mesoscopic parameters de�ned on the RVE. The state equations of the mate-
rial are obtained by derivation of the expression of the free energy, appropriately
formulated. Finally the equations of mass balance and the evolution equations of
the internal variables necessary to fully describe the process are presented.

5.1 Elastic bi-phase model

The mechanical response of elastic multiphase materials can be described by the
theory of poroelasticity [Coussy, 2004]. In this approach the solid skeleton is
considered as an elastic material in which the internal dissipation is equal to zero.
The temperature of the system is assumed constant during the process. Assuming
a isothermal process, the condition of zero dissipation of solid skeleton can be
expressed as:

σ : dε + pdφ− dΨs = 0 (5.2)

where σ is the total stress tensor, ε is the deformation tensor, p is the internal
pressure exerted by the �uid on the solid skeleton, φ is the lagrangian porosity and
Ψs is the free energy of the solid skeleton.

The poroelastic state equations read

σ =
∂Ψs

∂ε
; p =

∂Ψs

∂φ
(5.3)

One can also introduce another potential Gs = Ψs − pφ, as the partial Legendre
Fenchel transform of Ψs. Substituing this de�nition into equation (5.2) one has

σ : dε− φdp− dGs = 0 (5.4)

and one can obtain the constitutive relations in the alternative form

σ =
∂Gs

∂ε
; φ = −∂Gs

∂p
(5.5)

Di�erentiating the relations (5.5) and using the Maxwell's symmetry condition we
obtain the expression dσ = dσ (dε, dp) and dφ = dφ (dε, dp) in the form:

dσ = C : dε− b dp1 (5.6)

dφ = b dε : 1 +
dp

N
(5.7)

where C is fourth order elasticity tensor of the skeleton , b is the Biot's coe�cient
and N is the Biot's tangent modulus. The Biot's coe�cient relates the variation of
porosity dφ and the variation of volumetric deformation trdε at constant pressure

63



CHAPTER 5. MULTI-PHASE MODEL IN FULLY SATURATED CONDITIONS

(dp = 0). The e�ective stress σ′ acting on solid skeleton can be related to the
total stress σ through the relation

σ′ = σ + bp1 (5.8)

This poroelastic approach represents the starting point of the model proposed in
the next paragraphs for the description of concrete subject to sulfate attack.

5.2 Double porosity model

The initial total volume V0 of concrete before the activation of chemical reaction
is given by the sum of a part occupied by the solid matrix Vs0 and a part occupied
by the �uid Vf0. Denoting by φ0 the initial lagrangian porosity, these volumes are

Figure 5.2: Double porosity model: initial and current state

expressed as
Vs0 = (1− φ0)V0 Vf0 = φ0V0 (5.9)

see �gure 5.2
Due to the chemical reactions of dissolution and ettringite formation, some

microvoids nucleate and develop in a portion of the matrix. To describe this
phenomenon we introduce a second porosity φd.

SEM images show clearly that only a portions of material is a�ected by disso-
lution phenomena while other parts are still intact. For this reason we introduce
a phenomenological parameter ω, taking values between 0 and 1, and we consider
that the additional porosity φd develops only in the portion (1−ω) of the matrix.
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The actual total porosity φ̃ can be expressed as the sum of the porosity φ due
to the initial porosity of the concrete and the porosity φd due to dissolution and
chemical process.

φ̃ = φ+ φd(1− ω)(1− φ0) (5.10)

The actual volume of the solid matrix is

Vs = V − φ̃V0 (5.11)

5.2.1 Relation between skeleton and matrix properties

The �uid exerts an isotropic pressure on the solid skeleton. For simplicity we
consider �rst the volumetric behavior expressed in terms of volumetric deformation
trε and mean stress trσ/3. The extension to the deviatoric part results immediate.

The volumetric strain of concrete can be expressed as

trε =
V

V0
− 1 (5.12)

while for the solid matrix the volumetric strain reads

trεs =
Vs
Vs0
− 1 (5.13)

Dividing equation (5.11) by V0 and using (5.12) and (5.13) we obtain a relation
between the total deformation and the deformation of the solid matrix

V

V0
=

Vs
Vs0

Vs0
V0

+ φ̃ (5.14)

trε + 1 = (trεs + 1) (1− φ0) + φ̃ (5.15)

trε = (1− φ0) trεs + φ̃− φ0 (5.16)

The total stress acting on the material at the mesoscale is given by a contri-
bution from solid matrix σs and a contribution from �uid σf . The �uid exerts a
hydrostatic stress on the material, therefore the stress σf can be expressed in the
form

σf = −p1 (5.17)

Starting from a stress free state σ0 = 0, p0 = 0 and under the hypothesis of
in�nitesimal transformation the stress partition gives

trσ

3
= (1− φ0)

trσs
3
− φ0p (5.18)
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This stress is related to the strain in the matrix at the mesoscale, at a given level
of additional porosity φd, by the relation

trσs
3

= Kstrεs (5.19)

where Ks = Ks(φd) can be expressed in terms of the sti�ness of the integer matrix
K0
s and of the current additional porosity φd(1 − ω) as proposed by [Kendall et

al., 1983]

Ks = K0
s (1− φd(1− ω))3 (5.20)

The relation between mean stress and volumetric strain on the solid matrix is
therefore

trσs

3
= K0

s (1− φd(1− ω))3trεs (5.21)

Using equations (5.6) and (5.7) the bi-phase model at the macroscopic level
in the Biot's form can be written in term of overall strain ε and total porosity
variation φ̃− φ0 as {

trσ
3

= Ktrε− bp
φ̃− φ0 = btrε + p

N

(5.22)

where b is the Biot's coe�cient and N is a Biot's modulus. Combining equations
(5.16) - (5.22) one obtains

trσ

3
= Ks(1− φ0)trεs − φ0p = Kstrε−Ks(φ̃− φ0)− φ0p = (5.23)

= Ks(trε− btrε)− Ks

N
p− φ0p (5.24)

=
Ks

K
(1− b)trσ

3
+
Ks

K
(1− b)bp− Ks

N
p− φ0p (5.25)

This leads to a direct relationship between macroscopic stress and pressure

trσ

3

(
1− Ks

K
(1− b)

)
= p

(
Ks(1− b)

b

K
− Ks

N
− φ0

)
(5.26)

This identity must be respected for any value of stress and pressure: trσ and p
are independent variables and is therefore necessary to require that the respective
coe�cients are zero. This leads to a relation between the Biot's parameters and
the skeleton and matrix properties of materials

b = 1− K

Ks

1

N
=
b− φ0

Ks

(5.27)
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The macroscopic sti�ness K can be expressed in terms of the current solid
matrix sti�ness Ks and initial porosity φ0 [Kendall et al., 1983]

K = (1− φ0)
3Ks (5.28)

which, substituted into (5.27), leads to a value of b independent of φd

b = 1− (1− φ0)
3 (5.29)

The modulus N turns out to depend on φd through

1

N
=

b− φ0

K0
s (1− φd(1− ω))3

(5.30)

5.2.2 Relation between Biot's parameters and �uid properties

The �uid mass inside a reference volume is given by the relation

mf = φ̃ρf (5.31)

where ρf is the mass density of the �uid and φ̃ is the total porosity occupied by
the �uid. The �uid mass variation can be expressed as

dmf = dφ̃ρf + dρf φ̃ −→ dmf

ρf
= dφ̃+

dρf
ρf

φ̃ (5.32)

The variation of pressure can be related to the variation of mass density through
the constitutive law of the �uid

dp

Kf

=
dρf
ρf

(5.33)

where Kf is the elastic bulk modulus of the �uid. Introducing this relation in the
equation (5.32) we obtain

dmf

ρf
= dφ̃+

dp

Kf

φ̃ (5.34)

Assuming that the change in the density of the �uid during the process be small,
it is possible to replace the current value of density ρf with the initial value ρf0.
This hypothesis allows the integration of the di�erential equation in the linearized
form

mf −mf0

ρf0
= φ̃− φ0 + φ̃

p

Kf

(5.35)
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Substituting (5.35) in equation (5.22) one obtains

mf −mf0

ρf0
= btrε +

(
φ̃

Kf

+
1

N

)
p (5.36)

= btrε +
1

M
p (5.37)

where M is the Biot's modulus de�ned by

1

M
=

φ̃

Kf

+
b− φ0

K0
s (1− φd(1− ω))3

(5.38)

Figures 5.3 and 5.4 shown respectively the evolution of Biot's Modulus M and
macroscopic bulk modulus K with the value of additional porosity φd for di�erent
value of parameter ω = (0.0, 0.25, 0.50, 0.75, 1.0). The other material parameters
used are reported in table 5.1.

