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A chemo-mechanical model for biogenic sulphide corrosion of concrete 
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A B S T R A C T   

A chemo-mechanical model is presented for the simulation of biogenic sulphide corrosion in concrete sewer 
pipes. The chemical model is formulated in terms of a system of coupled diffusion-reaction equations, which 
describe the processes of calcium hydroxide dissolution, calcium silicate hydrate dissolution and gypsum for-
mation. The chemical problem is two-way coupled with a mechanical model that captures the damage processes 
caused by mechanical deformations, calcium silicate hydrate dissolution and gypsum formation. A set of nu-
merical analyses illustrates that the model realistically simulates the growth of a gypsum corrosion layer and the 
consequent damage development in the concrete material. A validation experiment is performed that mimics the 
chemical process of biogenic sulphide corrosion, from which it is confirmed that the chemo-mechanical model 
adequately simulates both the shape of the experimental corrosion profile and the square root time development 
of the corrosion depth.   

1. Introduction 

The assessment of the durability of concrete structures in civil en-
gineering applications requires a thorough understanding of the un-
derlying chemo-mechanical degradation processes. In aggressive 
chemical environments, concrete degradation may be promoted by the 
reaction of sulphates with the hydrated cement paste [1–4], or by alkali- 
silica reactions between reactive siliceous aggregates and the alkaline 
pore solution in hardened concrete [5,6]. In both cases the reaction 
products induce expansive strains in the concrete material, which may 
trigger micro-crack initiation and propagation. Another relevant chemo- 
mechanical damage process in concrete is carbonation, which is asso-
ciated to the formation of calcium carbonates due to the reaction of 
carbon dioxide with the hydrated cement paste [7,8]. This mechanism 
not only contributes to concrete degradation, but also promotes corro-
sion of the steel reinforcement. 

The present work particularly focuses on biogenic sulphide corrosion 
[1,8–12], which is a specific type of sulphate attack occurring in con-
crete sewer systems [13]. Under anaerobic conditions, the sulphur 
present in the wastewater is reduced by sulphate-reducing bacteria to 
hydrogen sulphide gas. This gas is released from the wastewater into the 
sewer atmosphere, whereby it makes contact with the wet inner surface 
in the head space of the concrete pipe, i.e., the space above the waste-
water level, and subsequently dissolves into ionic species. In the 

presence of sulphur-oxidizing aerobic bacteria, the dissolved hydrogen 
sulphide species oxidize to sulphuric acid, potentially leading to a drop 
in pH level. Sulphuric acid further reacts with calcium hydroxide present 
in the hydrated cement of the sewer pipe to form gypsum and ettringite. 
The newly formed compounds have lower mechanical properties 
compared to the cement paste, and may further undergo an expansive 
strain that potentially causes cracking and spallation in the cement- 
based matrix, as well as the loss of aggregates. The rate at which the 
biogenic sulphide deterioration process takes place is dependent on 
various factors, which are the concentration of sulphate ions, the 
amount and type of bacteria, the ambient temperature, the cement type, 
the water-cement ratio, the porosity, and the presence of admixtures 
[14,15]. In addition, biogenic sulphide corrosion may increase the 
porosity and permeability of concrete, thereby enhancing other chemi-
cally related damage processes, such as the ingress of aggressive ions, 
e.g., chloride [16]. The understanding of the chemical reactions gov-
erning the biogenic sulphide corrosion process and the prediction of 
their interaction with the mechanical behaviour of concrete are thus 
essential for the design and assessment of sewage infrastructures. 

The process of biogenic sulphide corrosion in concrete sewer pipes 
has been studied in the literature by considering three main aspects 
[17], which are i) the chemical reactions governing the process, such as 
the kinetics of the hydrogen sulphide dissolution and oxidation pro-
cesses leading to the formation of sulphuric acid [4,9,18–20], ii) the 
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influence of the sulphate-reducing and sulphur-oxidizing bacteria on the 
production of sulphuric acid, including their growth kinetics [21–24], 
and iii) the relation between sulphuric acid formation and concrete 
corrosion [25–28]. This latter aspect, which is considered as the most 
relevant for assessing the risk of pipe failure, is usually analysed by 
means of experimental testing, through creating a harsh environment 
under laboratory conditions [26–28] or under in-situ conditions 
[12,29,30]. Accordingly, the sulphuric acid concentration is measured 
and related to specific material characteristics of the concrete, such as 
the compressive strength, porosity, weight loss, etc. Despite the rele-
vance of such analyses, the variability in material properties and envi-
ronmental conditions makes that experimental studies performed for 
understanding the chemo-mechanical mechanisms of concrete under 
biochemical degradation are generally extensive, and therefore time- 
consuming to perform. The efficiency of experimental studies may be 
substantially enhanced by incorporating insights and input from 
modelling studies, but to this date only a few works were dedicated to 
the modelling of biogenic degradation of concrete. In particular, in [31] 
a diffusion-reaction model has been proposed that simulates a bio-
leaching process in Portland cement due to different types of biogenic 
organic acids. The chemical effects of the biogenic organic acids are 
studied in detail, and the simulation results are used for estimating the 
process of cement degradation. In [32], a comprehensive framework for 
the modelling of biogenic sulphide corrosion has been formulated, based 
on a set of coupled diffusion-reaction equations describing the bacteria- 
mediated sulphuric acid production and the consequent chemical spe-
cies that may induce degradation processes in concrete. However, both 
modelling studies focus purely on the chemical processes, whereby the 
degradation of concrete is deduced from the chemical behaviour, 
through estimating the concrete corrosion depth from the thickness of 
the region in which calcium hydroxide has dissolved [31] or gypsum has 
formed [32]. 

In the present paper, a computational modelling framework is pro-
posed that can be used for simulating the coupled chemo-mechanical 
behaviour of concrete sewer pipes under biogenic sulphide corrosion. 
The process of biogenic sulphide corrosion is modelled by considering a 
source of sulphuric acid that is produced by sulphur-oxidizing bacteria, 
which gets into contact with the inner surface of a concrete sewer pipe. 
The consequent chemical processes are described in terms of a set of 
diffusion-reaction equations, which include the reactions of calcium 
hydroxide dissolution, calcium silicate hydrate dissolution and gypsum 
formation, as well as the corresponding diffusion-reaction processes of 
the associated ionic species. The diffusion-reaction equations are 
coupled with a continuum damage model that describes the process of 
material degradation up to complete failure. One coupling between the 
chemical and mechanical fields is realised through the definition of a 
chemically-induced growth strain, which determines the expansion ef-
fect by gypsum formation on the stresses generated in the concrete. 
Another coupling follows from the introduction of a chemical damage 
variable that quantifies the degradation of concrete as a result of calcium 
silicate hydrate dissolution. Since the presence of damage promotes the 
diffusion of chemical species (i.e., damage-enhanced diffusion), the 
diffusion coefficients of the chemical processes are prescribed to be a 
function of the generated material damage, by which the model 
formulation becomes two-way coupled. 

The chemo-mechanical model is implemented within a finite 
element framework, whereby the numerical update procedure of the 
coupled chemical and mechanical problems is performed in a so-called 
segregated fashion. Accordingly, at each individual time increment the 
individual chemical and mechanical equations are successively solved 
iteratively, until the complete system of equations has converged within 
a small, predefined tolerance. The inclusion of a relatively large number 
of chemical equations and the two-way coupling between the chemical 

and mechanical fields make the present numerical framework signifi-
cantly different from other numerical approaches proposed for the 
simulation of concrete degradation, such as those developed for 
modelling degradation by carbonation [33,34], alkali-silicate reactions 
[35–38] and external sulphate attacks [39–44]. Consequently, the spe-
cific features, robustness and accuracy of the present numerical frame-
work may stimulate the extension and refinement of alternative 
degradation models for concrete, as well as of coupled chemo- 
mechanical models proposed for other applications [45–49]. The 
model predictions are validated by performing dedicated laboratory 
experiments on cuboidal concrete specimens exposed to a sulphuric acid 
solution over different time periods, which mimics the temporal devel-
opment of biogenic sulphide corrosion in concrete sewer pipes. 

The content of the paper is organized as follows. In Section 2 an 
overview is presented of the chemical reactions governing the process of 
biogenic sulphide corrosion. Section 3 describes the chemo-mechanical 
modelling framework, by specifying the diffusion-reaction equations, 
the mechanical model and the coupling terms between the two physical 
processes. The numerical solution procedure, the material parameters, 
and the initial-boundary value problems studied are described in Section 
4. Section 5 contains the numerical results of the boundary value 
problems, and a variation study is presented that considers the influence 
of the diffusion coefficient and the chemical growth strain on the 
biogenic sulphide corrosion process. Subsequently, in Section 6 the re-
sults of the coupled model are validated against experimental results. 
Finally, Section 7 summarizes the main conclusions of the study. 

2. Review of the chemistry of biogenic sulphide corrosion 

Biogenic sulphide corrosion is an important chemo-mechanical 
degradation mechanism for concrete sewerage infrastructures. The un-
reinforced concrete used for these applications may be characterized as 
a multi-phase material, comprising particle aggregates embedded in a 
porous cement paste. The porous cement paste is composed of a solid 
phase and capillary pores that may be filled with water. The solid phase 
typically consists of amorphous calcium silicate hydrate (CSH), crys-
talline calcium hydroxide (CH), unhydrated phases from the dry cement 
mixture, gypsum (CSH2) and more complex crystal phases, such as 
ettringite (AFt) and monosulfate (AFm). Table 1 summarizes the mineral 
phases present in cement, together with the corresponding chemical 
formulas and symbols commonly adopted in cement chemistry notation, 
which will be used throughout this paper. The mechanical properties of 
cement, such as the strength and fracture toughness, are largely attrib-
utable to the calcium silicate hydrate gel [50,51]. Calcium hydroxide is a 
salt-like material that affects the porosity of the system and only has a 
slight influence on the mechanical behaviour [17,26]. The additional 
constituents (gypsum, ettringite, unreacted phases) do not contribute to 
the strength properties directly, but may influence the chemical 
behaviour of concrete. 

Table 1 
Mineral phases present in cement, corresponding chemical formulas, and ab-
breviations used in cement chemistry notation.  

Mineral phase Chemical formula Cement chemistry 
notation 

Calcium hydroxide Ca(OH)2 CH 
Calcium silicate 

hydrates 
xCaO⋅SiO2⋅yH2O CSH 

Gypsum CaSO4⋅2H2O CSH2 

Ettringite 3(CaO)⋅((Al2/Fe2)O3)⋅3(CaSO4)⋅ 
32H2O 

AFt 

Monosulfate 3(CaO)⋅((Al2/Fe2)O3)⋅(CaSO4)⋅ 
xH2O 

AFm  

F.A.M. Rooyackers et al.                                                                                                                                                                                                                      
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The process of biogenic sulphide corrosion is schematically shown in 
Fig. 1, and is described as follows. The sewerage environment may be 
rich in sulphur compounds. In anaerobic conditions, sulphate-reducing 
bacteria are able to reduce the sulphur compounds present in the 
wastewater into hydrogen sulphide gas (H2S). This gas is released from 
the wastewater into the sewer atmosphere and then makes contact with 
the wet inner surface in the head space of the pipe, from which it is 
dissolved into ionic species, i.e., bisulphide (HS− ) and hydrogen ions 
(H+). In the presence of sulphur-oxidizing bacteria, the dissolved 
hydrogen sulphide species are converted into sulphuric acid (H2SO4) 
[1,9,10,26]. Sulphuric acid may diffuse into the porous structure of the 
cement matrix, where it reacts with the dissolved constituents of the 
hydrated cement paste, resulting in the formation of gypsum (CSH2) and 
ettringite (AFt) [4]. This chemical process affects the mechanical resis-
tance of concrete for two reasons. First, gypsum and ettringite form a 
porous corrosion layer with inferior mechanical properties compared to 
the original cement paste [26]. Second, the expansive nature of these 
reaction products induces tensile stresses in the remaining, intact 
cement paste [4,52,53]. If these stresses reach the tensile strength of the 
cement paste, they may lead to the initiation and propagation of micro- 
cracks [17]. The net effect of these two aspects is that the amount of 
undamaged concrete material across the wall thickness of a sewer pipe 
reduces, which can have serious consequences for the structural load 
bearing capacity of the pipe. As demonstrated in a recent experimental- 
numerical study [54], a reduction of 20% of the concrete wall thickness 
may already reduce the load bearing capacity of a sewer pipe by 
approximately 40%. Hence, it is important to obtain a thorough un-
derstanding of the process of biogenic sulphide corrosion and the 
consequent degradation of concrete. The chemical reaction equations 
modelling this process are reviewed in the subsections below. Specif-
ically, Section 2.1 presents the dissolution process of calcium hydroxide, 
Section 2.2 treats the production of hydrogen sulphide gas, Section 2.3 
discusses the transport of hydrogen sulphide, in Section 2.4 the sul-
phuric acid production is outlined, and finally in Section 2.5 the 
chemical reactions within cement are presented. 

