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Abstract: Poor durability of reinforced concrete structures can lead to serious structural failures. An
accurate model to observe the effects of aggressive agents like carbonation, sulfate ingress, and seawater
solutions on the solid phase assemblage will help designers and specifiers better understand how cement
behaves in these environments. This paper presents the first steps in developing such a model using the
PHREEQC geochemical software by accounting for alkali binding and dissolution. It also presents the
use of discrete solid phases (DSPs) to account for the solid-solution behaviour of siliceous hydrogarnet
and magnesium silicate hydrate (M-S-H). A new thermodynamic description of the vaterite phase has
also been developed for this work using the cemdata18 thermodynamic database. The predicted phase
assemblages of cements in these environments here agree with previously published findings using a
different thermodynamic model supported with experimental data.

Keywords: cement; hydration; durability; carbonation; sulfate; seawater; thermodynamics

1. Introduction

The chemical environment of cement maintains a high pH pore solution (>12.5) which,
in turn, keeps the protective oxide film on steel reinforcement in the passive state and
protects it from corrosion. Once the passive layer is broken down, aggressive ions in the
concrete including air, water, salt, etc., are free to attack the reinforcement which can,
over time, lead to structural instability and failure unless preventative measures are taken.
Atmospheric carbon dioxide (CO2) readily dissolves in cement and the carbonic acid this
produces partially neutralises the alkalis, reducing the overall pH, with carbonate and
bicarbonate ions remaining in solution [1].

In terms of solid hydrates, the dissolution of CO2 during hydration causes the desta-
bilisation of portlandite and ettringite while calcite, gypsum, and aluminum hydroxide
precipitates [1]. These changes in the solid hydrates are also accompanied by changes in
the pore solutions which affect the sorptivity of reducing alkalis by the C-S-H as calcium is
diminished in the system due to ongoing carbonation [2–6]. The changes in the hydrated
cement due to carbonation as reported by [7] includes the preference of monosulfate and
Friedel salt to monocarbonate which, in turn, forms stratlingite, high Ca;Si C-S-H gels to
low Ca:Si C-S-H gels, calcite and water as ettringite dissolves and gibbsite precipitates,
leaving sulphate ions in solution.

Sulfate ingress into concrete and mortar can lead to expansion, softening, cracking,
and spalling which allow further aggressive agents to enter and cause severe durability
issues [8–12]. Sulfates such as Na2SO4 and MgSO4 can be found in groundwater and
wastewater that, unless properly accounted for in the design, will lead to costly shutdowns
while the concrete is being repaired or replaced. The influence of external sulfates like
Na2SO4 lead to additional or ‘secondary’ internal sulfate phases like ettringite and gypsum
precipitation along with thaumasite formation that leads to the creation of cracks. Previous
work in this area has led to mixed opinions on the influence of cement solid phases on the
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true cause of crack formation and expansion in cementitious materials subject to sulfate
attack [13,14].

The ingress of seawater into cement leads to the conversion or replacement of mono-
carbonate with Friedel’s salt, along with the removal of typical solid hydrate phases, such
as C-S-H, portlandite, ettringite, etc., with a corresponding decrease in solid volume [15–19].
These phases are replaced with Friedel salt, Magnesium Silicate Hydrate (M-S-H), and the
re-precipitation of brucite. These changes come with an initial increase in the total volume of
ettringite primarily due to the presence of sulfate, carbonate, and magnesium in the seawater.