Parameter φ0 K0
s Kf b

Value 0.16 26000MPa 10000MPa 0.407

Table 5.1: Material parameters
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Figure 5.3: Evolution with additional porosity φd of Biot's modulus M

Figure 5.4: Evolution with additional porosity φd of macroscopic bulk modulus K
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5.3 Compatibility and equilibrium equations

The kinematic model adopted is based on the assumption of small displacements
and strains. The relation between strains and displacements is expressed in the
linearized form

ε = 1
2

(
gradu + gradTu

)
inΩ

u = u inΓu
(5.39)

where u is the displacement �eld, ε is the tensor of small strains, u are the dis-
placements on the constrained boundary Γu of Ω.

Neglecting dynamic e�ects the equilibrium equations are

divσ + ρb = 0 inΩ
σn = f inΓσ

(5.40)

where σ is the stress �eld, ρb is the body force of the mixture (solid and �uid), f
are the external force at the boundary Γσ and Ω is the body volume.

5.4 Chemo-elastic model with chemical and mechanical dam-

age

The model proposed in the previous section introduces two distinct contributions to
the total porosity φ̃: φ, which is the porosity naturally present within the porous
medium and φd, which is an additional porosity due to the chemical reactions
involving the reactive solid.

The development of this secondary porosity reduces the mechanical properties
of the material. This phenomenon is taken into account through an internal scalar
variable of chemical damage d, ranging from 0 to 1 dependent on the reaction
extent. The parameter ω allows to split the solid matrix in a part subject to
chemical damage and in the complementary non damaging part.

Using the relation proposed by [Kendall et al., 1983] and relative to the decrease
of Young modulus due to the variation in porosity one has

(1− d) = (1− φd)3 (5.41)

Introducing this relation into equation (5.20) and the result into equation (5.28)
one obtains the following expression of the macroscopic bulk modulus a�ected by
chemical damage

K = K(d) = (1− φ0)
3K0

s

(
ω + (1− ω)(1− d)

1
3

)3
(5.42)

= K0
(
ω + (1− ω)(1− d)

1
3

)3
(5.43)
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The stress-induced degradation of material properties is also considered and
modeled by the isotropic damage model proposed in [Comi and Perego, 2001]. In
this model two isotropic damage variables are introduced, one for prevalent state
of traction (Dt) and the other for prevalent state of compression (Dc). The total
mechanical damage a�ecting the mechanical properties of the material is computed
by a combination of the two variables:

D = 1− (1−Dt)(1−Dc) (5.44)

No permanent strains are considered for the sake of simplicity.
The chemo-mechanical constitutive model is formulated starting from the ex-

pression of the free energy of the system Ψ. The static variables (total stress σ and
chemical potential of expansive �uid µ) can be related to the conjugate kinematic
variables (strain ε, variation of �uid content ζ = (mf − mf 0)/ρf 0) by the state
equations derivated from the free energy Ψ. This is the sum of the energy of the
solid skeleton Ψs and on the �uid mfψf (where ψf is the speci�c energy of the
�uid f). Considering isothermal conditions, the proposed form for the free energy
reads

Ψ(ε, ζ,D, d) = Ψs +mfψf =

=
1

2
(1−D)

{
2G(d)e : e +K(d) (trε)2 +M(d)b2

(
trε− ζ

b

)2
}

+

+ ρfζψf (5.45)

In the above equation e is the deviatoric strain tensor, G(d) and K(d) are the
shear and bulk moduli of the homogenized concrete skeleton a�ected by chemical
damage, M(d) and b are the Biot's modulus and the Biot's coe�cient respectively.
The shear modulus G(d) is calculated from the expression of K(d) (5.43) under
the hypothesis of constant value of Poisson coe�cient during the process:

G(d) =
3

2

(1− 2ν)

(1 + ν)
K(d) (5.46)

The state equations are obtained by partial derivation of the free energy whit
respect to each kinematic variable

σ =
∂Ψ

∂ε
= (1−D)

{
2G(d)e +K(d)trε1 +M(d)b2

(
trε− ζ

b

)
1

}
(5.47)

µ =
1

ρf

∂Ψ

∂ζ
= − 1

ρf
(1−D)M(d)b

(
tr (ε)− ζ

b

)
+ ψf (5.48)

YD = −∂Ψ

∂D
(5.49)

Yd = −∂Ψ

∂d
(5.50)
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CHAPTER 5. MULTI-PHASE MODEL IN FULLY SATURATED CONDITIONS

YD and Yd are the strain energy density release rates associated with the mechanical
and the chemical damage respectively. The chemical potential µ is related to the
�uid pressure p and the speci�c free energy as

µ =
p

ρf
+ ψf (5.51)

Substituting this result into equation (5.48) the expression of �uid pressure is
obtained

p = −(1−D)M(d) (btrε− ζ) (5.52)

The macroscopic stress can hence be expressed in the �nal form

σ = (1−D) [2G(d)e +K(d)trε1]− bp1 (5.53)

5.5 Balance of mass

Let us consider a reactive medium of R constituents under the hypothesis of
in�nitesimal transformation. The mass conservation can be expressed for each
α = 1, ..., R component in the form:

dmα

dt
= −div (ραMα) + m̊→α (5.54)

where mα = ραφα is the mass content of constituent α, ραMα = ραNα(vα− vu) is
the relative �ow vector (Nα is the eulerian porosity and vα − vu the relative �ow
velocity of component α respect the unreactive solid matrix u), m̊→α is the rate of
mass formation (> 0) or consumption (< 0) of component α.

In the case of concrete subject to sulfate attack we consider these components
and phases

Phase component α

homogenized solid nonreactive solid u
reactive solid c

homogenized �uid water w
sulfate s
expansive ettringite e

For the component α the mass concentrationmα is directly related to the molar
concentration nα through the molar mass Mα

mα = nαMα (5.55)
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5.5. BALANCE OF MASS

In di�usion-reaction problems equations (5.54) of mass balance are more con-
veniently expressed in terms of molar concentrations:

dnα
dt

= −div (jα) + n̊→α (5.56)

where jα is the �ow of moles of component α

jα =
ρα
Mα

Mα (5.57)

In a porous medium fully saturated with water and without electrochemical
coupling phenomena the �ow term can be modeled through the Fick's law. With
this hypothesis, the di�usion is due to the concentration gradient only

jα = −Dαgrad (nα) (5.58)

5.5.1 Balance of moles during sulfate attack

The equations of balance (5.56) for each component can be written as

u :
dnu
dt

= 0 (5.59)

c :
dnc
dt

= n̊→c (5.60)

w :
dnw
dt

= −div (jw) + n̊→w (5.61)

s :
dns
dt

= −div (js) + n̊→s (5.62)

e :
dne
dt

= −div (je) + n̊→e (5.63)

Note that the solid components, reactive c and non-reactive u, have zero relative
velocity therefore in the balance equations the associated �ow terms disappear:
ju = 0, jc = 0. Furthermore by de�nition, for the non-reactive component the
term n̊→u is equal to zero.