2.1. Dissolution of calcium hydroxide 

In the head space of a sewer pipe the temperature difference between 
the relatively cold concrete and the air, which is heated by the sewage, 
typically leads to the condensation of a thin moisture layer at the inner 
surface of the pipe. The porous nature of cement allows for penetration 
and diffusion of water and other dissolved chemical species [2,4]. The 
moisture present in the cement pores saturates a small portion of the 
concrete [55] and acts as the medium for the chemical reactions of 
sulphide corrosion. In the first stage of this process, the solid phase of 

calcium hydroxide, CH, dissolves into calcium (Ca2+) and hydroxide 
(OH− ) ions, until the solution in the moisture layer is in chemical 
equilibrium1 [56]. This process is described by the reversible reaction: 

CH (s) ⇌ Ca2+ (aq)+ 2OH− (aq), (1)  

where (s) and (aq) indicate that the species respectively are solid and 
dissolved in an aqueous solution. The large amounts of hydroxide 
released by the dissolution of CH results into a highly alkaline pore so-
lution characterized by a pH of approximately 12 [57–60]. Due to the 
high alkalinity, during this initial stage almost no organisms are able to 
grow in the moisture layer [19,21]. 

2.2. Production of hydrogen sulphide gas 

The sewage in a sewer system is rich in bacteria and contains an 
enormous variety of chemical compounds. In particular, under anaer-
obic conditions sulphate-reducing bacteria are able to grow in the 
sewage and in the slime layers of the wastewater [61,62]. Bacteria of the 
genus Desulfovibrio favour an environment with high concentrations of 
organic material and are able to decompose complex sulphur based 
compounds into hydrogen sulphide (H2S) [12,17]. Other types of bac-
teria may additionally produce sulphides (S2− ) and sulphates (SO4

2− ), 
which can also react with dissolved hydrogen ions (H+) and other 
chemical compounds present in the sewage to form H2S [63]. In prin-
ciple, H2S may dissolve in the sewage, although this process is not 
common, due to the acidity of the wastewater and the poor solubility of 
H2S [9,12,19,29]. Therefore, H2S is more frequently released from the 
sewage in a gaseous phase, whereby it enters the head space of the pipe. 
Note that the conditions for hydrogen sulphide formation are strongly 
dependent on sulphate concentrations and oxygen levels in the waste-
water [19,29]. If these are insufficient, bacteria are unable to grow, and 
therefore can not convert enough sulphate containing compounds into 
H2S. This hampers the formation of sulphuric acid at a later stage. 

2.3. Hydrogen sulphide transport 

As mentioned, a temperature difference is present in the head space 
of the sewer pipe between the inner pipe surface and the air. Due to the 
airflow originating from this temperature difference, the gaseous H2S is 
driven towards the inner surface of the pipe. The thin moisture layer that 
covers the inner surface has a relatively high pH (≈12), which results 

Fig. 1. Schematic representation of the process of biogenic sulphide corrosion in concrete sewer systems. (a) Hydrogen sulphide gas (H2S) is formed from sulphur 
compounds present in the wastewater, and is subsequently released into the head space of the sewer pipe. (b) Hydrogen sulphide gas reaches the thin moisture layer 
present at the inner surface of the sewer pipe, whereby it dissolves into ionic species HS− and H+. (c) The dissolved hydrogen sulphide species are converted into 
sulphuric acid (H2SO4) by bacteria, as indicated by the yellow color, which may diffuse into the porous structure of cement. (d) Sulphuric acid reacts with cement to 
form gypsum (CSH2) and ettringite (AFt), as indicated by the red color, which may lead to the formation of micro-cracks and damage in the concrete pipe. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

1 Chemical equilibrium occurs when the rate of the forward reaction equals 
the rate of the reverse reaction. Under this condition, all reactant and product 
concentrations remain constant. 
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from the dissolution of CH. The high pH value promotes the partial 
dissolution of H2S, in accordance with the reversible chemical reaction: 

H2S (g) ⇌ HS− (aq) + H+ (aq), (2)  

with (g) indicating a chemical species in a gaseous state. 
The pH level of the moisture layer gradually drops when time de-

velops, which stimulates biogenic sulphide corrosion. The drop in pH 
level is due to the dissolution of H2S, which increases the concentration 
of hydrogen ions (H+), as well as the carbonation process [8,19,60]. In 
addition to its influence on the pH level, the role of H2S dissolution to 
biogenic sulphide corrosion is to provide bisulphide (HS− ) to the 
moisture layer, which will further contribute to sulphuric acid forma-
tion. The dissolution of H2S is non-uniform along the pipe circumfer-
ence; it is typically the largest at the crown of the pipe, locally leading to 
the highest corrosion rate [25,29,64]. Additionally, the tidal zones of the 
pipe may show severe signs of corrosion; this is due to the variation of 
the wastewater level, which causes nutrients for bacteria to be broadly 
available at these locations, such that the formation of H2S is locally 
enhanced [11,25,59]. 

2.4. Sulphuric acid production 

When the pH in the moisture layer and the pore solution close to the 
inner pipe surface has reached a value of approximately 9, micro- 
organisms are able to grow [12,19,21,23]. The most relevant micro- 
organisms contributing to the formation of sulphuric acid (H2SO4) are 
the bacteria of the genus Theooxidans [1] and fungi [10]. These organ-
isms are able to oxidize the bisulphide (HS− ) originating from the dis-
solvement of H2S to H2SO4. The resulting sulphuric acid in turn dissolves 
in the moisture layer into its composite ions, sulphate (SO4

2− ), hydrogen 
sulphate (HSO4

− ) and H+, as described by the following two reversible 
chemical reactions: 

H2SO4 (g) ⇌ HSO−
4 (aq) + H+ (aq),

HSO−
4 (aq) ⇌ SO2−

4 (aq) + H+ (aq).
(3) 

The rate of sulphuric acid production is generally controlled by the 
amount and activity of sulphur-oxidizing bacteria, as dependent on the 
pH level, the content of sulphur sources in the wastewater and the 
temperature [32]. For simplicity, in the present model the rate of sul-
phuric acid production is assumed to be directly prescribed by the pH 
level. A more detailed dependence of the sulphuric acid concentration 
on the micro-biological characteristics of the process requires, for 
example, a relation between the pH level and the activity of the sulphur- 
oxidizing bacteria, such as proposed in [21]. Despite the above 
assumption, in the forthcoming the process is denoted as biogenic sul-
phide corrosion, in order to emphasize that the sulphuric acid attack 
considered in the model is supposed to have a micro-biological origin. 

2.5. Chemical reactions within cement 

The sulphate ions and the hydrogen sulphate ions resulting from 
sulphuric acid dissolution, Eq. (3), may diffuse in the solution filling the 
porous cement structure. Here, sulphate SO4

2− ions react with the cal-
cium Ca2+ ions originating from the calcium hydroxide dissolution, see 
Eq. (1), to form gypsum, in correspondence with the reversible chemical 
reaction: 

Ca2+ (aq) + SO2−
4 (aq) ⇌ CSH2 (s). (4) 

If the concentrations of the involved chemical species are such that 
solubility equilibrium2 is reached, gypsum precipitates [65]. Due to its 

expansive nature, gypsum precipitation introduces mechanical strains 
(and thus stresses) in the concrete sewer system [4,17]. When these 
stresses reach the tensile strength of the cement material, micro-cracks 
are generated that reduce the mechanical resistance of the sewer sys-
tem [4,52,66]. Additionally, when gypsum precipitates, the chemical 
equilibrium of CH is altered, promoting CH dissolution (at a constant pH 
value). Dissolution of CH typically leads to an increase of the porosity of 
the cement paste [51]. 

Gypsum formation and precipitation affect the diffusive properties of 
the system. In this regard, two different interpretations are proposed in 
the literature [2,17]. First, the increased porosity associated to CH 
dissolution together with the formation of a micro-crack network may 
promote a faster diffusion of the chemical agents within the porous 
cement structure [26,67,68]. Second, if gypsum precipitates, it may fill 
up the pore structure, which hampers additional diffusion of moisture 
[69–71]. In the present work the first interpretation will be followed, 
i.e., gypsum formation and precipitation are associated with an increase 
in the diffusivity of the system. 

When in a specific region CH is depleted as a result of gypsum for-
mation, the local pH value starts to drop, which disturbs the chemical 
equilibrium of CSH [58]. Note from Table 1 that the stoichiometry of 
CSH is non-univocal, which makes it challenging to determine the 
dissolution process of this chemical component. In the literature, 
different models are proposed for describing the dissolution process of 
CSH, see e.g., [72,73]. In most models the dissolution of CSH is assumed 
to be dependent on the calcium-to‑silicon molar ratio [72,74,75]. 
Further, a decomposition between the CH and the CSH phases is 
assumed, with the latter phase considered to remain hydrated and the 
former phase supposed to further dissolve into ions. In addition to these 
assumptions, the CSH gel is here supposed to be fully formed by a 
complex chemical reaction of cement clinker with water, and thus 
cannot be created from its dissolved ionic constituents. Hence, the 
chemical dissolution of CSH is considered as an irreversible reaction 
process, which is described in correspondence with Berner's model [72]: 

CSH (s) → Ca2+ (aq)+ 2OH− (aq) + SiO2 (s). (5)  

The hypothesis made here is that the calcium-to‑silicon molar ratio re-
mains constant and equals 1.7, as representative for fresh cement 
[72,76,77]. 

The dissolution of CSH leads to a decrease of the overall strength of 
concrete. Moreover, in accordance with Eqs. (4) and (5), the region in 
which the cement paste is heavily corroded is characterized by the 
dominant presence of gypsum and silica, resulting in a limited strength 
and a low adherence for retaining the aggregates. This corrosive layer 
typically develops inwardly from the inner surface of the concrete sewer 
pipe [52,66,71]. 

Finally, in the presence of aluminate sources, gypsum crystals may 
further react to form secondary ettringites. The formation of ettringite is 
associated to larger expansive strains compared to those introduced by 
gypsum precipitation [4,17], which may generate additional damage in 
the adjacent cement paste. However, ettringite formation does not 
involve additional CSH dissolution. Moreover, ettringites are chemically 
unstable in acidic environments and dissolve relatively fast, especially in 
advanced stages of biogenic sulphide corrosion whereby the pH level 
approaches the value of 1 [11,12,17,52,59,70]. Accordingly, ettringites 
are less frequently observed under in-situ conditions typical of sewer 
pipe systems [11,12], and therefore are ignored in the present modelling 
approach. 

3. Chemo-mechanical model 

The chemo-mechanical model for biogenic sulphide corrosion con-
sists of a chemical model, two chemo-mechanical coupling terms, a 
mechanical model, and a mechanical-chemical coupling term, which are 
successively described in the Sections 3.1, 3.2, 3.3 and 3.4 below. 