Thermodynamic modelling of cement hydration offers a reliable means of simulat-
ing changes in an anhydrous clinker during its hydration and providing predictions of
phase assemblages and pore solution chemistries over time for many cement systems.
Accurate predictions are possible once suitable input parameters (clinker oxide propor-
tions, water/cement (w/c) ratio, curing temperature, relative humidity, and the Blaine
fineness), an appropriately formatted thermodynamic database, and suitable geochemi-
cal software are used with a degree of expertise and a level of understanding to include
other practical factors such as oxide components dissolved in the OPC clinker phases,
oversaturation of specific phases during the first 12 h of hydration, and the release and
uptake of alkali elements (K and Na) by the C-S-H. Most hydration simulations use these
factors over time using empirical rate equations to describe the dissolution of OPC clinker
phases. The authors have successfully used [20,21] the freely available geochemical soft-
ware PHREEQC [22] to predict the hydration behaviour of Portland cement over time.
PHREEQC employs the law of mass action equations to perform complex geochemical
simulations allowing the inclusion of kinetics and rates, and competing reactions between
solids, liquids, and gases at equilibrium, details of which can be found in [22]. However, at
the time of writing, no models of CO2-induced carbonation or changes in phase assemblage
due to seawater, NaCl solution, or sulfate ingress into cement have been developed using
the PHREEQC geochemical software.

Previous work on thermodynamic modelling of carbonation has been undertaken
by De Weerdt and co-authors [1] who used the Gibbs free energy minimization software
GEMS 3.5 [23] with a general thermodynamic database [24] further expanded with the
cemdata18 database [25] containing solubility products of solids relevant for cementitious
systems. They modelled mortars with two different types of cement (CEM I and CEM
II/B-V according to EN 197-1 [26]) exposed to accelerated carbonation conditions. Ther-
modynamic predictions of the changing phase assemblages and pore solution chemistries
were predicted with increasing levels of CO2. Thermodynamic modelling of cement-based
mortars subject to increasing sulfate levels by [27] demonstrated how the solid hydrates
in partially hydrated systems were converted to higher volumes of ettringite, gypsum
precipitates, and thaumasite formation as the amount of Na2SO4 solution increased.

In the current paper, the phase assemblages have been predicted for a CEM I com-
mercial cement undergoing separate carbonation, sulfate, NaCl, and seawater-induced
reactions using the geochemical code PHREEQC. The cemdata18 thermodynamic database
was used with several Discrete Solid Phases (DSPs) used to represent the solid solution
CSHQ and M-S-H models. Due to the amorphous and poorly crystalline nature of C-S-H
in cement with a corresponding range of Ca/Si ratios (0.6–1.7), it displays a strongly in-
congruent dissolution behaviour [28] where the release of calcium into solution is several
orders of magnitude greater than that of silicon. A suitable C-S-H gel solubility model is
therefore required to accurately describe its variable composition and solubility behaviour
and predict stable phase assemblages, pH, and pore chemistries. While solid solution
analysis is possible in PHREEQC, it has a long computational time. The use of DSPs to
model stable phase assemblages etc. has been shown by the authors [21,29] to be a suitable
replacement with no loss in accuracy with less computational effort.
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2. Materials and Methods
2.1. Materials

A CEM I (Strength Class 42.5 N) cement complying with EN 197-1 [26] was used as
the cementitious material.

2.2. Chemical and Minerological Analysis

The oxide proportions in Table 1 were determined by XRF using a PANalytical Axios
Advanced XRF spectrometer. The analysis also included measurements for the loss on
ignition (LOI) values. The fineness of the cement was determined using an ELE Blaine air
permeability apparatus in accordance with EN 196-6 [30].

Table 1. Cement oxide proportions and clinker composition (g/100 g cement).

Oxide Proportions (g/100 g Cement) Clinker Compositions (g/100 g Cement)

SiO2 19.47 C3S 59.64

Al2O3 5.05 C2S 9.67

Fe2O3 2.81 C3A 8.45

CaO 63.71 C4AF 8.38

MgO 2.27 Lime 1.63

Na2O 0.29 calcite 4.14

K2O 0.55 gypsum 2.17

CaO free 1.66 Periclase 0.71

CO2 1.86 K2SO4 0.90

SO3 1.62 Na2SO4 0.29

Periclase 0.72

Blaine fineness (m2/kg)

400

3. Thermodynamic Modelling of Cement Hydration

Thermodynamic modelling was done using the PHREEQC geochemistry software us-
ing the cemdata18 database. Calculating the normative cement content, clinker dissolution
rate, accounting for the accessory phases, oversaturation, and alkalis binding to the C-S-H
have been described in detail in previous works [21,29]. The CSHQ solid solution model
described in [25] has been used for all calculations. Holmes et al. [21] showed how C-S-H
gel solubility can be modelled as a series of discrete solid phases (DSPs) derived from the
CSHQ end-members in the cemdata18 database and have been used in the PHREEQC
input files throughout this work.