To identify the other terms involved in the molar balances the chemical prob-
lem, described by the equations (2.2)-(2.3) and (2.5)-(2.7), must be analyzed. The
�rst set of equations describes the reaction between sulfate anions and hydration
products of cement paste (silicates and portandite) with consequent formation of
gypsum. For each mole of sulfate reacted one mole of gypsum is formed. In the
second set of equations the moles of gypsum react with the calcium aluminates
forming ettringite. In the following we consider that the sulfate, spreading in the
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CHAPTER 5. MULTI-PHASE MODEL IN FULLY SATURATED CONDITIONS

material, completely reacts forming gypsum, hence equation (5.62) is capable to
describe also the molar evolution of gypsum.

During the process of ettringite formation only calcium aluminates react with
gypsum. For this reason, the equation (5.60) is used to model the depletion of
aluminates. Following the approach proposed by [Tixier and Mobasher, 2003] and
[Idiart et al., 2011(a)] the set of equation (2.5)-(2.7) can be expressed in the lumped
form

Ceq + qS̄ + rH → C6AS̄3H32 (5.64)

where S̄ is the gypsum, H is water, q and r are the stoichiometric coe�cients and
Ceq is the equivalent grouping of calcium aluminates

Ceq =
4∑
i=1

γiPi γi =
nci∑4
i=1 nci

(5.65)

nci is the molar concentration of the single species of calcium aluminate Pi (P1 =
C4AS̄H12 mono-sulphoaluminate, P2 = C4AH13 tetra-hydrated aluminate, P3 =
C4AF alumino-ferrite and P4 = C3A unreacted tricalcium aluminate) and q =
2γ1 + 3γ2 + 4γ3 + 3γ4 is the stoichiometric weighting coe�cient of the sulfate
phase.

During the process the moles of calcium, sulfate and water are transformed in
ettringite. The terms of reaction present in equations (5.60), (5.61) and (5.62) are
therefore only due to the consumption required for ettringite formation.

n̊→c =n̊e→c (5.66)

n̊→s =n̊e→s (5.67)

n̊→w =n̊e→w (5.68)

where n̊β→α = −n̊α→β denotes the number of moles of the α-component trans-
formed into the β-component.

Using (5.58), (5.67) and (5.68) equations (5.60) and (5.62) can be written in
the form

c :
dnc
dt

= n̊e→c (5.69)

s :
dns
dt

= div (Dsgrad (ns)) + n̊e→s (5.70)

Assuming a second order reaction scheme the reaction term in (5.70) is expressed
as

n̊e→s = −n̊s→e = −kncns (5.71)
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and accounting for (5.65) the reaction term in (5.69) reads

n̊e→c = −n̊c→e = −k
q
ncns (5.72)

substituting into (5.69) - (5.69) we can obtain the �nal form of the di�usion
reaction equations

c :
dnc
dt

= −k
q
ncns (5.73)

s :
dns
dt

= div (Dsgrad (ns))− kncns (5.74)

Since the di�usion of water inside the porous medium is much more rapid than
the reaction, it can be assumed that the reacted moles of water are immediately
replaced by the moles coming from the external environment and hence the water
content remains constant.

5.6 Evolution laws

5.6.1 Reaction extent

The rate of reacting moles n̊→α can be expressed of a single reaction rate ξ̇

n̊→α = ναξ̇ (5.75)

where να is the stoichiometric coe�cient of component α involved in the reaction
with the convention να > 0 for a produced mole and να < 0 for a reacting mole.
For the reaction (5.64) one obtains

ξ̇ = −n̊→c = − n̊→s
q

= − n̊→w
r

= n̊→e (5.76)

The evolution in time of the reaction can be obtained by integrating (5.69) from
0 to t and reads

ξ(t) = nc(0)− nc(t) (5.77)

From (5.76) the molar concentration of ettringite at the time t and is equals ξ(t).
It is also convinient for later use to introduce the reaction extent ξ̄ ranging from
0 to 1

ξ̄ =
ξ

nc(0)
(5.78)
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The variation of �uid content ζ can be directly related to the reaction extent
of reaction through a material parameter a

ζ = a ξ (5.79)

For the parameter a we adopt the expression proposed in [Tixier and Mobasher,
2003] and used in several papers in recent years [Idiart et al., 2011(a)], [Campos
et al., 2016], [Ikumi et al., 2014]

a = nc(0)
4∑
i=1

∆Vi
Vi

Viγi
∆Vi
Vi

=
Ve

Vi + νiVgyp
− 1 (5.80)

where Vi, Ve e Vgyp are the molar volumes of each calcium aluminate, of ettringite
and of gypsum, νi is the stoichiometric coe�cient involved in reaction, γi is the ratio
between the molar concentration of each aluminate nc,i and the total concentration
of aluminates

γi =
nc,i∑4
i=1 nc,i

(5.81)

5.6.2 Chemical damage evolution

The decalci�cation of material causes a microcracking which is described by an
isotropic damage variable d. Similarly to what proposed in [Pignatelli et al., 2013],
the evolution of chemical damage is expressed as a function of the reaction extent.

d =
1− exp(−r1ξ̄)

1 + exp(−r1ξ̄ + r2)
r3 (5.82)

5.6.3 Mechanical damage

The mechanical degradation of the material is described by two damage variables:
Dt for damage due to prevailing tensile stress states and Dc for damage due to
prevailing compression stress states. The evolution of these variables is governed
by the loading-unloading conditions proposed in [Comi and Perego, 2001] and
expressed in term of an inelastic e�ective stress σ′′ = σ + βp1, with β (β ≤ b) a
material parameter which tunes the level of material degradation.

fi ≤ 0; Ḋi ≥ 0; fiḊi = 0 with:i = t, c (5.83)

The activation functions ft and fc depend on the �rst invariant of inelastic e�ective
stress tensor I1 and on the second invariant of deviatoric stress tensor J2

ft = J2(σ
′′)− atI21 (σ′′) + btht(Dt)I1(σ

′′)− kth2t (Dt) (5.84)

fc = J2(σ
′′) + acI

2
1 (σ′′) + bchc(Dc)I1(σ

′′)− kch2c(Dc) (5.85)
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5.6. EVOLUTION LAWS

where at, bt, kt, ac, bc, kc are non negative parameters to be identi�ed through
experimental tests. The functions ht(Dt) and hc(Dc) govern the hardening and
softening behavior

hi(Di) =

1−
[
1−

(
σei
σ01

)] (
1− Di

D0i

)2
for Di < D0i[

1−
(
Di−D0i

1−D0i

)ci]0.75
for Di ≥ D0i

i = t, c (5.86)

where σei and σ0i are respectively the elastic limit stress and the peak stress. D0i is
the damage corresponding to the peak stress. The parameters cc and cc govern the
softening stress-strain curve. In numerical analysis, depending on the mesh size,
the parameters ci are used to scale the fracture energy density in order to obtain
the correct value of the fracture energy. This technique is called fracture energy

regularization and avoids spurious mesh dependency of the numerical solution in
the presence of softening.
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6
Extension to partially saturation

conditions

In the previous chapter a model for the description of sulfate attack in fully satu-
rated condition is proposed. In many contexts the hypothesis of complete satura-
tion is quite acceptable as in the case of dams or underground structures. In other
cases signi�cant variations in water content are present: this phenomenon causes
variations of the state of stress and alters the kinetics of the chemical reaction.