2 Solubility equilibrium occurs when a chemical species in the solid state (in 
this case, gypsum) is in chemical equilibrium with a solution of that chemical 
species. 
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3.1. Chemical model 

The biogenic sulphide corrosion process is initiated by considering a 
source of sulphuric acid that is produced by sulphur-oxidizing bacteria 
present at the inner surface of the concrete sewer pipe. The subsequent 
chemical degradation process is formulated in terms of a complex series 
of chemical reactions, which take place in the moisture layer present at 
the inner pipe surface defining the sewer head space, and in the solution 
penetrating the pores of the cement matrix, as described in detail in 
Section 2. The reactions characterize the processes of calcium hydroxide 
and calcium silicate hydrate dissolution, gypsum formation, and the 
diffusion and reaction of the associated ionic species. Accordingly, the 
chemical process is defined by the following system of coupled (diffu-
sion-)reaction equations: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂[CH]

∂t
= − QCH,

∂[CSH2]

∂t
= − QCSH2

,

∂[CSH]

∂t
= − QCSH,

∂
[
Ca2+]

∂t
− ∇⋅

(
D Ca2+ ∇

[
Ca2+] ) = QCH + QCSH + QCSH2

,

∂[OH− ]

∂t
− ∇⋅(D OH− ∇[OH− ] ) = 2QCH + 2QCSH,

∂
[
SO2−

4

]

∂t
− ∇⋅

(
D SO2−

4
∇
[
SO2−

4

] )
= QCSH2

.

(6)  

Here, [n], with [n] ≥ 0, represents the available concentration of a 
chemical species, whereby n = CH, CSH2, CHS, Ca2+, OH− and SO4

2− . 
Further, t represents time, ∇ is the gradient operator, and the centred dot 
denotes the inner product between two vectors. From thermodynamical 
consistency, the computation of the reaction terms Qn appearing in Eq. 
(6) should be based on so-called ionic activities an instead of the avail-
able concentrations [n], with an defined as [78] 

an =
γn[n]
[n]

. (7)  

The above definition shows that the ionic activity an represents the 
effective concentration of the chemical species n that is available for the 
chemical reaction. The parameter [n] reflects a reference concentration, 
which is set here equal to the unit concentration [U], i.e., [n] = [U] = 1 
mol/l. For ions in a solution the effective concentration may be less than 
the available concentration, due to electrostatic shielding by other ions; 
in Eq. (7) this reduction is accounted for through the value of the ionic 
activity coefficient γn, with 0 ≤ γn ≤ 1. Accordingly, the lower the 
concentration of the ionic species n in the solution, the closer the value 
of γn approaches unity and the ionic activity approaches the normalized 
available concentration [n]/[n]. 

Consider first Eqs. (6)1–3 that describe the concentration evolutions 
of the solid species n = CH, CSH and CSH2 that react but do not diffuse, 
whereby the minus sign in front of the reaction terms QCH, QCSH2 

and 
QCSH indicates that the corresponding species n is consumed during the 
chemical reaction in case the value of Qn is positive. The reaction terms 
can be generally expressed as [56] 

Qn = ℛ+
n − ℛ−

n , (8)  

where ℛn
+ refers to the reaction rate of the reactant, which characterizes 

the “forward reaction”, and ℛn
− indicates the reaction rate of the reaction 

products, characterizing the “reverse reaction”. The forward and reverse 
reaction rates for Eqs. (6)1–3 may be formulated in terms of the corre-
sponding ionic activities raised to a power equal to their stoichiometric 
coefficient [78,79], i.e., 

ℛ+
CH = k+CH aCH,

ℛ−
CH = k−CH aCa2+ (aOH− )

2
,

ℛ+

CSH2 = k+
CSH2

aCSH2
,

ℛ−

CSH2 = k−CSH2
aCa2+ aSO2−

4
,

ℛ+
CSH = k+CSH aCSH,

ℛ−
CSH = k−CSH aCa2+ (aOH− )

2aSiO2 ,

(9)  

in which the rate parameters k+
n and k−

n determine the rates of the for-
ward and reverse reactions of chemical species n. The ionic activity of 
condensed phases (i.e., pure solids or pure liquids) is commonly taken as 
unity [74,80], which in the above equations results in aCH = aCSH2

=

aCSH = aSiO2 = 1. Furthermore, the ionic activity coefficients of all 
dissolved ions for simplicity are set equal to unity, i.e., in Eq. (7) the 
parameter γn = 1 for n = Ca2+, OH− , and SO4

2− , thus assuming that the 
corresponding solution is dilute, such that the effective concentration 
closely approaches the available concentration. Applying these as-
sumptions to Eq. (7) turns the reaction rates in Eq. (9) into 

ℛ+
CH = k+CH

ℛ−
CH = k−CH

1
[U]

3

[
Ca2+][OH− ]

2
,

ℛ+

CSH2
= k+

CSH2
,

ℛ−

CSH2
= k−CSH2

1
[U]

2

[
Ca2+][SO2−

4

]
,

ℛ+
CSH = k+CSH,

ℛ−
CSH = k−CSH

1
[U]

3

[
Ca2+][OH− ]

2
.

(10) 

When reaching chemical equilibrium, the forward and reverse re-
action rates ℛn

+ and ℛn
− in Eq. (8) become equal to each other, ℛn

+ = ℛn
−

by which the corresponding reaction term becomes zero, Qn = 0. 
Combining this condition with Eqs. (10) allows to relate the rate pa-
rameters k+

n and k−
n as 

Kn =
k+n
k−n

, (11)  

whereby Kn = KCH,KCSH2
, and KCSH is the equilibrium constant of the 

actual species, with the specific expressions given by 

KCH =
1

[U]
3

[
Ca2+]

eq[OH− ]
2
eq,

KCSH2
=

1
[U]

2

[
Ca2+]

eq

[
SO2−

4

]

eq,

KCSH =
1

[U]
3

[
Ca2+]

eq[OH− ]
2
eq,

(12)  

where the subindex “eq” denotes that the concentration is considered at 
chemical equilibrium. Combining Eq. (12) with Eqs. (10) and (11), and 
inserting the result into Eq. (8) specifies the reaction terms for the 
chemical reactions (6)1–3 as 

QCH = kCH

(

KCH −
1

[U]3

[
Ca2+][OH− ]

2

)

,

QCSH2
= kCSH2

(

KCSH2
−

1
[U]2

[
Ca2+][SO2−

4

]
)

,

QCSH = kCSH

(

KCSH −
1

[U]3

[
Ca2+][OH− ]

2

)

,

(13)  

in which, for notational convenience, the superscript “− ” has been 
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dropped from the rate parameter for the reverse reaction, i.e., kn = k−n . 
In Eq. (13)3 the reaction term QCSH is prescribed to be non-negative, QCSH 
≥ 0, in agreement with the irreversible character of the corresponding 
chemical reaction given by Eq. (5). Note that the reaction terms in Eq. 
(13) indeed become zero when the ionic species reach their equilibrium 
concentrations as defined by Eq. (12). It is realistic to assume that during 
the reaction processes the rate parameters kn depend on the relative 
change in concentration of the corresponding solid species n = CH,CSH2,

and CSH. Specifically, the rate parameters kn are taken dependent on the 
ratio between the current concentration and the initial concentration of 
the solid species, as a result of which they become zero when the solid 
species is fully depleted. Furthermore, since CSH starts to dissolve only 
after CH starts to dissolve, the rate parameter kCSH is also assumed to be 
dependent on the CH concentration. Accordingly, the reaction rate pa-
rameters are expressed by: 

kCH = kCH,0
[CH]

[CH]0
,

kCSH2
= kCSH2 ,0

[CSH2]

[CSH2]0
,

kCSH = kCSH,0
[CSH]

[CSH]0

(

1 −
[CH]

[CH]0

)

,

(14)  

where kCH,0, kCSH2 ,0 and kCSH,0 are the initial reaction rate parameters 
and [n]0 indicates the initial concentration of solid species n. Although 
the initial rate parameters in principle may depend on environmental 
conditions, in particular on the temperature, in this work they are 
considered as constant for simplicity reasons. 

Consider now Eqs. (6)4–6 that describe the diffusion and reaction 
processes of the ionic species n = Ca2+, OH− , and SO4

2− . For simplicity, it 
is assumed that all three ionic species have the same diffusion coeffi-
cient, i.e., D Ca2+ = D OH− = D SO2−

4
= D . This assumption is reasonable, 

as the diffusion coefficients of the three ionic species are about the same 
order of magnitude [81]. Further, since the formation of gypsum is 
dominated by the diffusion of sulphate ions, the diffusion coefficient of 
sulphate ions will be selected as the reference value in the numerical 
analyses, see Section 4.2. This approach has also been adopted in other 
works, see e.g., [44,82]. The reaction terms present in the right-hand 
sides of Eqs. (6)4–6 follow from the expressions given by Eq. (13), and 
generate a coupling with the reaction equation Eq. (6)1–3 of the solid 
species. In Eq. (6)5, the factor of 2 appearing in front of the reaction 
terms QCH and QCSH equals the stoichiometric coefficient of the OH− ions 
in the corresponding chemical reaction Eqs. (1) and (5). Eqs. (13) and 
(14) show that under reaching chemical equilibrium or full depletion of 
the three solid species, the reaction terms in Eq. (6)4–6 vanish, by which 
the ionic species subsequently only diffuse. 

3.2. Chemo-mechanical coupling 

The diffusion-reaction equations given by relations (6) simulate that 
the calcium hydroxide and calcium silicate hydrate phases are gradually 
depleted in the cement matrix, after which gypsum is formed. Gypsum 
formation is associated with a volumetric expansion, which is accounted 
for by defining a chemical growth strain tensor εg of the form: 

εg = ϵg [CSH2]

[CSH2]max
I, (15)  

with ϵg the growth strain, [CSH2] and [CSH2]max the actual and maximum 
concentrations of gypsum, respectively, and I the second-order identity 
tensor. The maximum gypsum concentration [CSH2]max is dictated by the 
initial concentrations of calcium hydroxide, [CH]0, and calcium silicate 
hydrate, [CSH]0, which, in accordance with Eqs. (1) and (5), provide the 
dissolved calcium ions necessary for gypsum formation. By ignoring the 
time-dependent influence of local diffusion of the ionic species, from 

these reaction equations and the conservation of mass (i.e., Lavoisier's 
law) the maximum value of the gypsum concentration [CSH2]max can be 
roughly approximated as the sum of the initial concentrations of calcium 
hydroxide and calcium silicate hydrate, [CSH2]max ≈ [CH]0 + [CSH]0. 

As mentioned, the depletion of calcium silicate hydrate decreases the 
mechanical resistance of concrete. This effect is described by means of a 
chemical damage parameter φ, which depends on the CSH concentration 
as: 

φ = 1 −
[CSH]

[CSH]0
. (16)  

Accordingly, the chemical damage parameter varies between φ = 0 (CSH 
dissolution has not yet started) and φ = 1 (CSH has fully depleted). Note 
that the value of φ can only remain constant or increase, due to the 
irreversible character of the chemical dissolution process of CSH, see Eq. 
(5). The growth strain tensor ϵg and chemical damage parameter φ 
define the coupling between the chemical and mechanical models, and 
thus appear in the mechanical constitutive model of concrete, as pre-
sented in Section 3.3 below. 

3.3. Mechanical model 

The degradation behaviour of concrete due to biogenic sulphide 
corrosion is simulated by means of a continuum damage model. Con-
tinuum damage models effectively describe the material degradation 
process caused by the initiation, propagation and coalescence of small- 
scale, distributed micro-cracks, up to the point of complete macroscopic 
failure, see, e.g., [83–87]. The continuum damage formulation applied 
in the present work accounts for the degradation induced by both me-
chanical and chemical processes, whereby the definitions of the me-
chanical damage parameter, the (rate-dependent) mechanical damage 
evolution and the mechanical damage criterion are taken similar to 
those of the interface damage model presented in [88]. This model has 
been successfully applied in fracture studies related to various types of 
materials, such as polymers [89–91], historical paints [49,92], wood 
[93–95], metals [88,96] and cementitious materials [54]. 