3.1. Thermodynamic Descriptions of Vaterite

While calcite is the most stable calcium carbonate phase under ambient conditions,
vaterite has been reported in cements undergoing carbonation in the literature [31–34]. As
this mineral is not present in cemdata18, it was derived here using thermodynamic data
in Table 2 and copied into the PHASES data block in the PHREEQC input file. The log K
predictions were compared against the van Hoff method which assumes the heat capacity
of the reaction is equal to zero. As may be seen in Figure 1, the derivation gives an excellent
comparison. Over time, the system will re-crystallise to form the lowest energy assemblage,
by the dissolution of vaterite and re-precipitation of calcite, but these calculations show the
earliest stable phase assemblage.
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Table 2. Thermodynamic data to derive vaterite phases taken from [25].

Mineral Name
[Composition] Dissolution Reaction

vaterite
[CaCO3]

vi Component ∆fG◦
m (J/mol) ∆fH◦

m (J/mol) S◦
m (J/K/mol) Cp

◦
m

(J/K/mol) RMM (g/mol) Z (−)

−1 CaCO3 −1,099,180 −1,201,920 10.46 −123.86 100.0869 0

−1 H+ 0 0 0 0 1.00794 1

1 Ca+2 −552,790 −543,069 −56.484 −30.9225 40.078 2

1 HCO3
− −586,940 −690,010 98.450001 −34.848837 61.01684 −1

∆rΞ◦
m −40,550 −31,159 31.506001 58.088663 0

Phase description for PHREEQC PHASE data block

CaCO3 + 1 H+ = + 1 Ca+2 + 1 HCO3
−

log_k 7.1040

delta_h −31.159 kJ/mol

analytical_expression −18.67594 0 2532.174 6.98642 0

Appl. Sci. 2023, 13, x FOR PEER REVIEW 4 of 25 
 

assemblage, by the dissolution of vaterite and re-precipitation of calcite, but these calcu-
lations show the earliest stable phase assemblage. 

Table 2. Thermodynamic data to derive vaterite phases taken from [25]. 

Mineral Name 
[Composition] Dissolution Reaction 

vaterite [CaCO3] 

vi Component 
∆fG°m 

(J/mol) 
∆fH°m 

(J/mol) S°m (J/K/mol) Cp°m (J/K/mol) RMM (g/mol) Z (-) 

−1 CaCO3 −1,099,180 −1,201,920 10.46 −123.86 100.0869 0 
−1 H+ 0 0 0 0 1.00794 1 
1 Ca+2 −552,790 −543,069 −56.484 −30.9225 40.078 2 
1 HCO3- −586,940 −690,010 98.450001 −34.848837 61.01684 −1 
 ∆rΞ°m −40,550 −31,159 31.506001 58.088663  0 

Phase description for PHREEQC PHASE data block 
CaCO3 + 1 H+ = + 1 Ca+2 + 1 HCO3- 

log_k 7.1040 
delta_h −31.159 kJ/mol 

analytical_expression −18.67594 0 2532.174 6.98642 0 

 
Figure 1. Vaterite log K comparisons. 