Starting from the results presented in the case of fully saturated material an
extension is here proposed to take into account the e�ect of the variation of water
content.

6.1 Three phase formulation of concrete subject to sulfate

attack

Concrete is represented as three-phase porous medium in which the solid skeleton
and two �uid-like phases are superimposed. The �rst �uid phase (f ) is constituted
by liquid water (w) and by a mixture of air and vapor (g). The second �uid
phase (e) is composed by the reaction products, in particular ettringite, assumed
to exerts a hydrostatic pressure only (�uid-like assumption). The volume occupied
by the solid skeleton is

Vs = V − φ̃V0 (6.1)

where φ̃ is the total porosity due to the initial φ and the additional φd porosities
according to equation (5.10). The total porosity is �lled by the two �uid-like
phases

φ̃e = φ̃f = φ̃ (6.2)
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CHAPTER 6. EXTENSION TO PARTIALLY SATURATION CONDITIONS

The porosity of �uid phase f can by divided in two part: one �lled by liquid water
and the other occupied by air and vapor.

φ̃f = φ̃ = φ̃w + φ̃g (6.3)

The relation between φ̃w or φ̃g and φ̃ can be expressed through the degree of
saturation Sw

φ̃w = Swφ̃ (6.4)

φ̃g = (1− Sw)φ̃ (6.5)

The total pressure is given by the sum of the pressure exerted by the two
coexisting �uid phases

p = pe + pf (6.6)

Similarly to the case of total saturation the mesoscopic state of stress can be
expressed as sum of the stress acting on the solid skeleton and the pressure inside
the pores.

trσ

3
= (1− φ0)

trσs
3
− φ0 (pe + pf ) (6.7)

The relation between the mean stress and the volumetric strain of the solid matrix
is the same proposed in equation (5.19).

The expression of solid skeleton internal dissipation in incremental form is

dΦs = σ : dε + pwdφ̃w + pgdφ̃g + pedφ̃e − dΨs (6.8)

= σ : dε + pwd
(
Swφ̃

)
+ pgd

[
(1− Sw)φ̃

]
+ pedφ̃e − dΨs (6.9)

We �rst derive the elastic formulation. In elasticity the dissipation is equal to zero.
The derivative of the products between the degree of saturation and porosity is

d
(
Swφ̃

)
= dSwφ̃+ dφ̃Sw (6.10)

substituting the equation (6.10) in equation (6.9) one obtains

dΦs = σ : dε+pw

(
dSwφ̃+ dφ̃Sw

)
+pg ·

(
−dSwφ̃+ dφ̃(1− Sw)

)
+pedφ̃e−dΨs = 0

(6.11)
De�ning the equivalent pressure p∗ and the capillary pressure pc by

p∗ = pwSw + pg(1− Sw) + pe (6.12)

pc = pg − pw (6.13)
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the equation (6.11) can be expressed as

dΦs = σ : dε + p∗dφ̃+ pcφ̃dSw − dΨs = 0 (6.14)

pc is the capillary pressure due to the interface between wetting (water) and non-
wetting (air and vapor) phase. An energy U is associated to the interface and this
term adds to the free energy of the solid ψs to give the skeleton free energy, see
[Coussy, 2004] for details

Ψs(ε, Sw) = ψs(ε, φ̃) + φ̃U(Sw) (6.15)

Replacing the equation (6.15) in equation (6.14) one obtains

σ : dε + p∗dφ̃+ pcφ̃dSw − dψs − dφ̃U − φ̃
∂U

∂Sw
dSw = 0 (6.16)

The last term is ∂U/∂Sw = −pc and this leads to the �nal expression of dissipation

σ : dε + p∗dφ̃− Udφ̃− dψs = 0 (6.17)

σ : dε + πdφ̃− dψs = 0 (6.18)

where the pressure π is de�ned by

π = p∗ − U (6.19)

and in di�erential form

dπ = dp∗ − dU (6.20)

Starting from the relations (6.12)-(6.13) one obtain

dπ = dpe + Swdpw + (1− Sw)dpg + pwdSw − pgdSw + pgdSw − pwdSw (6.21)

= dpe + Swdpw + dpg − Swdpg (6.22)

In this approach we consider a drained condition for the gas (dpg = 0).

As in the case of total saturation we introduce the Gibbs potentialGs = Ψs−πφ̃

σ : dε− φ̃dπ − dGs = 0 (6.23)

from which we obtain the state equations for the elastic case

σ =
∂Gs

∂ε
; φ̃ = −∂Gs

∂π
(6.24)
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Comparing the relations with (5.5), governing the bi-phase elastic behavior, on can
observe that the only di�erence is that the pressure p is replaced by the equivalent
pressure π. Di�erentiating relations (6.24) one obtains the incremental form of the
state equations, fully analogous to relations (5.6) - (5.7)

dσ = Cdε− b dπ1 (6.25)

dφ̃ = b dε : 1 +
dπ

N
(6.26)

The relations between skeleton and matrix properties remains the same discussed
in section 5.2.1, while since two separate �uid phases are considered, the relations
between Biot's parameters and the �uids properties change and will be discussed
in the following section.

6.2 Relation between Biot's parameters and �uids properties

Inside the pores are present three �uids grouped into two phases whose unit masses
are given by the relations

mw = Swφ̃ρw (6.27)

me = φ̃ρe (6.28)

mg = (1− Sw)φ̃ρg (6.29)

The variation of �uid content for water and ettringite are

ζw =
dmw

ρw
=

1

ρw

(
dSwφ̃ρw + Swdφ̃ρw + Swφ̃dρw

)
(6.30)

ζe =
dme

ρe
=

1

ρe

(
dφ̃ρe + φ̃dρe

)
(6.31)

Substituting equation (6.26) into (6.30) and (6.31) we obtain

ζw = Swbdε : 1 +
Sw
N
dπ + dSwφ̃+ Swφ̃

dρw
ρw

(6.32)

ζe = bdε : 1 +
dπ

N
+ φ̃

dρe
ρe

(6.33)

The quantities dρw/ρw and dρe/ρe can be related to the pressure and the sti�ness
of �uids through their respective bulk moduli Kw and Ke

dρw
ρw

=
dpw
Kw

;
dρe
ρe

=
dpe
Ke

(6.34)
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The pressure π, under the assumption of dpg = 0, is

dπ = Swdpw + dpe (6.35)

This lead to the �nal expressions of �uid mass contents

ζw = Swbdε : 1 +
S2
w

N
dpw +

Sw
N
dpe + dSwφ̃+ Swφ̃

dpw
Kw

(6.36)

ζe = bdε : 1 +
Sw
N
dpw +

1

N
dpe + φ̃

dpe
Ke

(6.37)

These equation can be rewritten in matrix form

ζ = btrdε + M−1dp + dS (6.38)

where

ζ =

[
ζw
ζe

]
; b =

[
bSw
b

]
M−1 =

[(
Sw

N
+ φ̃

Kw

)
Sw

Sw

N

Sw

N
1
N

+ φ̃
Ke

]
(6.39)

dp =

[
dpw
dpe

]
dS =

[
φ̃dSw

0

]
(6.40)

The pressures exerted by water and ettringite can be related to the mass vari-
ation and skeleton deformation as

dp =

[
dpw
dpe

]
= M ·

[
ζw − Swbtrε− φ̃dSw

ζe − btrε

]
(6.41)

If the extra diagonal terms of the matrix M are negligible respect the diagonal
terms the two equation are uncoupled. In the simulation proposed in this thesis
the extra diagonal terms are neglected.