Despite that concrete is a heterogeneous material for which the 
chemo-mechanical behaviour is governed by interactions between the 
porous cement matrix and the aggregates, the material is assumed here 
as homogeneous. It is noted, however, that the specific influence of 
material heterogeneities on the effective chemo-mechanical character-
istics of concrete can be accounted for using the multi-scale formulation 
proposed in [97]. In addition, the deformations are considered to remain 
relatively small in accordance with the infinitesimal strain theory, and 
the material response is supposed to be isotropic linear elastic in the 
absence of chemo-mechanical damage. With these assumptions, the 
constitutive behaviour of the concrete material can be expressed as 

σ = (1 − ω)(1 − φ)C : εe

= (1 − ω)(1 − φ)C : (ε − εg),
(17)  

with σ the stress tensor, ε the total strain tensor, εe the elastic strain 
tensor, εg the growth strain tensor as given by relation (15), and C the 
fourth-order, isotropic elastic stiffness tensor, which is characterized by 
the values of the elastic modulus E and the Poisson's ratio ν of concrete. 
Further, the symbol “:” denotes a double tensorial contraction. Note that 
the final expression in Eq. (17) makes use of the strain decomposition 

ε = εe + εg. (18) 

In addition, the parameter φ, with 0 ≤ φ ≤ 1, is the chemical damage 
parameter given by the definition in Eq. (16), and ω, with 0 ≤ ω ≤ 1, is 
the mechanical damage parameter. As illustrated by Eq. (17), for 
φ=0 (ω=0) chemical (mechanical) damage is absent, while for φ=1 
(ω=1) chemical (mechanical) damage has completed, resulting in a total 
loss of integrity of the material, σ=0. 
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The mechanical damage variable evolves with deformation, as 
formally expressed as ω = ω̂(κ), where κ is a deformation history vari-
able. Similar as for the interface damage model proposed in [88], the 
development of mechanical damage is considered to take place in 
accordance with a linear softening behaviour, see Fig. 2. As illustrated in 
this figure, mechanical damage is initiated when the deformation his-
tory variable reaches a threshold value, κ = κ0, and is completed when 
the ultimate value is reached, κ = κu. During softening, it can be 
observed that for an arbitrary value of κ the corresponding equivalent 
stress is equal to σ̃ = Eκ0(κu − κ)/(κu − κ0), or, alternatively, in terms of 
the mechanical damage parameter ω, to σ̃ = (1 − ω)Eκ. Equating these 
two relations leads to the following expression for the evolution of 
mechanical damage [85,88]: 

ω = ω̂(κ) =
κu(κ − κ0)

κ(κu − κ0)
whereby κ0 ≤ κ ≤ κu. (19) 

The damage evolution process is assumed to occur in a rate- 
dependent fashion, in accordance with the kinetic law [88] 

ω̇ =

⎧
⎨

⎩

F̂(ε̃, κ)
η for ε̃ ≥ κ and κ0 ≤ κ < κu,

0 for 0 ≤ ε̃ < κ or κ = κu,

(20)  

where ω̇ is the mechanical damage rate, η is a relaxation parameter (with 
dimension of time) and F̂(ε̃, κ) is the damage loading function. The rate- 
dependent kinetic law allows to include physical rate effects caused by 
damage development, and is able to regularize the localization process 
that may occur near completion of damage, see [98] for more details on 
the latter aspect. The upper expression in Eq. (20) provides the me-
chanical damage rate in case the equivalent strain ̃ε exceeds the history 
parameter κ, while the lower expression prescribes the damage rate to be 
zero when (i) the initial threshold κ0 has not (yet) been reached, (ii) the 
material point is in a state of unloading, or (iii) the mechanical damage 
process has completed. The equivalent strain ̃ε is hereby defined as [86] 

ε̃ =

̅̅̅̅̅̅
2Y
E

√

, (21)  

where Y is the elastic strain energy density of the undamaged material 

Y =
1
2

εe : C : εe, (22)  

which, from thermodynamical considerations, may be interpreted as the 
driving force for a continuum damage process [83,99]. It should be 
noted that for concrete an alternative definition for the equivalent strain 
ε̃ may be used that accounts for the difference in material response under 
tensile and compressive loadings, see [84]. However, the problems 
studied in this communication are such that mechanical damage de-
velops in regions loaded in tension, which justifies the choice of the 
equivalent strain given by expression (21). The damage loading function 
appearing in Eq. (20) has the form [88]. 

F̂ (̃ε, κ) = f̂ (̃ε) − ω̂(κ) =
κu (̃ε − κ0)

ε̃(κu − κ0)
−

κu(κ − κ0)

κ(κu − κ0)
, (23)  

where the final term in the right-hand side follows from inserting Eq. 
(19) for ω̂(κ) and choosing the form of ̂f (̃ε) to be similar as that of ω̂(κ). 
Observe that in the limit of the relaxation parameter going to zero, η → 
0, the kinetic law, Eq. (20), reduces to the rate-independent loading 
condition F̂ (̃ε, κ) = 0, which, as shown by Eq. (23), corresponds to the 
expression ε̃ = κ that has also been reported in other works [85,86]. 
Since the numerical discretization and implementation of the current 
continuum damage model are similar to those of the interface damage 
model presented in [88], the interested reader is referred to this refer-
ence for more details on these aspects. 

Finally, in any material point of the simulated domain, the me-
chanical equilibrium condition should be satisfied under the appropriate 
boundary conditions, which, in the absence of body forces, reads 

∇⋅σ = 0. (24)  

3.4. Mechanical-chemical coupling 

Since the generation of micro-cracks promotes diffusion of chemical 
species through the concrete material, the diffusion coefficients D 

characterizing the diffusion-reaction equation Eqs. (6)4,5,6 are assumed 
to be dependent on the mechanical damage parameter ω as 

D = (D 0 − D ∞)exp( − ζω)+D ∞, (25)  

where D 0 represents the diffusion coefficient of the undamaged mate-
rial, ω=0 and D ∞ is the maximum value of the diffusion coefficient. The 
parameter ζ sets the “rate” at which the diffusion coefficient increases 
towards the maximum value D ∞ during the process of damage- 
enhanced diffusion, whereby D (ω = 1) = D ∞ in the limit of ζ → ∞. 
Note that the enhanced diffusion coefficient given by Eq. (25) is inde-
pendent of the chemical damage parameter φ. As indicated by Eq. (16), 
the chemical damage parameter solely depends on the concentration of 
calcium silicate hydrate. This chemical species is known to reduce the 
structural resistance of cementitious materials [50,51], as accounted for 
through the constitutive Eq. (17). For simplicity, however, it is assumed 
that the diffusion coefficient (Eq. (25)) is independent of the chemical 
species, and, as argued in Section 3.1, that the specific values of D 0 and 
D ∞ for all diffusing species are the same. Together with the chemo- 
mechanical couplings given by Eqs. (15) and (16), the mechanical- 
chemical coupling via Eq. (25) defines the biogenic sulphide corrosion 
process as a two-way coupled problem. 

4. Numerical simulations 

The details of the numerical simulations used for demonstrating the 
specific features of the coupled chemo-mechanical model are presented 
in this section. Section 4.1 describes the numerical solution procedure 
employed for solving the coupled system of chemical and mechanical 
equations. Section 4.2 discusses the determination of the chemical and 
mechanical parameters of the model. Subsequently, Section 4.3 presents 
the geometry, initial conditions and boundary conditions of the nu-
merical models. Finally, Section 4.4 defines 4 different chemo- 
mechanical loading cases of increasing complexity, which will be used 
in Section 5 for stepwisely analysing the diverse chemical and me-
chanical phenomena characteristic of biogenic sulphide corrosion. 

4.1. Numerical solution procedure 

The chemo-mechanical model described in Section 3 has been 
implemented in the finite element program COMSOL Multiphysics3. A 
schematic overview of the segregated, incremental-iterative time-step-
ping algorithm used for solving the mechanical and chemical fields in 

Fig. 2. Mechanical damage law with linear softening.  
3 COMSOL, Inc., Burlington, MA, U.S.A. 
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the FEM model is presented in Table 2. In each integration point of the 
computational domain, the governing equations representing the 
chemical and mechanical problems are solved sequentially for an indi-
vidual time increment, until the system of of equations has iteratively 
converged within a prescribed, small tolerance. The incremental time- 
marching scheme uses an automatic time-step adaptation, whereby 
the maximum value of the time increment is chosen relatively small, 
such that the error caused by the temporal discretization is negligible. At 
each individual time step the diffusion-reaction analysis is performed by 
solving the system of chemical equations Eq. (6). At the first iteration, 
the value of the diffusion coefficient D is determined from the me-
chanical damage parameter ω evaluated at the previous time step, in 
accordance with relation (25). The solution of the chemical equations 
provides the updated values of the concentrations of the chemical spe-
cies [CH], [CSH], [CSH2],

[
Ca2+], [OH− ], and [SO4

2− ]. During the iterative 
solution procedure, the concentrations of gypsum [CSH2] and calcium 
silicate hydrate [CSH] are used as input parameters for the mechanical 
analysis, allowing to compute the chemical growth strain tensor εg via 
Eq. (15) and the chemical damage parameter φ through relation (16). 
These two coupling parameters are then employed to evaluate the stress 
field via the constitutive relation (17). The stress field is subsequently 
substituted into the equilibrium equation Eq. (24), which is solved in an 
iterative fashion to accurately account for the damage development via 
relations (19) to (23). Apart from providing the updated deformation 
history parameter κ and mechanical damage parameter ω, the iterative 
procedure results in updates of the strain and displacement fields. The 
updated mechanical damage parameter ω is used to compute the new 
value of the diffusion parameter, Eq. (25), which is required for solving 
the chemical equations Eq. (6) in the next iteration. After the system of 
chemical and mechanical equations has converged, the above solution 
procedure is repeated for the next time increment. 

4.2. Chemical and mechanical parameters 

The values adopted for the chemical and mechanical model param-
eters are listed in Table 3. Most parameter values are either taken 
directly from the literature, or computed from literature values by 

following basic chemistry principles. The parameters for which experi-
mental data were not available, in particular the reaction constants of 
the chemical reaction Eq. (6), were estimated from preliminary simu-
lations combined with engineering judgement to obtain a representative 
computational result. 

As mentioned, in the chemical model it is assumed that all ionic 
species diffuse with the same diffusion coefficient D . Since the forma-
tion of gypsum is dominated by the diffusion of sulphate ions, the 
diffusion coefficient of sulphate ions is selected as the reference value. In 
accordance with expression (25), the diffusion coefficient varies as a 
function of the mechanical damage ω from the initial value D 0 = 2.62⋅ 
10− 12 m2/s, referring to the undamaged concrete [82], towards the 
maximum value D ∞ = 10 D 0 = 2.62⋅10− 11 m2/s. The growth rate 
parameter ζ in expression (25) is taken equal to 5.0; preliminary ana-
lyses illustrated that with this value the chemical diffusion process 
generally is simulated in a realistic fashion. Further, the maximum value 
of the diffusion coefficient at damage completion is varied as D ∞ =

[5,10,20] D 0, whereby the value D ∞ = 10 D 0 refers to the reference 
case that will be studied in detail in Sections 5.1 to 5.4. The complete set 
of values selected for D ∞ will be considered in a parameter variation 
study presented in the subsequent Section 5.5. 