3.2. Discrete Solid Phases (DSP) Derivation for M-S-H and Si-Hydrogarnet 
The M-S-H series of DSP was defined using the pure end-members and their ther-

modynamic properties in terms of Gibbs free energy (G, J/mol), enthalpy (H, J/mol), en-
tropy (S, J/K/mol), heat capacity (Cp, J/K/mol), and molar volume (V, cm3/mol) (see Table 
3) [21] and used to calculate the solubility constant, log K, and its variation with temper-
ature for dissolution reactions of each end-member (Table 4) using Equation (1). The a, c, 
and d co-efficients are calculated as functions of enthalpy (∆rH, J/mol), entropy (∆rS, 
J/K/mol), and heat capacity (∆rCp, J/K/mol) of the reaction [13]. The b, e, and f co-efficients 
are equal to zero. 

log K = a + b·T + c/T + d·log10(T) + e·T–2 + f·T2 (1) 

Mole fraction (in terms of Xi and Xj) increments of 0.2 have been used here to discre-
tize the solid solutions and create the DSP series. The sum of the mole fractions in each 
solid solution must equal 1. Using these mole fractions, the solid phase composition, aque-
ous reaction components mass, and volume are determined for each DSP based on the 
original end-members. The solubility constant is determined for each DSP in the MSH 
models using Equation (2) with the resulting phases presented in Table 5. 

Figure 1. Vaterite log K comparisons.

3.2. Discrete Solid Phases (DSP) Derivation for M-S-H and Si-Hydrogarnet

The M-S-H series of DSP was defined using the pure end-members and their ther-
modynamic properties in terms of Gibbs free energy (G, J/mol), enthalpy (H, J/mol),
entropy (S, J/K/mol), heat capacity (Cp, J/K/mol), and molar volume (V, cm3/mol) (see
Table 3) [21] and used to calculate the solubility constant, log K, and its variation with
temperature for dissolution reactions of each end-member (Table 4) using Equation (1).
The a, c, and d co-efficients are calculated as functions of enthalpy (∆rH, J/mol), entropy
(∆rS, J/K/mol), and heat capacity (∆rCp, J/K/mol) of the reaction [13]. The b, e, and f
co-efficients are equal to zero.

log K = a + b·T + c/T + d·log10(T) + e·T−2 + f·T2 (1)

Mole fraction (in terms of Xi and Xj) increments of 0.2 have been used here to discretize
the solid solutions and create the DSP series. The sum of the mole fractions in each solid
solution must equal 1. Using these mole fractions, the solid phase composition, aqueous
reaction components mass, and volume are determined for each DSP based on the original
end-members. The solubility constant is determined for each DSP in the MSH models
using Equation (2) with the resulting phases presented in Table 5.

KMSH = (Ki·Xi)Xi·(Kj·Xj)Xj (2)
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Table 3. Thermodynamic properties of M-S-H as taken from [25].

Component G i H i S ii Cp ii V iii

M075SH −3,218,427 −3,505,729 270.26099 318 95.00

M15SH −2,355,660 −2,594,220 216 250 74.00

Mg+2 −453,990 −465,930 −138.07 −21.66

SiO2 −833,411 −887,856.2 41.338 44.4654

H2O −237,183 −285,881 69.923 75.3605

OH− −157,270 −230,010 −10.71 −136.34
i J/mol. ii J/mol/K. iii cm3/mol.

Table 4. MSH end-member properties [25].

M075SH

(MgO)1.5 (SiO2)2 (H2O)2.5 –> 1.5 Mg+2 + 2 SiO2 + 3 OH− + 1 H2O
log K −28.80

analytical_expression parameters i

a = 189.588043, c = −12,153.394331, d = −71.58795

M15SH

(MgO)1.5 SiO2 (H2O)2.5 –> 1.5 Mg+2 + SiO2 + 3 OH− + 1 H2O
log K −23.57

analytical_expression parameters i

a = 182.029762, c = −10,551.415516, d = −68.75740
i a = (∆rS − ∆rCp·(1 + LN(298.15)))/(R·LN(10)), b = 0, c = (298.15·∆rCp − ∆rH)/(R·LN(10)), d = ∆rCp/R, e = 0,
and f = 0, where R is the gas constant (8.31451 J/mol/K).