Introducing the mechanical damage D and the chemical damage as in the bi-
phase model (see Chapter 5) the pressure exerted by ettringite is computed by the
relation

pe = (1−D)Me(d)(ζe − btrε) (6.42)

The pressure exerted by water can be computed by direct integration of the ex-
perimental capillary curve that links the capillary pressure pc = −pw to the degree
of saturation Sw

pw = (1−D)

∫ Sw

Sw0

−Sw
∂pc
∂Sw

dSw (6.43)

The macroscopic stress can be expressed in the �nal form

σ = (1−D) [2G(d)e +K(d)trε1]− b(pe + Swpw)1 (6.44)
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6.3 Transport of water in liquid form

The moisture transport in porous media can be treated rigorously by imposing
a system of di�erential equations that take into account the exchange of mass
between the di�erent phases. In the case of weakly permeable materials, as in
the case of concrete, it is possible to describe the transport of moisture through a
simpli�ed model in which the only variable is the degree of saturation Sw [Mainguy
et al., 2001].

The water di�usion equations is obtained by combining the equation of the
mass balance with the Darcy's law and considering negligible the contribution
of the pressure variation of the gas inside the pores. The nonlinear equation of
di�usion is

φ
∂Sw
∂t

+ div (DwgradSw) = 0 (6.45)

where φ is the material porosity and Dw is the coe�cient of di�usion of water
which is a non linear function of

Dw =
dpc
dSw

κ · krw(Sw)

ηw
(6.46)

where κ is the intrinsic permeability of concrete, krw is the relative permeability of
water, ηw is the dynamic viscosity, pc is the capillary pressure. The correlation be-
tween capillary pressure and degree of saturation can be obtained experimentally.
[Mainguy et al., 2001] reports experimental curves that correlate water pressure
and degree of saturation. At atmospheric pressure the water pressure is the oppo-
site of the capillary pressure and an interpolation formula proposed by the same
Authors is as follows

pw = −pc = −a(S−bw − 1)(1−
1
b ) (6.47)

krw =
√
Sw

(
1−

(
1− Sbw

) 1
b

)2
(6.48)

with a and b material parameters to be calibrated by �tting the experimental
curve, see �gure 6.1. The equations proposed lead to a good interpolation of the
curves for a degree of saturation between 0.1 and 0.6. For degrees of saturation
close to unity the measured values deviate signi�cantly from the �tting curve.

In practical cases presented in this work the initial degree of saturation of the
specimens is generally high and during the process complete saturation is reached.
For this reason we adopt an other interpolating expression that is well suited to
the rage of degree of saturation typical of these problems.

pc(Sw) = a1S
3
w + a2S

2
w + a3Sw + a4 (6.49)
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Figure 6.1: Capillary curve reported in [Mainguy et al., 2001]

Figure 6.2: Polynomial interpolation of curve reported in [Mainguy et al., 2001]
valid for Sw > 0.3
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with ai materials parameters to be calibrated by �tting the experimental curve,
see �gure 6.2

For given initial and boundary conditions on the degree of saturation, the
solution of the nonlinear di�usion equation (6.45) provides the distribution of the
degree of saturation, in time and space. In the above di�usion model of water the
e�ect of salts present in the solution is neglected. This assumption is justi�ed by
the low in�uence that the salt concentration has on the capillary pressure [Samson
et al., 2005].

The degree of saturation is an intrinsic quantity of the material and represents
the ratio between the volume occupied by the liquid and the total volume of the
pore. Generally the boundary conditions are expressed in terms of relative humid-
ity de�ned as the ratio between the pressure of the vapor pv and the saturated
vapor pressure. The relationship between the degree of saturation and relative
humidity h can be formulated by Kelvin's Law

ρw
RT

Mv

ln(h) = pw (6.50)

where R = 8.3145 JK−1mol−1 is the universal gas constant, T is the absolute
temperature [K], Mv = 18.015 g/mol is the molar mass of water vapor and pw is
the capillary pressure expressed by the relation (6.47). In �gure 6.3 the relationship
between relative humidity and degree of saturation is shown for a concrete with the
capillarity curve reported in the �gure 6.1 and at temperature T = 293.15◦ K =
20◦ C

6.4 Unsaturated di�usion-reaction process

Let us denote by nsL = nsL(x, t) the molar concentration of sulfate in the solu-
tion, varying in space x and time t, and by ns = ns(x, t) the molar concentration
of sulfate referred to the unit material volume. In partially saturated media the
latter depends on the degree of saturation and the relation between the two con-
centrations reads

ns(x, t) = nsL(x, t)Sw(x, t)φ̃ (6.51)

The molar concentration nsL(x, t) can be computed taking into account the di�u-
sion process of sulfates within the pore solution and the consumption of sulfates
due to the ettringite formation, then the problem can be formulated at the repre-
sentative element volume level through a homogenized technique in terms of the
molar concentration ns, see [Samson et al., 2005], [Samson and Marchand, 2007].
The di�usion of sulfates within the homogenized material is driven by the gradient
of concentration and by the �uid movement under the e�ect of the water content
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Figure 6.3: Relationship between the degree of saturation and relative humidity
(T = 293.15◦ K)

gradient. This second advection term is not present in the fully saturated case.
The consumption of sulfates is modeled considering a second order reaction be-
tween sulfates and aluminates. Denoting by nc = nc(x, t) the molar concentration
of aluminates referred to the volume of the material, the evolution of both the
concentration of sulfates and aluminates is governed by the following system{

∂ns

∂t
− div

(
D̄sSwgrad

(
ns

Sw
)
)
−Dw

ns

Sw
gradSw

)
= −kncns

∂nc

∂t
= −k

q
ncns

(6.52)

In previous equation k is the rate of sulfates take up and D̄s is the coe�cient of
di�usion of the sulfates depending, for partially saturated media, on the degree
of saturation. When the material is unsaturated, the reduction in aqueous phase
volume decreases the di�usion properties; as in [Samson et al., 2005], the following
expression is assumed in this work

D̄s = DsS
7/3
w (6.53)

where Ds is the di�usion coe�cient for the saturated material.
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7
Numerical analyses

The constitutive model presented in previous chapters has been implemented in
an ad-hoc �nite element code developed in Matlab. The simulations has been
perform in two or three dimensions using constant strain triangles, axis-symmetric
3 nodes elements and constant strain tetrahedra. To validate the model proposed
we simulated the experimental concerning mortar and concrete samples a�ected by
ESA and mortar prism subject to ISA. The experimental data have ben taken both
from the literature ([Akpinar and Casanova, 2010], [Bouzabata et al., 2012]) and
the new campaign performed during the present work and described in Chapter 3.
Finally the model has been used to simulate the experimental data on a reduced
scale tunnel lining subject to ESA [Lei et al., 2013].