The equilibrium constants of CH and CSH2 are equal to KCH = 5.24 ⋅ 
10− 6 and KCSH2

= 2.51⋅10− 5, respectively [100]. The equilibrium con-
stant of CSH is calculated according to Berner's model [72], leading to 
KCSH = 4.54 ⋅ 10− 6. The initial reaction rate parameters kCH,0, kCSH,0 and 
kCSH2 ,0 in principle must be determined experimentally. Given the lack of 
experimental data, the reaction rate parameters of the solid species have 
been estimated from preliminary simulations on a reference concrete 
specimen that provided a realistic profile and time development of the 
corrosion layer, leading to values whereby the chemical reactions take 
place considerably faster than the diffusion processes, i.e., kCH,0 = 3.2 ⋅ 
10− 6 s− 1, kCSH,0 = 3.2 ⋅ 10− 6 s− 1, and kCSH2 ,0 = 3.2⋅10− 5 s− 1. The 
assumption that the biogenic sulphide corrosion process is diffusion- 
controlled has also been taken in other works [66,101]. 

The chemical growth strain ϵg is calculated considering that gypsum 
formation is associated with a volumetric expansion of the cementitious 
material. A practical value for the initial cement volume fraction in 
concrete is vcem = 0.12 [102], and the relative change in cement volume 
ΔV/V during gypsum formation typically lies between 0.2 and 1.2 [17]. 
Under the assumption of a free, isotropic chemical expansion, the 
growth strain ϵg can thus be estimated as ϵg = (1/3)vcem ΔV/V, which 
corresponds to a variation of ϵg in the range [0.008–0.048]. Hence, in the 
numerical analyses the growth strain will be varied over the set [0.008, 
0.028, 0.048], whereby the intermediate value ϵg = 0.028 relates to the 

Table 2 
Schematic representation of the segregated, incremental-iterative time-stepping 
procedure.  

1. Chemical analysis 
1.1. Initialize the chemical analysis. 
1.1.1. If time increment i=0, apply the initial and boundary conditions for the 

chemical model. 
1.1.2. If time increment i ≥ 1, apply the boundary conditions for the chemical model. 
1.2. Solve the coupled system of diffusion-reactions equations given by relations (6), 

whereby the diffusion coefficient D is computed via expression (25) as a function of 
mechanical damage ω. Obtain the values of the concentrations of the chemical 
species ([CH], [CSH], [CSH2],

[
Ca2+], [OH− ],

[
SO2−

4
]
). 

1.3. Transfer the values of the concentrations of gypsum [CSH2] and calcium silicate 
hydrate [CSH] to the mechanical analysis. 

2. Mechanical analysis 
2.1. Apply the boundary conditions for the mechanical model. 
2.2. Calculate the chemical growth strain εg via Eq. (15) and the chemical damage 

parameter φ through relation (16). 
2.3. Calculate the stress field as a function of the growth strain εg and the chemical 

damage parameter φ using relation (17). 
2.4. Solve the equilibrium equation Eq. (24) accounting for possible damage 

development, in accordance with the damage model given by Eqs. (19)–(23). 
Obtain the updated value of the displacement field and the mechanical damage 
parameter ω. 

2.5. Transfer the mechanical damage parameter ω to the chemical analysis to 
compute the updated value of the diffusion coefficient D via expression (25). 

3. Convergence check of the system of chemo-mechanical equations 
3.1. If the system of chemo-mechanical equations has not converged, return to 1.1 

for the next iteration. 
3.2. If the system of chemo-mechanical equations has converged, go to the next time 

increment i + 1 and repeat the iterative procedure above.  

Table 3 
Chemical and mechanical parameters for the reference case.   

Parameter Symbol Value Unit 

Chemical Initial diffusion 
coefficient 

D 0 2.62 ⋅ 10− 12 m2/s 

Final diffusion coefficient D ∞ 2.62 ⋅ 10− 11 m2/s 
Diffusion growth rate 
parameter 

ζ 5.0 – 

Equilibrium constants KCH 5.24 ⋅ 10− 6 – 
KCSH 4.54 ⋅ 10− 6 – 
KCSH2 

2.51 ⋅ 10− 5 – 
Initial reaction rate 
parameters 

kCH,0 3.2 ⋅ 10− 6 s− 1 

kCSH,0 3.2 ⋅ 10− 6 s− 1 

kCSH2 ,0 3.2 ⋅ 10− 5 s− 1 

Mechanical Chemical growth strain ϵg 0.028 – 
Young's modulus E 21.0 GPa 
Poisson's ratio ν 0.18 – 
Deformation threshold 
for damage initiation 

κ0 4 ⋅ 10− 4 – 

Deformation history at 
damage completion 

κu 4 ⋅ 10− 3 – 

Relaxation parameter η 25.2 ⋅ 106 s  
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reference case studied in Sections 5.1 to 5.4. Subsequently, the complete 
set of values for ϵg is considered in the parameter variation study pre-
sented in Section 5.5. 

The Young's modulus and Poisson's ratio of the concrete material are 
taken as E=21.0 GPa and ν=0.18 [103], respectively. Following the 
procedure presented in the reference work [83] on damage mechanics, 
the effective threshold value corresponding to damage initiation κ0 is 
calculated based on the mechanical response from a uniaxial tensile test 
as follows. In the absence of chemical effects, under uniaxial loading the 
constitutive response, Eq. (17), reduces to σ = (1 − ω)Eεe. Combining 
this expression with relation (22) turns the corresponding elastic strain 
energy density into Y = σ2/(2(1 − ω)2E). Inserting this expression into 
Eq. (21) renders ε̃ = σ/((1 − ω)E ) for the equivalent strain. The 
maximum stress reached under uniaxial tension equals the critical ten-
sile strength σc of concrete, σ = σc, at which the effective amount of 
mechanical damage across the specimen typically ranges in the interval 
ωc = [0.5 − 0.9] [83]. Taking σc = 3 MPa [103] and ωc = 0.65, the above 
expression for the equivalent strain at the effective onset of uniaxial, 
macroscopic tensile failure results in ̃ε = 4⋅10− 4. As indicated in Section 
3.3, under rate-independent loading conditions typical of a uniaxial 
tensile experiment, the equivalent strain equals the damage history 
variable, ε = κ, so that from the above procedure the effective, initial 
threshold value of the damage history variable is obtained as κ0 = 4 ⋅ 
10− 4. Additionally, the history parameter at damage completion is taken 
10 times larger than the initial threshold value, κu = 10κ0 = 4 ⋅ 10− 3. 
Finally, the relaxation parameter in the kinetic law, Eq. (20), equals η =
25.2 ⋅ 106 s, for which it was confirmed that the damage profile obtains a 
realistic, regularized shape, without sharp artificial branches caused by 

spatial discretization aspects. For reasons of simplicity, the value of η is 
taken as constant here, although in reality it may depend on the specific 
environmental conditions, such as the temperature, the relative hu-
midity and the concentrations of (some of the) chemical species. Hence, 
the value selected here should be considered as a global estimate for 
obtaining representative numerical results; an accurate determination of 
η requires the performance of specific corrosion experiments under 
relevant chemo-mechanical conditions, as presented in Section 6. 

4.3. Model geometry, initial conditions and boundary conditions 

4.3.1. Model geometry 
The finite element analyses simulate the chemo-mechanical response 

of a cuboidal concrete sample that is exposed at its external boundaries 
to a specific sulphuric acid solution. The cube has edges of length 2L =
150 mm, with the edge length being representative of the concrete 
samples tested in the experiments presented in Section 6. Due to sym-
metry of the problem in terms of the geometry and the initial and 
boundary conditions applied, the main features of the corrosion process 
in the three-dimensional configuration may be captured accurately by a 
two-dimensional analysis of the left upper quarter part of the concrete 
sample, in accordance with the L × L computational domain illustrated 
in Fig. 3(a). The computational domain is discretized by 7310 quadri-
lateral finite elements, with a local refinement close to the left and upper 
external boundaries in order to accurately describe the relatively strong 
concentration gradients that initially may appear at these boundaries. 
For the chemical analysis, 4-node isoparametric elements with a 2 × 2 
Gauss quadrature are adopted, while the mechanical analysis is 

Fig. 3. Geometry, initial conditions and boundary conditions of the numerical model. (a) Cuboidal concrete sample exposed to a fixed, sulphuric acid solution. Due 
to symmetry, the computational domain considers one quarter of the sample geometry. (b) Square L × L computational domain. (c) Initial and boundary conditions of 
the chemical model. The values of the initial concentration [n]0 and boundary concentration [n]Γ of all species n are listed in Table 4. (d) Initial and boundary 
conditions of the mechanical model. 
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performed with plane-strain, 8-node isoparametric elements with a 3 ×
3 Gauss quadrature. With this discretization, in each spatial direction 
the order of the interpolation functions used for solving the mechanical 
field is one order higher than that used for solving the chemical field, 
which ensures that the numerical solution of the coupled chemo- 
mechanical problem remains stable [104]. Furthermore, a mesh sensi-
tivity study not presented here has shown that for the current mesh 
density the computational results have converged within a small, pre-
scribed tolerance. 

Note that the above plane-strain assumption made in the out-of-plane 
direction of the 2D computational domain to some extent simplifies the 
3D response of the cube. For a representative concrete specimen, pre-
liminary simulations not presented here nevertheless indicated that the 
differences with the computational response obtained from a 2D plane- 
stress model are minor; the damage profile within the gypsum layer after 
a corrosion process of more than 10 years is comparable for the plane- 
stress and plane-strain simulations, and the relative difference in the 
thickness of the corrosion layer is less than 1%. The close correspon-
dence may be ascribed to the relatively small value of the Poisson's ratio 
of concrete, ν=0.18, for which the differences between the effective 
plane-strain and plane-stress stiffness moduli, Poisson's ratios and 
chemical growth strains, as defined through Eqs. (25) and (26) in [49], 
are only 3%, 22% and 18%, respectively. Note hereby that these dif-
ferences vanish in the limit of ν=0. Since the plane-strain and plane- 
stress solutions lie relatively close to each other and respectively serve 
as upper and lower bounds of the 3D solution, it can be concluded that 
the plane-strain model leads to an acceptable representation of the 3D 
response of the cube. In addition, the plane-strain assumption realisti-
cally mimics the negligible deformation in the longitudinal direction of 
an in-situ concrete sewer pipe. 

4.3.2. Initial conditions 
At the onset of the chemical analysis (t = 0), the concentrations of all 

chemical species in the initially stress-free concrete sample (σ0 = σ̂(t =
0) = 0) are taken as uniform throughout the domain, with the values as 
summarized in Table 4. The initial concentrations listed for the solid 
species CH and CSH are calculated based on the Powers and Brownyard 
model [105,106], as follows. Assuming a cement density ρcem = 3150 
kg/m3, a water-cement ratio w/c = 0.45, and a fraction of hydrated 
cement α = 0.95, the volume of the hydrated product relative to 1 kg of 
cement is obtained as Vhyd = 0.663 ⋅ 10− 3 m3/kg cement [105]. The 
concrete material is considered to be characterized by a mass fraction of 
cement mcem = 0.147 [102] and an average density ρcon = 2375 kg/m3, 
from which the volume fraction of hydrated product in concrete then 
follows as vhyd = mcem ρcon Vhyd = 0.23. In the case of a mature cement 
paste, the volume fraction of calcium hydroxide measured with respect 
to the total hydrated product phase is approximatively vCH = 0.139 
[102]. Assuming for calcium hydroxide a density ρCH = 2251 kg/m3 and 
a molar mass MCH = 74.09 ⋅ 10− 3 kg/mol [107], the initial concentration 
of CH can be calculated as [CH]0 = vCHvhydρCH/MCH ≈ 971 mol/m3. The 
volume fraction of calcium silicate hydrate, as measured with respect to 
the total hydrated product phase in a mature cement paste, is supposed 

to be equal to vCSH = 0.290 [102]. Assuming a density ρCSH = 2331 kg/ 
m3 and a molar mass MCSH = 196.33 ⋅ 10− 3 kg/mol [108], the initial 
concentration of CSH is obtained as [CSH]0 = vCSHvhydρCSH/MCSH ≈ 792 
mol/m3. At the onset of the simulation the concrete material formally is 
fully intact and corrosion has not yet started, in correspondence with an 
initial gypsum concentration [CSH2]0 equal to zero. However, in order to 
prevent Eq. (14) from becoming singular, in the simulations a relatively 
small, finite value of [CSH2]0 = 10 mol/m3 is adopted instead. 