Table 5. End-members and DSP for the M-S-H model.

Phase
Mole Fractions

DSP Dissolution Reaction Log K (25 ◦C)
Analytical Expression Parameters

Vol. cm3/mol
i j a c d

M075SH 1 0 (MgO)1.5(SiO2)2(H2O)2.5 = 1.5 Mg+2

+ 3 OH− + 1 H2O + 2 SiO2
−28.31435 189.588043 −12,153.394331 −71.58795 95.000

MSHSS_1 0.8 0.2 (MgO)1.5(SiO2)1.8(H2O)2.5 = 1.5
Mg+2 + 3 OH− + 1 H2O + 1.8 SiO2

−27.56791 187.859065 −11,832.998568 −71.02184 90.800

MSHSS_2 0.6 0.4 (MgO)1.5(SiO2)1.6(H2O)2.5 = 1.5
Mg+2 + 3 OH− + 1 H2O + 1.6 SiO2

−26.67912 186.272445 −11,512.602805 −70.45573 86.600

MSHSS_3 0.4 0.6 (MgO)1.5(SiO2)1.4(H2O)2.5 = 1.5
Mg+2 + 3 OH− + 1 H2O + 1.4 SiO2

−25.71536 184.760789 −11,192.207042 −69.88962 82.400

MSHSS_4 0.2 0.8 (MgO)1.5(SiO2)1.2(H2O)2.5 = 1.5
Mg+2 + 3 OH− + 1 H2O + 1.2 SiO2

−24.67664 183.324096 −10,871.811279 −69.32351 78.200

M15SH 0 0 (MgO)1.5(SiO2)1(H2O)2.5 = 1.5 Mg+2

+ 3 OH− + 1 H2O + 1 SiO2
−23.49557 182.029762 −10,551.415516 −68.75740 74.000

A similar methodology was applied to derive the DSP for the siliceous hydrogarnet,
as described in [25] using the thermodynamic data in Tables 6 and 7 resulting in the phases
shown in Table 8.
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Table 6. Thermodynamic properties of Si-hydrogarnet as taken from the cemdata18 database [25].
Letters assigned to each end-member are shown in parentheses.

Component G i H i S ii Cp ii V iii

C3FS1.34H3.32 −4,681,100 −4,994,000 820 395 148.523

C3FS0.84H4.32 −4,479,900 −4,823,000 840 371 142.492

Ca+2 −552,790 −543,070 −56.48 −30.92

H2O −237,180 −285,880 69.92 75.36

SiO2 −833,410 −887,860 41.34 44.47

FeO −368,260 −443,820 44.35 −234.93
i J/mol. ii J/mol/K. iii cm3/mol.

Table 7. Si-hydrogarnet end-member properties [25].

C3FS1.34H3.32

Ca3Fe2O6(SiO2)1.34(H2O)3.32 + 4H+ = 2FeO2
− + 3Ca+2 + 5.32H2O + 1.34SiO2

log K −16.185620

analytical_expression parameters i

a = 189.588043, c = −12153.394331, d = −71.58795

C3FS0.84H4.32

(FeFeO3)(Ca3O3(SiO2)0.84(H2O)4.32) + 4H+ = 2FeO2
− + 3Ca+2 + 6.32H2O + 0.84SiO2

log K −19.980634

analytical_expression parameters i

a = 189.588043, c = −12153.394331, d = −71.58795
i a = (∆rS − ∆rCp(1 + LN(298.15)))/(R·LN(10)), b = 0, c = (298.15·∆rCp − ∆rH)/(R·LN(10)), d = ∆rCp/R, e = 0, and
f = 0, where R is the gas constant (8.31451 J/mol/K).

Table 8. End-members and DSP for the Si-hydrogarnet model.