7.1 Weakly coupled numerical approach

The numerical solution of the problem is obtained by a weakly coupled numerical
approach whose algorithm is schematically shown in �gure 7.1. A moisture di�u-
sion analysis is performed to compute the degree of saturation distribution in space
and time. Then the chemical reaction-di�usion problem, governed by equations
(6.52), is solved to compute the evolution of the aluminates content and hence,
through equation (5.78), the reaction extent ξ̄. The degree of saturation and the
reaction extent are the input of the subsequent mechanical analysis which allows
to obtain strain, stress and damage. The weakly coupled approach greatly simpli-
�es the numerical solution and is justi�ed by two experimental based assumption.
First, the water consumption due to the reaction of ettringite formation does not
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Figure 7.1: Weakly coupled numerical approach

alter signi�cantly the degree of saturation, so that the moisture di�usion analysis is
independent from the reaction-di�usion analysis. Second, the saturation process
is generally very fast when compared to the kinetics of the reaction, thus often
saturates before cracks formation therefore the permeability can be assumed as
constant.

The time integration of the problem of di�usion-reaction was implemented with
a staggered iterative scheme. First the sulfate concentrations is computed from
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equation the �rs equation of system (6.52) considering the value of the concentra-
tion of the aluminates of the previous iteration, then the new value of aluminates
concentration is obtained from the second equation of system (6.52). This process
is repeated until the di�erence between the concentration at two subsequent iter-
ations are smaller than a given tolerance. The di�usion coe�cient of sulfate can
be kept constant over time or modi�ed to take account chemical damage.

The mechanical response of concrete is governed by the chemo-elastic consti-
tutive model with isotropic damage in tension and in compression proposed in
previous chapters.

7.2 ESA on mortar samples: simulation of experiments by

[Akpinar and Casanova, 2010]

The experimental campaign presented in [Akpinar and Casanova, 2010] was carried
out on mortar prism 2.5× 2.5× 8.5 cm3 fully immersed in sodium sulfate solution
(mass concentration 5%). Two di�erent types of cement were employed: one with
low content of aluminate (CEM I 52.5N / SR) and one with high content (CEM
I 52.5R). Numerical simulations of the transport process and of the mechanical
response were performed in 3D considering three symmetry planes. In the moisture
di�usion analysis the initial value of RH was assumed equal to 65%, corresponding
a degree of saturation Sw = 0.4 at T = 20◦C. The evolution of the degree of
saturation at di�erent exposure time (t = 20 days, 40 days, 60 days and 80 days)
in the central section of specimen is show in �gure 7.3. Figure 7.3 displays the
contour plots of the degree of saturation at di�erent time of one eight of the
specimen. The complete saturation of the specimen is reached at about 70 days.

Then the di�usion-reaction analysis was performed to evaluate changes in
chemical species within the material. A constant sodium sulfate concentration
is imposed at the outer surfaces and no �ux is allowed through the symmetry
planes. The initial concentration of equivalent aluminates are 100 mol/m3 for
CEM I 52.5N/SR and 200 mol/m3 for CEM I 52.5R. Figure 7.4 shows the evolu-
tion of molar concentration of sulfate and of ettringite at di�erent exposure time
(t = 60 days, 200 days, 400 days and 600 days).

The comparison between the results of the di�usion of moisture and the di�usion-
reaction of chemical species shows that the �rst process is much faster than the
second: after 60 days of immersion the specimen is almost fully saturated while
the reaction has still very little e�ect.

Figure 7.5 shows the comparison between the molar mass of calcium aluminate
computed in the case of material fully saturated material (sat) and in the case
of progressive saturation (ns) at di�erent times. In the case of material initially
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Figure 7.2: Evolution of the degree of saturation in the central section of the
specimen in times (the distance is taken from the external surface).

Figure 7.3: Evolution of the degree of saturation at di�erent times (t = 0; 20 days;
40 days; 60 days)

saturated the kinetics of reaction is faster, and therefore the consumption of alu-
minate is greater. The di�erence between the two cases is pronounced during the
�rst period. After complete saturation the di�erence progressively decreases.

The mechanical problem is solved by considering for mortar the elastic and
damage parameters reported in table 7.1
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Figure 7.4: Molar concentration of sulfate and ettringite in time

Elastic parameter Mechanical damage parameter Chemical parameter

E=27000 MPa at = 0.25 r1 = 45
ν = 0.2 bt = 4.3MPa r2=5.1
b=0.4; kt = 18.6MPa2 r3 = 1

D0p = 0.5 ω = 0.2
σe/σ0 = 0.6 β = 0.0

Table 7.1: Parameters used in the simulation of the experiments reported in
[Akpinar and Casanova, 2010]

In this problem mechanical damage only activates in tension, therefore only
the parameter de�ning ft are reported in table 7.1.

The patterns of damage reported in �gure 7.6 show that the chemical damage

93



CHAPTER 7. NUMERICAL ANALYSES

Figure 7.5: Molar concentration of aluminate at di�erent times; dashed lines:
saturated conditions, continuous lines: partially saturated conditions

of the material evolves only in the outer portion of material, in direct contact with
the solution, while the mechanical damage develops in the inner part in which the
state of stress is of prevailing tension. This is in agreement with the experimental
observations reported in chapter 2 in which it is shown as external cracking is
mainly due to the leaching while internal damage is due to the stress. Figure 7.7
show the comparison between the experimental points and the simulations of the
free expansion of specimens cast with cements with di�erent initial concentration
of calcium aluminates. After the �rst phase, in which the swelling is due to absorp-
tion of the water, there is a second phase of expansion caused by the formation
of ettringite. The simulations of the model correctly describe the experimental
behavior.

Figure 7.8 shows the comparison between the contour plot of the pressure at
600 days for the high aluminate content specimen computed by the present model
and the crystallization pressure pc computed by the equation proposed in [Yu et
al., 2013].

pc =
RT

Ve
ln

(
ns
neqs

)
(7.1)

where ns and n
eq
s are the current and equilibrium molar concentrations of sulfate.
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Figure 7.6: Mechanical and chemical damage on mortar prism at di�erent time
(t = 60 days; 200 days; 400 days; 600 days)
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Figure 7.7: Longitudinal deformation of mortar prism: experimental and numerical
comparison

Figure 7.8: Comparison between the pressure computed by equation (7.1) proposed
in [Yu et al., 2013] and by the present model
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7.3 ESA on fully immersed concrete samples

7.3.1 Cylindrical samples

The experimental campaign presented in chapter 3 of this thesis of fully immersed
cylinder has been simulated by the developed model and the result are collected
in this paragraph. The possibility to perform a separate preliminary experimental
identi�cation of many material parameters required for the numerical simulation
has allowed a signi�cantly reduction of arbitrariness in the choice of material pa-
rameters and hence has allowed for a real validation of the model developed in
present work. All the analyses are performed using triangular axisymmetric el-
ements. The water-di�usion parameter are �rst calibrated through the data ob-
tained in capillary tests conducted in a climatic chamber at constant temperature
and humidity (T = 20◦C and RH = 50%). The comparison between experimen-
tal measurement and simulation after material calibration are reported in �gure
7.9 in term of mass variation evolution in time. The same picture also shows the
contours plots of the degree of saturation at di�erent times.

Figure 7.9: Comparison between experiment and simulation of the capillary test

The parameters governing the problem of di�usion-reaction have been cali-
brated in a qualitative way through the pro�les of salt penetration obtained cut-
ting and drying the cube stored for 400 days in the 10% sodium sulfate solution.
Using a di�usion coe�cient for sulphates DS = 7.2 × 10−2mm2/days, a reaction
coe�cient k = 1.12× 10−4m3/(mol days) and a initial concentration of equivalent
aluminate nc(0) = 76mol/m3 the comparison in �gure 7.10 is obtained. The �g-
ures 7.11, 7.12 and 7.13 show the simulations of longitudinal and radial expansions
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Figure 7.10: Penetration front of sulfate after 400 days of immersion: numerical
solution and experimental pro�le

of the cylinders fully immersed in water, in 5% sodium sulfate solution and in 10%
sodium sulfate solution respectively. The only input data varied in numerical sim-
ulations is the sulfate concentration at the edges. The proposed model is able to
provide an estimate of the deformations in good agreement with the experimental
observations. In particular the in�uence of the sulfate concentration and the e�ect
of geometry on the di�erence between the longitudinal and radial deformation are
well simulated.