The initial concentrations of the ionic species Ca2+ and OH− in the 
dissolution process of calcium hydroxide, Eq. (1), are calculated based 
on the assumption of chemical equilibrium. When substituting the value 
of the equilibrium constant KCH listed in Table 3 in Eq. (12)1 and ac-
counting for the stoichiometric coefficients in the corresponding 
chemical reaction Eq. (1), it follows that these initial ionic concentra-
tions are [Ca2+]0 = 11 mol/m3 and [OH− ]0 = 22 mol/m3. Similarly, 
from the calculated value of [Ca2+]0 = 11 mol/m3 and the value of the 
equilibrium constant KCSH2 

presented in Table 3, expression (12)2 pro-
vides the initial concentration of the sulphate ions as [SO4

2− ]0 = 3 mol/ 
m3. 

4.3.3. Boundary conditions 
The chemical boundary conditions are schematized in Fig. 3(c). 

Additionally, the values at the external boundary Γ of the concrete 
sample are listed in Table 4. The sulphuric acid solution present at the 
external boundary is assumed to have a pH value of 0, and thus a pOH 
value of 14. The pOH value corresponds to a concentration of the hy-
droxide ions at the external boundary of [OH− ]Γ = 10− 14 mol/l = 10− 11 

mol/m3. From the above pH value the concentration of hydrogen cations 
is calculated as [H+]Γ = 100 mol/l = 103 mol/m3, whereby it follows 
from Eq. (3)2 that this concentration should be equal to the concentra-
tion of sulphate ions at the external boundary, i.e., [SO4

2− ]Γ = 103 mol/ 
m3. The calcium ion concentration at the external boundary is assumed 
to be equal to zero, [Ca2+]Γ = 0 mol/m3, as no calcium is present in the 
sulphuric acid solution. At the lower and right boundaries of the finite 
element domain zero-flux boundary conditions are adopted for all 
chemical species n in order to account for the symmetry of the problem, 
i.e., Jn = Jn ⋅ n = 0, where Jn is the mass flux vector of the diffusing 
species n, with n = Ca2+, OH− , and SO4

2− , and n is the unit vector normal 
to the boundary. The mechanical boundary conditions illustrated in 
Fig. 3(d) show that the upper and left (external) boundaries are assumed 
to be traction-free, t = 0, with t the traction vector t = σ ⋅ n. Hence, no 
external mechanical loading is applied, which causes the mechanical 
response of the sample to be fully activated by the chemo-mechanical 
coupling terms present via Eq. (17). In order to account for the sym-
metry of the problem, at the lower and right domain boundaries the 
displacement normal to the boundary is prescribed to be zero, u ⋅ n = 0, 
with u being the displacement vector. Accordingly, along these bound-
aries the shear stress vanishes. 

4.4. Chemo-mechanical loading cases 

In the numerical analyses, the main features of the chemical and 
mechanical processes are highlighted and explained in a step-wise 
fashion by considering the computational results of four different 
chemo-mechanical modelling cases of increasing complexity, see 
Table 5 for an overview. Note from this table that the final model, Case 4, 
corresponds to the complete version of the chemo-mechanical model, as 
formulated in the previous sections. The total time span of the chemo- 
mechanical processes in the four simulations is 12 years. In Case 1, 
only the chemical dissolution process of calcium hydroxide is consid-
ered. This process is modelled through Eq. (6)1, (6)4 and (6)5, whereby 
the reaction terms QCSH and QCSH2 

are set to zero. The purpose of this 
modelling case is to clearly identify the main features of CH depletion. In 
Case 2, the complete system of chemical equations Eq. (6) is accounted 
for. The system of chemical equations is coupled in a one-way fashion 

Table 4 
Initial concentrations of all chemical species and the concentrations of the 
diffusing species at the external boundary Γ of the concrete sample.   

Symbol Value Unit 

Initial concentration [CH]0 972 mol/m3 

[CSH]0 792 mol/m3 

[CSH2]0 10 mol/m3 

[Ca2+]0 11 mol/m3 

[OH− ]0 22 mol/m3 

[SO4
2− ]0 3 mol/m3 

Concentration at boundary Γ [Ca2+]Γ 0 mol/m3 

[OH− ]Γ 10− 11 mol/m3 

[SO4
2− ]Γ 103 mol/m3  
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with the mechanical model in which the concrete is simulated as ideally 
linear-elastic, i.e., without chemical damage (φ=0) and mechanical 
damage (ω=0). As Eq. (17) illustrates, the stress development then is 
solely caused by the chemical growth strain εg associated to gypsum 
formation. It is emphasized that in this case the mechanical model has 
no influence on the chemical process, since the diffusion coefficient D of 
the chemical species, Eq. (25), remains constant, in correspondence with 
its initial value D 0. As a next step, in Case 3 the system of chemical 
equations Eq. (6) is one-way coupled with the mechanical model, by 
accounting in the constitutive equation Eq. (17) for the effect of the 
chemical growth strain εg associated to gypsum formation, the me-
chanical damage ω, and the chemical damage φ due to calcium silicate 
hydrate dissolution. Similar to Case 2, the mechanical-chemical coupling 
via Eq. (25) is left out of consideration, as a consequence of which the 
chemical diffusion coefficients are constant and the result of the chem-
ical field calculated for Case 3 is identical to that for Case 2. Finally, Case 
4 refers to the complete, two-way coupled chemo-mechanical model. In 
comparison to Case 3, Case 4 elucidates the effect on the chemo- 
mechanical response by damage-enhanced diffusion, in accordance 
with Eq. (25). 

5. Numerical results 

The numerical results for the four chemo-mechanical loading cases 
presented in Table 5 will be successively analysed in Sections 5.1 to 5.4 
below. The chemical and mechanical parameter values adopted in these 
analyses correspond to those of the reference case, as listed in Table 3. 
Subsequently, in Section 5.5 a parameter variation study is carried out to 
investigate the sensitivity of the chemo-mechanical response to changes 
in the diffusion coefficient D and the chemical growth strain ϵg. 

5.1. Case 1: chemical model for CH dissolution 

The numerical result of Case 1 is shown in Fig. 3 and illustrates the 
dissolution process of calcium hydroxide, as defined by Eqs. (6)1,4,5 with 
the reaction terms QCSH and QCSH2 

set to zero. Fig. 3(a) depicts the 
concentration profile [CH] along the central horizontal central axis (= x- 
axis) of the sample at three different time instants, namely t = 4 years 
(solid line), 8 years (dashed line) and 12 years (dashed-dotted line). 
Note that the initial location x = 0 mm and the final location x = 75 mm 
plotted along the horizontal axis correspond to the external boundary 
and the centre of the sample, respectively. The contour plot of the cal-
cium hydroxide concentration after 12 years is depicted in Fig. 3(b). 

The process of CH dissolution occurs as follows. Due to the relatively 
low concentrations [Ca2+]Γ = 0 mol/m3 and [OH− ]Γ = 10− 11 mol/m3 at 
the external boundary Γ (see Table 4), at t=0 the ionic species Ca2+ and 
OH− start to diffuse from the interior of the sample towards the external 
boundary, whereby the ionic concentrations [Ca2+] and [OH− ] close to 
the external boundary decrease from their initial values [Ca2+]0 = 11 
mol/m3 and [OH− ]0 = 22 mol/m3. This local disturbance of the initial, 
chemical equilibrium causes the corresponding reaction term QCH in Eq. 
(13)1 to take a positive value, leading near the boundary to a decrease of 
the concentration [CH] from its initial value [CH]0 = 972 mol/m3, as 

prescribed by Eq. (6)1. In other words, CH is dissolved into Ca2+ and 
OH− ions via the chemical reaction Eq. (1). This process continues in the 
material points near the boundary until the concentration [CH] has 
become zero and the calcium hydroxide phase has fully depleted. As a 
result of this chemical process, the boundary region in which the CH 
phase has fully depleted slowly expands with time in the inward direc-
tion of the sample, see Fig. 4(a), eventually reaching a thickness of 
approximately lCH = 5.2 mm after a period of 12 years. Fig. 4(b) con-
firms that the symmetry of the problem causes the depletion of CH to 
take place uniformly along the external boundary Γ of the sample. 

5.2. Case 2: full chemical model one-way coupled with linear elastic 
model 

Case 2 treats the full chemical model for biogenic sulphide corrosion, 
which combines the system of chemical equations Eqs. (6) in a one-way 
coupled fashion with a linear elastic mechanical model for concrete. The 
chemo-mechanical coupling occurs through the chemical growth strain 
εg, see Table 5. The time evolutions of the concentrations of the solid 
species [CH], [CSH] and [CSH2] along the central horizontal axis of the 
sample are depicted in Fig. 5(a) by the blue, green and red lines, 
respectively. Similar to the process of CH dissolution described for Case 
1, the relatively low boundary concentrations [Ca2+]Γ and [OH− ]Γ cause 
that both CH and CSH start to gradually dissolve from the external 
boundaries towards the interior of the sample, in accordance with the 
chemical reactions (1) and (5). Observe that the process of CH dissolu-
tion lies ahead of the process of CSH dissolution, which originates from 
the fact that the reaction rate parameter kCSH becomes non-zero only 
when CH starts to dissolve, see Eq. (14)3. The Ca2+ ions generated by 
these chemical reactions subsequently initiate a reaction with the 
available excess of SO4

2− ions to form gypsum, see Eq. (4). The excess of 
SO4

2− ions, as defined with respect to their initial concentration, is 
induced from their diffusion in the inward direction of the sample, as 
dictated by the relatively high concentration [SO4

2− ]Γ=103 mol/m3 at 
the external boundary, see Table 4. Correspondingly, the reaction term 
QCSH2 

in Eq. (13)2 becomes negative, leading to an increase of the 
gypsum concentration [CSH2] via Eq. (6)2. Note from Fig. 5(a) that the 
gypsum concentration profile [CSH2] becomes zero at the external 
boundary, as prescribed by the zero concentration of Ca2+ ions at the 
boundary, see Eq. (4) and Table 4. Further, the maximum concentration 
[CSH2] = 1764 mol/m3 reached at a small distance from the external 
boundary is equal to the sum of the initial concentrations of CH and CSH, 
see Table 4 and the discussion in Section 3.2, and is more than two or-
ders of magnitude higher than the initial gypsum concentration 
[CSH2]0 = 10 mol/m3. This clearly indicates that the concrete material 
locally has undergone a substantial change in chemical composition. It 
can be further confirmed from Fig. 5(a) that gypsum is formed only in 
the region with available Ca2+ ions generated from the dissolution of CH 
and CSH. The thickness of the gypsum layer formed after the first 4 years 
is lCSH2

= 8.3 mm, which subsequently develops into a layer of 11.7 mm 
and 14.6 mm after respectively 8 years and 12 years. The contour plot in 
Fig. 5(b) confirms that the gypsum layer grows uniformly along the 
external sample boundary, in accordance with the symmetry of the 

Table 5 
Four chemo-mechanical loading cases of increasing complexity, as referring to the concrete sample illustrated in Fig. 3.   

Chemical Mechanical Coupling type Coupling terms 

Case 1 CH dissolution None None None 
Case 2 Full model Linear elastic One-way Growth strain εg 

Case 3 Full model Continuum damage One-way Growth strain εg 

Chemical damage φ 
Case 4 Full model Continuum damage Two-way Growth strain εg 

Chemical damage φ 

Damage-enhanced diffusion D = D̂ (ω)
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chemo-mechanical problem. Fig. 5(a) indicates that the final thickness 
of the gypsum layer approximately corresponds to the boundary layer 
thickness lCH=15.0 mm across which calcium hydroxide has fully 
depleted. This layer thickness is 15.0/5.2 = 2.9 times larger than that for 
Case 1, since the reaction term QCH given by Eq. (13)1 here is larger; the 
larger value of QCH is due to the lower concentration of Ca2+ ions, as 

caused by their reaction into gypsum, see Eq. (4). 
Fig. 5(c) illustrates the distribution of the elastic volumetric strain 

εe
vol = tr(εe) across the sample, evaluated after 12 years. The inner region 

of the sample, which has not been chemically corroded and thus con-
tains the original concrete material, deforms in accordance with a tensile 

Fig. 4. Chemical response for Case 1, which refers to the dissolution process of calcium hydroxide (CH). (a) CH concentration (in mol/m3) along the central hor-
izontal axis of the sample, evaluated at three different time instants: 4 years (solid line), 8 years (dashed line) and 12 years (dashed-dotted line). (b) Contour plot of 
calcium hydroxide concentration [CH] (in mol/m3) after 12 years. 