Phase
Mole Fractions

DSP Dissolution Reaction Log K (25 ◦C)
Analytical Expression Parameters Vol.

cm3/moli j a c d

C3FS1.34H3.32 1.0 0 (CaO)3(Fe2O3)1(SiO2)1.34(H2O)3.32 + 4 H+
= 3 Ca+2 + 5.32 H2O + 1.34 SiO2 + 2 FeO2

− 16.1856 149.183895 4452.847007 −59.78885 148.523

SiHydroSS_1 0.8 0.2 (CaO)3(Fe2O3)1(SiO2)1.24(H2O)3.52 + 4 H+
= 3 Ca+2 + 5.52 H2O + 1.24 SiO2 + 2 FeO2

− 16.7273 143.875891 4828.350469 −57.93366 147.317

SiHydroSS_2 0.6 0.4 (CaO)3(Fe2O3)1(SiO2)1.14(H2O)3.72 + 4 H+
= 3 Ca+2 + 5.72 H2O + 1.14 SiO2 + 2 FeO2

17.4113 138.710245 5203.853931 −56.07847 146.111

SiHydroSS_3 0.4 0.6 (CaO)3(Fe2O3)1(SiO2)1.04(H2O)3.92 + 4 H+
= 3 Ca+2 + 5.92 H2O + 1.04 SiO2 + 2 FeO2

− 18.1703 133.619563 5579.357392 −54.22328 144.904

SiHydroSS_4 0.2 0.8 (CaO)3(Fe2O3)1(SiO2)0.94(H2O)4.12 + 4 H+
= 3 Ca+2 + 6.12 H2O + 0.94 SiO2 + 2 FeO2

− 19.0043 128.603845 5954.860854 −52.36809 143.698

C3FS0.84H4.32 0 1.0 (CaO)3(Fe2O3)1(SiO2)0.84(H2O)4.32 + 4 H+
= 3 Ca+2 + 6.32 H2O + 0.84 SiO2 + 2 FeO2

− 19.9806 123.730485 6330.364316 −50.51290 142.492

3.3. Description of Input for Models

For the carbonation analysis, the cement described in Table 1 was allowed to hydrate
as normal for 28 days, at which point CO2 was introduced into the system increasing in
concentration from 0 to 100 g in steps of 5 g. To account for the lowering of the Ca:Si ratio
in the C-S-H as Na and K alkalis are absorbed, their concentration in the pore solution was
reduced using a distribution co-efficient (kd) [35]. De Weerdt and co-authors [1] allowed
the kd value for both Na and K to increase from 0.45 mL/g (Ca:Si = 1.62) to 6.7 mL/g
(Ca:Si = 0.67). A similar approach was adopted here. The effect of increasing sodium
sulfate (Na2SO4) and magnesium sulfate (MgSO4) ingress on the phase assemblages for
the partially hydrated cement at 28 days (assumed to be 80% hydrated) was modelled from
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0 to 10,000 mL logarithmically in eleven steps and input into PHREEQC using its molar
concentration. Here, the alkali distribution coefficient was taken as 2.46 mL/g which is
the average kd for the 1.5–0.85 Ca/Si ratios for both K and Na, as found in [35]. Seawater
impact on the hydrating cement was modelled on a fully hydrated cement where the change
in the solid phase assemblage was observed with increasing seawater from 0–100,000 g/L
logarithmically. The seawater concentration was based on previous research [36] where a
sample of Atlantic Ocean water from the north-west of Ireland was tested for its chemical
element concentrations, as shown in Table 9.

Table 9. Atlantic Ocean seawater analysis used to represent the seawater (taken from [36]).

Element Cl SO4 Na K Mg Ca

Concentration
(ppm) 15,704 2254 9300 360 1800 490

Figure 2 shows the predicted phase assemblage for the OPC described in Table 1. The
paste was allowed to hydrate for approximately 28 days before exposure. The hydrates
predicted to precipitate include C-S-H, portlandite, monocarbonate, brucite, hydrotalcite,
and calcite.
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Figure 2. OPC cement predicted hydrate phases (curing temperature = 20 ◦C).