Figure 7.14 shows the pattern of damage calculated by the model on a cylinder
after 400 days of exposure in 10% sodium sulfate solution. The region most dam-
aged by tensile stress is near of the upper corner. This prediction is in agreement
with the experimental observation that shows large cracks in correspondence of
this region, see �g. 2.1 (b).
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Figure 7.11: Cylinders immersed in pure water. Time evolution of longitudinal
and radial deformation: experimental value on 4 specimens and model simulation

99



CHAPTER 7. NUMERICAL ANALYSES

Figure 7.12: Cylinders in 5% sodium sulfate solution. Time evolution of longi-
tudinal and radial deformation: experimental value on 4 specimens and model
simulation
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Figure 7.13: Cylinder ins 10% sodium sulfate solution. Time evolution of lon-
gitudinal and radial deformation: experimental value on 4 specimens and model
simulation
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Figure 7.14: Chemical, mechanical (traction) and total damage in a cylinder im-
mersed in a 10% sodium sulfate solution
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7.3.2 Prismatic samples

As a further validation, also the experimental results obtained on the prisms,
cast with a more reactive cement, have been simulated by the present model. In
particular the free expansion tests of prismatic specimens totally immersed in water
and sodium sulfate solution at molar concentration 10% have been considered.
The mechanical parameters used in numerical simulation are the same of section
7.3.1. The initial concentration of equivalent aluminates are nc(0) = 96mol/m3.
These parameters have been changed to take into account the di�erent chemical
properties of cement.

Figure 7.15 shows the comparison between the experimental and numerical
predicted evolution of transversal and longitudinal deformation for specimens im-
mersed in pure water, while �gure 7.16 shows the same comparison for specimen
fully immersed in 10% sodium sulfate. A good agreement is obtained in all cases.
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Figure 7.15: Transversal and longitudinal deformation of prism fully immersed in
water
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Figure 7.16: Transversal and longitudinal deformation of prisms fully immersed in
10% sodium sulfate solution
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7.4 ESA on partially immersed Prisms

In this chapter the simulation of longitudinal and radial deformation of partially
immersed prism reported in chapter 3 are perform. The prism are immersed in
water and in 10% sodium sulfate solution for half height and stored in climatic
chamber at constant humidity and temperature (RH = 90%, T = 20◦C). These
prisms has been cast in the same time of the totally immersed prisms, thus the
same parameters are used in the numerical simulations.

Figures 7.17 and 7.18 show the comparison between experimental and nu-
merically predicted evolution of longitudinal deformation and of bottom and top
transversal deformation for specimens partially immersed in sodium sulfate solu-
tion.

Figure 7.17: Prisms partially immersed in 10% sodium sulfate solution. Time
evolution of longitudinal deformations: experimental mean value on 2 specimens
and model simulations

In all case the model can predict the response of material: the transversal de-
formation of top point is not appreciably in�uenced by the chemical reactions and
the overall e�ect is mainly due to the water imbibition, the transversal deformation
of the bottom point is appreciably in�uenced by the reaction so much so is quite
similar to the same observed in the total immersed prisms, the rate of longitudinal
deformation is intermediate respect the two transversal deformation and it is due
to the fact that the reacted and un-reacted part in this direction are connected in
series.
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Figure 7.18: Prisms partially immersed in 10% sodium sulfate solution. Time
evolution of top and bottom transversal deformations: experimental mean value
on 2 specimens and model simulations
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7.5 ISA on restrained mortar samples: simulation of experi-

ments by [Bouzabata et al., 2012]

In this section the experimental tests presented in [Bouzabata et al., 2012] are
simulated. Those tests were performed on mortar prism in which 3.1% of Na2SO4

was added to the mixture water. The experiments have been conducted on prism
40mm × 40mm × 160mm with water concrete ratio a/c = 0.55.

After casting some specimens were subjected to a heat treatment consisting of
a �rst step at the temperature 20◦C for 1h, a second heating step from 20◦C to
80◦C in 4 h, a third step at constant temperature of 80◦C for 10 h and a fourth
stage of cooling up to 20◦C in 10 h. The samples were cured in steam chamber
within metal mold and covered by plastic sheets to prevent water evaporation. In
addition another set of samples was stored at a constant temperature of 20◦C.
After the thermal process, all the specimens were stored in plastic �lm at 20◦C for
28 days.

After 28 days of curing the specimens have been inserted in a constraint device
consisting of two steel plates connected by four stainless steel bars. In order to
obtain two di�erent levels of constraint bars with di�erent diameter have been
used:2mm (4D2) and 5mm (4D5).

In this case an internal sulfate attack occurs, the sulfate concentration is ho-
mogeneous in space and varies in time due to the reaction with the aluminates.
The comparisons between the experimental curves and numerical simulations are
shown in �gures 7.20 and 7.21 in terms of radial and longitudinal strains in dif-
ferent constrain conditions: free expansion, four restrain bars � = 2mm, four
restrain bars � = 5mm). With increasing diameter of the steel bars there is a
reduction of the longitudinal deformation and a small increase of the radial one.

The model is able to correctly simulate the reduction of the asymptotic longitu-
dinal expansion due to the compressive stress acting on the restrained specimens.
The real strain evolution at early stages of the reaction is smoother than the one
predicted by the model. This is could be due to the fact that the material in inho-
mogeneous at the mesoscale and thus the reaction does not start simultaneously
in all points of the specimen. Moreover, the chemical reactions leading to delayed
ettringite formation in ISA are not exatly the same of those characterizing ESA,
therefore kinetic is be di�erent.

The compressive strength of material not subject to degradation phenomena
increases over time due to the hydration. On the contrary the compressive strength
of mortar subject to sulfate attack decreases in time due to leaching and cracking
in a �rst phase. The a limited increase due to the progress of hydration is ob-
served, see the experiment present in �gure 7.22. The model correctly describes
the decrease while the consequent increase for hydration is non considered, see
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Figure 7.19: Constraint device used in [Bouzabata et al., 2012]

continuous line in �gure 7.22.
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Figure 7.20: Transversal deformation of constrained mortar prisms a�ected by ISA

Figure 7.21: Longitudinal deformation of constrained mortars prisms a�ected by
ISA
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Figure 7.22: Normalized strength of mortar prisms a�ected by ISA
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7.6 Tunnel subject to ESA

Tunnels for transport infrastructures or for hydroelectric plants are a typical class
of structures often placed in contact with aggressive soils and therefore subject
to external sulfate attack. A signi�cant example, reported in [Lei et al., 2013], is
represented by the Chengdu-Kunming railway in China, where numerous tunnels
built in 1960s and 1970s exhibit a severe damage, mainly due to sulfate attack.

Field investigations showed that the sulfate anions entered in the tunnel lining
and caused damage by erosion and spalling. The penetration of sulfates was very
fast, as the concrete used for the realization of these structures has low strength
and high porosity.