Fig. 5. Chemo-mechanical response for Case 2, which refers to the full chemical model for biogenic sulphide corrosion that is one-way coupled with a linear elastic 
model for concrete. (a) CH (blue lines), CSH (green lines) and CSH2 (red lines) concentrations (in mol/m3) along the central horizontal axis of the sample, evaluated 
at three different time instants: 4 years (solid line), 8 years (dashed line) and 12 years (dashed-dotted line). (b) Contour plot of gypsum concentration [CSH2] (in mol/ 
m3) after 12 years. (c) Contour plot of elastic volumetric strain εvol

e after 12 years. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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elastic volumetric strain, while the outer region of the sample has un-
dergone chemical corrosion by gypsum formation, and experiences a 
compressive elastic volumetric strain. This compressive elastic strain 
arises because the inner region constrains the chemical expansion 
developing in the outer gypsum layer, as imposed by the growth strain in 
Eq. (15). The tensile elastic volumetric strain in the inner region appears 
to be maximal near the corner of the sample, at the interface with the 
outer gypsum layer, and corresponds to a hydrostatic tensile stress that 
may trigger damage development. 

5.3. Case 3: full chemical model one-way coupled with continuum 
damage model 

Case 3 considers the full chemical model for biogenic sulphide 
corrosion defined by the system of equations Eq. (6), which is one-way 
coupled with the continuum damage model for concrete presented in 
Section 3.3. The chemo-mechanical coupling occurs through the 
chemical damage parameter φ and the chemical growth strain εg, see 
Table 5. Similar to Case 2, the mechanical process has no influence on 
the evolution of the chemical process, so that the chemical response 
coincides with that of Case 2, as illustrated in Fig. 6(a) and (b). Fig. 6(a) 
and (b) shows the spatial distributions of the elastic volumetric strain εe

vol 
and the damage parameter ω, evaluated after a period of 12 years. When 
comparing Fig. 6(a) with Fig. 5(c), it shows that the elastic volumetric 
strain profiles for Cases 3 and 2 have a similar pattern, but that for Case 3 
the inner region of the sample is characterized by a significantly lower 
strain value. This is caused by the fact that the outer gypsum layer has 
fully damaged, ω = 1, see Fig. 6(b), by which the stress in the gypsum 
layer vanishes, and the stress and associated elastic deformation in the 
adjacent inner region of the sample reduce. Despite that the value of the 
elastic volumetric strain in the inner region is relatively small, Fig. 6(b) 
indicates that the overall elastic deformation locally is still sufficiently 
large for exceeding the small threshold value of κ0 = 4 ⋅ 10− 4 (see 
Table 3) for the initiation of mechanical damage, in accordance with 
Eqs. (19) to (22). Hence, at some distance away from the undamaged 
core of the sample the inner region is partially damaged, with the 
amount of damage approaching the maximum value of ω = 1 when 
reaching the outer gypsum layer. It is further emphasized that in most of 
the gypsum layer the CSH species has fully depleted, see Fig. 5(a), as a 
result of which the chemical damage parameter given by Eq. (16) has 
reached its maximum value, φ=1. Under practical circumstances, the 
fully damaged gypsum layer may partly detach from the cuboidal 
sample; this phenomenon is commonly referred to as “spallation”, and 
has been observed in the experiments presented in Section 6. Although 
the effect of spallation is not explicitly incorporated in the model, the 
fully damaged gypsum layer is characterized by a vanishing stress and 
thus no longer contributes to the structural integrity of the sample, 
which is comparable to what occurs under spallation. 

5.4. Case 4: full chemical model two-way coupled with continuum 
damage model 

Case 4 treats the full chemical model for biogenic sulphide corrosion, 
Eq. (6), as two-way coupled with the continuum damage model pre-
sented in Section 3.3. The chemo-mechanical coupling occurs through 
the chemical damage parameter φ and the chemical growth strain εg, 
and the mechanical-chemical coupling is governed by accounting for 
damage-enhanced diffusion, D = D̂ (ω), see Table 5. Fig. 7(a) shows 
the concentrations of the solid species CH (blue lines), CSH (green lines) 
and CSH2 (red lines) along the central horizontal axis of the sample after 
4 years (solid lines), 8 years (dashed lines) and 12 years (dotted-dashed 
lines). Additionally, Fig. 7(b) depicts the gypsum concentration [CSH2]

across the sample, evaluated after 12 years. Both figures show that the 
thickness of the gypsum layer after 12 years has become substantial, and 
approximately equals lCSH2 

= 49.1 mm, which is a factor of 49.1/15.0 =
3.1 larger than the gypsum layer for Case 3 (and Case 2). The damage- 
enhanced diffusion of the ionic species, which is governed by the 
mechanical-chemical coupling term in Eq. (25), is responsible for this 
thickness increase of the gypsum layer. Despite the difference in 
boundary layer thickness, the features of the concentration profiles in 
Fig. 7(a) appear to be similar to those of Case 3 (and Case 2), as depicted 
in Fig. 5(a) and described in detail in Section 5.2. 

Fig. 7(c) illustrates the volumetric elastic strain εe
vol across the sample 

after 12 years. On average, the strain value within the outer gypsum 
layer is smaller than for Case 3, see Fig. 6(a), which is due to the fact that 
the thickness of the gypsum layer is larger and the deformation is more 
uniformly accommodated. The distribution of mechanical damage 
depicted in Fig. 7(d) again confirms that the outer gypsum layer is fully 
damaged and thus has lost its stiffness. Further, damage has initiated 
and developed in the entire inner region of the sample, so also in the core 
that remained undamaged for Case 3, see Fig. 6(b). Hence, the above 
results show that damage-enhanced diffusion of the ionic species may 
substantially accelerate the biochemical corrosion process, leading to a 
thicker gypsum layer and to the generation of more damage in the 
sample. 

5.5. Variation study on the diffusion coefficient and the chemical growth 
strain 

The influence of the diffusion coefficient D and the chemical growth 
strain εg on the response computed by two-way coupled chemo- 
mechanical model (i.e., Case 4) is explored by means of a parameter 
variation study. As specified in Section 4.2, for this purpose the values of 
the maximum diffusion coefficient D ∞ and the growth strain εg are 
varied over selected ranges. The other parameters of the chemo- 
mechanical model are the same as listed in Table 3 for the reference case. 

Fig. 6. Chemo-mechanical response for Case 3, which refers to the full chemical model for biogenic sulphide corrosion that is one-way coupled with the continuum 
damage model for concrete. The concentration profiles of CH, CSH and CSH2 are equal to those shown in Fig. 5 (a) Contour plot of the volumetric strain εe

vol after 12 
years. (b) Contour plot of the mechanical damage variable ω after 12 years. 
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Fig. 7. Chemo-mechanical response for Case 4, which refers to the full chemical model for biogenic sulphide corrosion that is two-way coupled with the continuum 
damage model for concrete. (a) CH (blue lines), CSH (green lines) and CSH2 (red lines) concentrations (in mol/m3) along the central horizontal axis of the sample, 
evaluated at three different time instants: 4 years (solid line), 8 years (dashed line) and 12 years (dashed-dotted line). (b) Contour plot of gypsum concentration 
[CSH2] (in mol/m3) after 12 years. (c) Contour plot of the volumetric elastic strain εe

vol after 12 years. (d) Contour plot of the mechanical damage variable ω after 12 
years. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Parameter variation study on the maximum diffusion coefficient D ∞, considering three different values, D ∞ = [5, 10,20]D 0. (a) Contour plot of gypsum 
concentration [CSH2] (in mol/m3) after 12 years. (b) Contour plot of the mechanical damage variable ω after 12 years. 
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The quantitative effect of damage-enhanced diffusion on the chemo- 
mechanical response is investigated by considering three different 
values for the maximum diffusion coefficient, namely D ∞ =

[5,10,20]D 0. Note that D ∞ = 10 D 0 corresponds to the reference case 
analysed in Section 5.4. The numerical results of the three simulations 
are evaluated by plotting the gypsum concentration [CSH2] and the 
mechanical damage variable ω after a period of 12 years, see Fig. 8(a) 
and (b). Clearly, a higher value of the maximum diffusion coefficient 
leads to a faster growth of the outer gypsum layer, and thus to a larger 
amount of damage. For the highest value considered, D ∞ = 20D 0, after 
12 years the complete concrete sample has corroded into gypsum with 
maximum damage, ω = 1. This shows the importance of a careful 
determination of damage-enhanced diffusion properties of concrete for 
an accurate assessment of the biogenic sulphide corrosion process, and 
thus of the lifetime of concrete sewer systems. 

The influence of the chemical growth strain on gypsum formation 
and damage development is analysed by selecting three different values 
of ϵg, namely ϵg = [0.008,0.028,0.048], whereby ϵg = 0.028 relates to the 
reference case discussed in Section 5.4. From Fig. 9(a) it can be observed 
that the gypsum concentration profile (evaluated after 12 years) is 
virtually insensitive to the value of the growth strain. Conversely, Fig. 9 
(b) shows that the severity of mechanical damage clearly increases for a 
larger value of the chemical growth strain. Specifically, for the lowest 
value of the growth strain, ϵg = 0.008, the concrete core of the sample is 
virtually undamaged after 12 years, while for the largest value, ϵg =

0.048, the core has closely approached the state of maximum damage, ω 
= 1. 

6. Application of the model to an idealized corrosion experiment 

For the validation of the proposed chemo-mechanical model, a 
corrosion experiment was performed in which a set of concrete 

specimens was exposed to a sulphuric acid solution at different time 
durations. The specimen preparation, experimental set-up and test 
procedure are presented in Section 6.1. The geometry and modelling 
parameters for the numerical simulation are described in Section 6.2, 
and Section 6.3 presents a comparison between the experimental and 
numerical results. 

6.1. Specimen preparation, experimental set-up and test procedure 

The cuboidal specimens tested had an edge length of 150 mm. At two 
opposite sides of the cube the upper part was equipped with a 50 mm 
cantilever extension, see Fig. 10(a), which enables hanging the cubes via 
a PVC support structure in a container with the sulphuric acid solution, 
as described in more detail below. The composition of the casted con-
crete specimens is listed in Table 6, and includes coarse granite aggre-
gates, sea sand and ordinary Portland cement — CEM I 42.5N that were 
provided by the company Kijlstra located in the Netherlands. The 
composition is representative of the dry-cast concrete used since the 
1950's for sewer pipes in the Netherlands. The water-cement ratio of the 
composition was equal to 0.35. The formwork of the casted specimens 
was removed after 24 h, after which the specimens were kept in water 
for a hydration period of 28 days. Subsequently, the dimensions of the 
hardened specimens were measured from 27 different spatial points that 
were uniformly distributed across the cube. Accordingly, their reference 
geometry was determined, from which corrosion depths after exposure 
to sulphuric acid could be measured. 