The distribution coefficient was allowed to vary from 0.92 mL/g to 1.944 mg/l from
Ca:Si ratios of 1.636 to 1.154, respectively. Modelling was undertaken on the cement
described in Table 9 using a w/c ratio of 0.5 and a temperature of 20 ◦C.

4. Analysis Output
4.1. Carbonation

Figure 3 shows the changing phase assemblage as the amount of CO2 increases in
5 g increments. Thermodynamic predictions show the formation of C-S-H, portlandite,
ettringite, strätlingite, hydrotalcite, and a small amount of calcite in the non-carbonated
paste, as seen in previous work by de Weerdt et al. [1] and observed by experimental
SEM-EDS and TGA analysis data. The change in solid hydrate volume (separated into
major and minor phases for ease of reading) with pH as carbonation continues is shown
in Figure 4. As shown, as the pH drops below 13, there is a rapid decrease in C-S-H as
portlandite is fully depleted with a corresponding increase in calcite (Figure 4a). There is
also a more gradual lowering of ettringite abundance, which continues with increasing CO2
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concentration and is fully removed at a pH of approximately 10.5. As the decalcification
of C-S-H and ettringite continues, the pH drops further and minor amounts of Quartz,
M-S-H, gibbsite, and Ferrihydrite are formed at a pH below 12 (Figure 4b) as the calcium in
the system is being converted to calcite. The change in C-S-H Ca:Si ratios is presented in
Figure 5. The DSPs used here have accounted for the lowering of the Ca:Si ratio. Previous
work by the authors [21] has found that a single C-S-H phase would be suitable to model
OPC hydration where decalcification did not occur and both portlandite and C-S-H were
stable. This further confirms the accuracy of the DSP phase models for C-S-H, and other
phases used here, such as M-S-H and siliceous hydrogarnet.
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calcite, ettringite and gypsum and (b) MSH, ferrihydrite, quartz, straetlingite and gibbsite.

Previous experimental data [31–34] from XRD over time during the carbonation of
cement pastes have shown the existence of vaterite, which was included in the thermody-
namic model using the phase derived above. It does not appear to equilibrate and form a
solid phase in the assemblages shown below as calcite is more thermodynamically stable at
ambient conditions. We recognize, however, that vaterite is the early, metastable calcium
carbonate phase.
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4.2. Sulfate Ingress
4.2.1. Sodium Sulfate

The phase assemblage in Figure 6 shows the expected increase in ettringite volume
up to 100 g/L of sulfate where it decreases sharply at a pH of approximately 11 as C-S-H
and portlandite are depleted. Like the work of Lothenbach et al. [27,37], thaumasite was
predicted to form as monocarbonate was lost into solution. Previous work has shown that the
formation of thaumasite is strongly dependent on temperature [13]. Work by the authors [38]
where several concrete samples were immersed in a 25 g/L concentration of Na2SO4 solution
(represented here) over six months, showed only a minor expansion over time. Additionally,
the samples showed signs of gypsum formation on the surface following brushing with water,
which re-precipitates at approximately 100 g/L < 11 pH. Schmidt et al. [27] postulated that the
damage associated due to ettringite expansion preceded thaumasite formation and required
some opening up of the microstructure. Figure 7 shows the change in hydrate volume with
decreasing pH. The solid hydrate structure appears to remain stable until the pH falls below
11 where there is a rapid loss in volume. This, coupled with the lowering pH and breakdown
of the passive layer surrounding embedded reinforcement, will lead to significant strength
reduction and mass loss. As with the effect of carbonation, the derived CSHQ DSPs can
account for the decalcifying effect of the sulfate ingress and the lowering of the Ca:Si ratio, as
shown in Figure 8.