In [Lei et al., 2013] an experimental campaign aimed to study the mechanical
response in time of these tunnels is presented. Some reduced scale models have
been cast and placed in an arti�cial environment test system constituted by a box
�lled with soil and closed at the top by a steel plate, on which di�erent values of
mechanical loads were applied, see Fig. 7.23. Inside the tunnel a temperature of
25◦C and a relative humidity of 80% were �xed. A 5% sodium sulfate solution
was periodically injected into the soil in order to produce the sulfate attack in the
tunnel lining. The tests were performed by imposing di�erent constant vertical
loads and evaluating the displacements of the vault and of other characteristic
points of the lining. We have simulated these tests by the proposed approach,
considering a plane strain approximation of the tunnel-soil-box system.

Figure 7.24 shows the comparison between the experimental and numerical
values of the vault settlement at di�erent load levels. The symbols represent the
experimental values periodically measured on the scaled model at di�erent load
levels while the solid lines are the results of the simulation. The numerical results
are in good agreement with the experimental observations for values of external
load q = 160kN and q = 190kN . For higher loads the results provided by the
model, though qualitatively consistent, are less accurate when compared with the
measured values. We note, however, that at these loads the experimental values
are more dispersed.

Figure 7.25 shows the comparison in terms of displacements of characteristic
points of the vault and of the �anks of the tunnel after 6 months of exposure and
for di�erent load levels. The comparison between the results of simulations and
the experimental observations is, also in this case, reasonably good especially for
low load levels.

After two months of exposure, the experimental tests already showed the ap-
pearance of cracked areas with some spalling in about the 10% of the lining surface,
mainly concentrated in the upper part of the vault. After six months, a very large
degraded area was observed.
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Figure 7.23: Geometry of the reduced scale 1:10 model of the tunnel lining struc-
ture tested in [Lei et al., 2013], (measures in [cm]).

The model proposed in this thesis qualitatively accounts for these phenomena
by damage evolution. Figure 7.26 shows the contour plots of the chemical and
mechanical damage in tension and compression after 2 and 6 months, for the test
with 240kN . It can be observed that the chemical damage progressively develops,
starting from the surface in contact with the aggressive soil and then spreads
through the whole thickness of the tunnel. The mechanical damage in tension
concentrates at the upper part of the vault and reaches high values already after
2 months of exposure. Another highly damaged part develops at the interface
between concrete and soil at one third of the arch. The mechanical damage in
compression is very limited, less than 0.06 in the whole structure. Figure 7.27
reports the evolution of the overall sti�ness reduction, accounting for both chemical
and mechanical damage of the measurements points indicated in �gure 7.25. The
high value, close to 1, at the upper point of the vault simulates in the present
continuous approach the real crack formation.
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Figure 7.24: Comparison between experimental (symbols) and numerical (contin-
uous lines) evolution in time of vault settlements

Figure 7.25: Comparison between the experimental and numerical displacement
of the vault
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Figure 7.26: Pattern of chemical and mechanical damage in tension and compres-
sion after two and six months of exposure, external load of 240kN .
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Figure 7.27: Evolution of the overall damage of the measurements points, load of
240kN .
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8
Concluding remarks

and further developments

In this work an experimental, theoretical and numerical study of the mechanical
e�ect of sulfate attack in concrete is presented.

During the experimental campaign presented in chapter 3 a wide number of
specimens in concrete have been subjected to external sulfate attack in di�erent
conditions of exposure. The evolution of the phenomenon has been periodically
monitored through various measurements of weight, of length variations and of
ultrasonic wave propagation. In addition, after 400 days of exposure, a series of
chemical and physical test (depth of salts penetration, porosimetry and XRD/EDS
observations) have been performed to identify the e�ect of the reactions inside
the material. Through this experimental campaign we have obtained signi�cant
data concerning the behavior of two di�erent types of concrete subject to external
sulfate attack. At di�erence from the majority of the experimental data available in
the scienti�c literature which concern mortar specimens, in the present campaign
two structural concretes, with maximum aggregate size of 32 mm and 16 mm,
respectively, have been used. This allows to obtain reliable data for the calibration
of a model intended to describe the behavior of concrete structures subject to
sulfate attack.

The measurements carried out on the di�erent samples have shown how the
exposure conditions, the chemical properties of the cement and the geometry of
the sample play a key role in the overall mechanical response. The e�ect of the
geometry of the sample in the case of ESA and of the molar concentration of
sodium sulfate in solution is well represented by the time evolution of deformation
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of the fully immersed cylinders. In fact, the ratio between the length of the reactive
external layer and the total length in the radial direction is higher than the same
ratio in longitudinal direction. This leads to radial deformations higher than the
longitudinal one. Also the e�ect of the sulfate concentration in solution is crucial:
the cylinders stored in the 5% sodium sulfate solution show a deformation, both in
the radial and longitudinal directions, appreciably lower than those stored in the
10% sodium sulfate solution. The same trend can be found on the mean level of
damage on the material evaluated through the propagation time of the ultrasonic
waves which is higher in the �rst case.

As for the theoretical and numerical description of sulfate attack, two di�er-
ent models have been developed and implemented in the present work. The �rs
model is a bi-phase chemo-elastic damage model for the description of the mechan-
ical response in fully saturated conditions. In the context of the Biot's theory of
porous media, the concrete subject to sulfate attack is represented as a continuous
medium consisting of two phases: the solid skeleton of concrete and the expansive
products of the reaction. In this formulation, in line of the models proposed in
[Comi et al., 2009] and [Pignatelli et al., 2013] for the concrete subject to alkali-
silica reaction, a new model based on two kinds of damage is introduced. An
internal variable of chemical damage describes the leaching of hydration products
(calcium silicate hydrate and calcium hydroxide) and two internal variable of me-
chanical damage describe the degradation due to the state of stress (tension and
compression) caused by the expansion of the reaction products and/or by the ex-
ternal loads. The evolution of the phenomenon and the macroscopic e�ects on the
material depend of the rate of ettringite produced during the reactions. A proper
di�usive-reactive model, based on mass balances, is formulated and implemented
for the simulation of the sulfate di�usion and the aluminate depletion. The quan-
tity of ettringite produced during the reactions is directly related to the amount
of aluminates consumed.

The second model is based on a three-phase formulation and allow to consider
partially saturated conditions. The description of moisture di�usion is performed
through a simpli�ed model presented in [Mainguy et al., 2001] and valid in the
case of weakly permeable materials. Also the di�usion-reaction model is properly
modi�ed for take in account the e�ect of partially saturated conditions. The
mechanical e�ect of water imbibition is modeled by a internal pressure computed
by direct integration of capillary curve. This new model e�ectively predicts not
only the overall expansion due to the chemical reactions but also the real pore
pressure arising within the material. A weakly coupled approach for the analysis
of concrete structures subject to SA has been proposed and implemented in a �nite
element code fully developed in Matlab. Several di�erent tests taken from the
literature as well as those obtained in this work have been numerically simulated:
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a good agreement has been obtained in all cases.

Future developments

The experimental data considered in this thesis and the numerical simulation are
limited to concrete and mortar specimen and small scale structures subject to sul-
fate attack in laboratory conditions. An interesting development of the present
work consists in the study of the response of real structures (dams, tunnels, un-
derground storage structures) under sulfate attack. The main problem is to �nd
complete monitored data on real structures subject to sulfate attack. Moreover
often the SA is accompanied by other deleterious chemical reaction like e.g. the
alkali-silica reaction or by other physical degradation phenomena as in the case of
freeze than cycles.

A further very important aspect for engineering applications consists in the
development of identi�cation techniques allowing to extract, from available moni-
toring data, the material parameters to be used in a numerical analysis to predict
the subsequent structural behavior and to perform a reliable safety assessment
analysis.

Another important development of the present work consists in the introduction
of non-local strategy for damage regularization.
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