The corrosion profiles of the specimen were analysed for 6 different 
exposure times, namely 1, 2, 4, 6, 8 and 12 months. Since the assessment 
of corrosion requires a destructive analysis of the specimens (as 
described below), for each exposure time 6 specimens were prepared, 
resulting in a total number of 36 specimens. Per exposure time the sul-
phuric acid solution was kept in a separate container. Via a PVC support 
structure the concrete specimens were hung into the container, whereby 

Fig. 9. Parameter variation study on the chemical growth strain ϵg, considering three different values, ϵg = [0.008,0.028,0.048]. (a) Contour plot of gypsum 
concentration [CSH2] (in mol/m3) after 12 years. (b) Contour plot of the mechanical damage variable ω after 12 years. 
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the bottom part of the cubes was exposed to the sulphuric acid solution, 
see Fig. 10(b). The pH level of the solution was equal to 1. During the 
experiment the pH level of the sulphuric acid solution was monitored 
frequently, whereby it was observed that it slowly increased with time as 
a result of the release of hydroxide ions from the cement. The increase in 
pH level was kept limited within acceptable bounds by renewing the 
sulphuric acid solution once per month. The temperature in the exper-
iment was kept constant at 20 ◦Celsius. 

Fig. 10(c) shows a concrete specimen after 12 months of exposure to 
the sulphuric acid solution. The degradation effect of chemical corrosion 
can be clearly noticed from the spallation of the outer part of the cube at 
the bottom. It can be further seen that aggregates have become visible, 
and that the cement in between the aggregates has changed into a white 
substance with a soft texture, as representative of gypsum. The sediment 
found in the container underneath the specimen contains the aggregates 
and gypsum spalled from the specimen. In the experiment, the time 
development of the spallation profile was not monitored in detail, 
because of the complexity following from the high sensitivity of 

spallation to the local morphology of the concrete material, in combi-
nation with the long duration of the experiment. For each of the 6 
exposure times, the average value and standard deviation of the thick-
ness of the corroded layer were computed from the dimensions of a 
corroded cube in relation to its original dimensions. For this purpose, the 
corroded cubes were halved by means of a tensile splitting test, after 
which the average thickness and standard deviation of the corroded 
layer were calculated from measurements taken across the specimen 
width at 5 different locations along the cross-sectional height of the 
corroded (bottom) part of the sample, as performed for 6 samples per 
exposure time. Hence, for each exposure time the two statistical values 
were calculated from 30 measurements in total. An additional refine-
ment of the estimated corrosion layer thickness was necessary in order 
to account for the amount of corrosion generated inside the cube. This 
was done by performing a phenolphthalein test, whereby one of the 
fracture surfaces was sprayed with a phenolphthalein solution. In case of 
a relatively high pH value, the phenolphthalein takes a pink color, 
thereby indicating the region in which the sulphuric acid has not 
penetrated and the concrete is uncorroded. Conversely, for a low pH 
value, the phenolphthalein remains transparent, and thereby identifies 
the corrosion depth corresponding to the gypsum formed inside the 
specimen. For a concrete specimen exposed to the sulphuric acid con-
centration for a period of 12 months, Fig. 10(d) depicts the fracture 
surface sprayed with phenolphthalein. In this figure the inner concrete 
region (pink) and the unspalled part of the outer gypsum layer (beige) 
are clearly recognisable. 

Fig. 10. Corrosion experiment on concrete specimens. (a) Cuboidal concrete specimen. b) Container and PVC support structure used for simultaneously exposing 6 
concrete specimens to a sulphuric acid solution. (c) Corroded specimen after 12 months of exposure to a sulphuric acid solution with a pH of 1. (d) Cross-section of a 
corroded specimen after 12 months of exposure to a sulphuric acid solution with a pH of 1. From a phenolphthalein test the inner concrete region (pink) and the 
unspalled part of the outer gypsum layer (beige) can be clearly identified. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 

Table 6 
Composition of the concrete used for casting the cuboidal test specimens.  

Composition  
for 25 ⋅ 10− 3 m3  

of concrete 

Cement Seasand Granite Granite Water 

(0–2 mm) (2–8 mm) (8–16 mm) 

Mass 9.5 kg 16.0 kg 22.5 kg 9.4 kg 3.3 kg  
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6.2. Geometry and material parameters for the numerical simulations 

The main features of the numerical model used for validating the 
results of the corrosion experiments are similar to those of the numerical 
analyses discussed in Section 4, in accordance with the schematization 
presented in Fig. 3. Further, the chemical and mechanical material pa-
rameters are taken the same as for the reference case, see Table 3, except 
for the relaxation parameter η used for describing the evolution of me-
chanical damage via Eq. (20) and the maximum diffusion coefficient 
D ∞ in Eq. (25). Specifically, the relaxation parameter is decreased to η 
= 25.2 ⋅ 105 s and, based on the insight obtained from the sensitivity 
analyses presented in Section 5.5, the maximum diffusion coefficient is 
set to D ∞ = 2.75⋅10− 11 m2/s (= 10.5D 0), by which the characteristic 
time scale of the computed corrosion process becomes comparable to 
that observed in the experiments. The initial conditions of the simula-
tion also correspond to those of the reference case, as listed in Table 4. 
The chemical boundary conditions presented in this table relate to a 
sulphuric acid solution with an acidity of pH = 0, and therefore are 
adapted in order to account for the lower acidity of pH = 1 that char-
acterizes the sulphuric acid solution used in the experiments. In accor-
dance with the procedure applied in Section 4.3.3, the boundary 
concentrations of the hydrogen ions and sulphate ions are determined as 
[OH− ]Γ = 10− 10 mol/m3 and [SO4

2− ]Γ = 100 mol/m3, respectively. 
Similar to the reference case, the boundary concentration of the calcium 
ions is taken equal to zero, [Ca2+]Γ = 0 mol/m3. The numerical simu-
lation is performed using the full chemical model for biogenic sulphide 
corrosion in a two-way coupled manner with the continuum damage 
model for concrete, in correspondence with the definition of Case 4 in 
Table 5. 

6.3. Comparison between the experimental and numerical results 

Fig. 11(a) depicts the experimental (left) and numerical (right) 
quarter cross-sections of the concrete specimen after exposure to the 
sulphuric acid solution for a period of 12 months. It can be observed that 
the unspalled, experimental corrosion layer of gypsum (depicted in 
beige) has developed rather uniformly along the specimen boundary, 
with some small undulations caused by inhomogeneities (e.g., aggre-
gates) present in the inner concrete region (depicted in pink). The 
maximum thickness of the gypsum layer is in good correspondence with 
that computed by the numerical simulation (depicted in red). Clearly, 

the undulations are absent in the numerical profile, since the concrete in 
the inner concrete region (depicted in blue) is modelled as homoge-
neous. The specific effect of the aggregates on the chemo-mechanical 
response can be accounted for in the present model by explicitly simu-
lating the heterogeneous concrete micro-structure, see e.g., [97], which 
is considered to be a topic for future study. 

The time evolution of the experimental corrosion depth is presented 
in Fig. 11(b) for the 6 exposure times applied in the test procedure, with 
the average value and standard deviation indicated by the blue solid 
circles and the blue error bars, respectively. The trend computed by the 
numerical model is denoted by the black solid line. It can be observed 
that the rate of corrosion initially is relatively high, but gradually de-
creases with increasing time. The numerical result adequately corre-
sponds to the experimental result for all 6 exposure times; at larger times 
it consistently falls within the standard deviation of the average exper-
imental response, whereby the final corrosion depth corresponding to 
the gypsum layer formed after 12 months equals lCSH2

= 6.3 mm. It has 
been confirmed that the time evolution of the corrosion depth as 
computed by the numerical model can be closely approximated by a 
power law of which the exponent equals 0.53, indicating that the 
development of the corrosion depth scales approximately with the 
square root of time. 

In summary, it may be concluded that the coupled chemo- 
mechanical model is able to adequately describe the important fea-
tures of chemical corrosion observed in the experiments. This demon-
strates that the model is suitable for being applied in the numerical 
analysis of biogenic sulphide corrosion processes in in-situ sewer pipe 
systems, in order to predict their long-term chemo-mechanical degra-
dation behaviour under practical, relatively complex environmental 
conditions. 

7. Conclusions 

A combined chemo-mechanical model is developed for the simula-
tion of biogenic sulphide corrosion processes in concrete sewer pipes. 
The chemical model is formulated in terms of a system of coupled 
diffusion-reaction equations, which captures the processes of calcium 
hydroxide dissolution, calcium silicate hydrate dissolution and gypsum 
formation. The chemical model is two-way coupled with a mechanical 
model that effectively describes the damage processes due to gypsum 

Fig. 11. Comparison between experimental results and numerical simulation results. (a) Quarter cross-section of one specific concrete specimen after exposure to a 
sulphuric acid solution for a period of 12 months. In the experimental profile (left) the unspalled gypsum layer is indicated in beige, and the inner concrete region in 
pink. In the numerical profile (right) the gypsum layer is indicated in red, and the inner concrete region in blue. (b) Time evolution of the corrosion depth. The mean 
values of the experimental data are indicated by blue solid circles; the corresponding error bar represents the standard deviation. The results of the numerical 
simulation are designated by the black solid line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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formation and mechanical deformations. Damage-enhanced diffusion is 
hereby accounted for via a dependency of the diffusion parameter on the 
amount of mechanical damage generated. The chemical damage vari-
able used in the damage model is prescribed by the concentration of 
calcium silicate hydrate, and a chemical growth strain is introduced to 
account for the material expansion caused by gypsum formation. The 
coupled chemo-mechanical model is numerically implemented in a 
finite element framework using a segregated, incremental-iterative up-
date scheme. 

A set of four numerical analyses of increasing complexity is per-
formed, which provides advanced understanding on the chemo- 
mechanical interactions associated to the process of biogenic sulphide 
corrosion, as summarized in the following. Driven by the relatively low 
ionic concentrations of calcium and hydroxide ions at the external 
boundary of the cuboidal concrete sample, the calcium hydroxide and 
calcium silicate hydrates species present in concrete gradually dissolve 
from the boundary in the inward direction of the sample. The calcium 
ions generated by these dissolution processes subsequently react with 
the excess of sulphate ions to form gypsum. The excess of sulphate ions 
in the outer boundary region of the sample results from their inward 
diffusion, as caused by a relatively high ionic concentration at the 
boundary under biogenic reactions. The formation of gypsum ends in a 
specific material point once the calcium hydroxide and calcium silicate 
hydrates species have fully depleted. The thickness of the outer region 
increases with time, whereby the associated chemical growth strain is 
constrained by the inner concrete region. This induces a tensile stress in 
the inner core region that typically leads to mechanical damage, 
whereby the amount of damage increases from the core of the sample 
towards the interface with the outer gypsum layer. The growth velocity 
of the gypsum layer and the amount of damage generated in the inner 
concrete region are significantly enlarged by the process of damage- 
enhanced diffusion. Further, as demonstrated by a parameter variation 
study, the diffusion coefficient has a strong impact on the degradation 
behaviour of the system, while the chemical growth strain influences the 
amount of damage, but has almost no effect on the thickness of the 
gypsum corrosion layer. 

Finally, a validation experiment is performed that mimics the 
chemical process of biogenic sulphide corrosion in in-situ concrete 
sewer pipes, by exposing cuboidal concrete samples to a sulphuric acid 
solution at different time durations. The comparison between the 
experimental and numerical results indicates that the chemo- 
mechanical model adequately simulates both the shape of the experi-
mental corrosion profile and the time evolution of the corrosion depth. 
The temporal development of the experimental corrosion depth 
approximately scales with the square root of time. 

In order to further refine the model predictions, the chemical and 
mechanical model parameters used as input need to be calibrated with 
high accuracy from additional experiments. Specifically, the limited 
availability of experimental values of the chemical parameters asks for 
dedicated tests to measure the diffusion coefficients of the individual 
chemical species and the kinetic constants defining the chemical re-
actions. The resulting data can be used as model input to perform nu-
merical simulations on biogenic sulphide corrosion processes in in-situ 
sewer pipe systems, with the aim to accurately predict their long-term 
chemo-mechanical degradation behaviour under practical circum-
stances. This will lead to technical input and insights necessary for 
further developing and refining practical recommendations and guide-
lines, which may be used by municipalities and other stakeholders for 
the risk-based assessment of concrete sewer systems. 
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