4.2.2. Magnesium Sulfate

It is generally accepted in the literature that magnesium sulfate is the most harmful
of all the sulfates on cementitious materials [39–41], the formation of brucite, and the
conversion of both C-S-H and portlandite to expansive gypsum and M-S-H [42]. As a
result, the detrimental impact of magnesium sulfate in cement mortar and concrete by
modifying the microstructure and chemical composition of the cement/concrete matrix has
a more severe effect than from the Na2SO4 attack [43]. It has been postulated by [27,30] that
the double-layer brucite and gypsum formation on the surface may protect the hardened
cement matrix from magnesium sulfate attack. However, over time, this layer is removed,
and deterioration accelerates with the sulfate diffusing easier into the material as C-S-H
decomposition precipitates to M-S-H [39].

Figure 9 shows the cement used here was immersed in a 25 g/L concentration of
MgSO4 solution. As described above, the precipitation of thaumasite, brucite, M-S-H,
and gypsum over time as C-S-H and portlandite, is depleted. Additionally, hydrotalcite
increases at later ages as it scavenges Al from other phases until the system runs out of Mg.
Brucite precipitation here is not predicted in a sodium sulfate attack where the magnesium
reacts with portlandite. XRD measurements of cement mortars from the literature [43–52]
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support the change in phase behaviour predicted in Figure 9. As shown, there is substantial
expansion with the ingress of magnesium sulfate, much more (~30%) than sodium sulfate
(Figure 7). The effect of ettringite and gypsum on expansion is an area of ongoing discussion
by others working in this area [53–58].

The change in Ca:Si ratio in the C-S-H is shown in Figure 10 which shows similar
behaviour to sodium sulfate. The Mg:Si ratio of the M-S-H was fixed at 1.50, which is
precipitated by the M15SH end-member phase in Table 4. In this case, the DSP derived for
the M-S-H is not required as the Mg:Si ratio remains constant and is not affected by the
addition of siliceous SCM or by chemical degradation [21].
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4.3. Sea Water Ingress

The predicted solid hydrates in Figure 11 include C-S-H, portlandite, ettringite, mono-
carbonate calcite, hydrotalcite, and siliceous hydrogarnet. As monocarbonate is depleted,
Friedel’s salt is precipitated with an increase in ettringite, and the total volume as the
amount of seawater added increases, while portlandite and C-S-H are removed. At higher
seawater additions, ettringite is depleted along with portlandite and C-S-H, leading to a
decrease in total volume, in which brucite re-precipitates and some M-S-H is formed.
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The change in hydrate phase volume with decreasing pH is shown in Figure 12. The
solid hydrates appear to remain stable, especially C-S-H until the pH falls below 12.5.
There is a sharp increase in ettringite when the pH is between 12.64 and 12.50, but a
sharp decrease below a pH of approximately 12. Below a pH of approximately 12.5, there
is a rapid decrease in volume with only hydrotalcite, brucite, M-S-H, and some calcite
remaining. As with the effect of carbonation, the ingress of seawater lowers the Ca:Si ratio
of the C-S-H which is simulated by the CSHQ DSP gel phase model (see Figure 13).
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5. Discussion

Carbonation in concrete is caused by the diffusion of CO2 which reacts with port-
landite and the calcium-bearing structural units in CSH to lower the pH by the creation
of Ca(HCO3)2 in the pores. Below a pH of approximately 9, the microscopic passive layer
surrounding the embedded steel is destabilised and is exposed to the oxygen and water in
the pore structure leading to its rusting and expansion that causes the concrete to spall [59].
In the cement under analysis here, a pH of 9 exists when over 90 g of CO2 exists in the
system (Figure 14), and all of the portlandite, hydrotalcite, monocarbonate, ettringite, and
siliceous hydrogarnet is depleted with minor amounts of C-S-H, re-precipitated gypsum
and M-S-H, Ferrihydrite, Quartz, and gibbsite remaining. The ingress of CO2 has also led to
a significant increase in calcite. This provides a useful tool for concrete suppliers and those
who maintain structures as a guide to when carbonation may be occurring so appropriate
repair works be planned and carried out. Both the individual calcium-bearing hydrates and
the calcium structural units of the CSH gel are susceptible to carbonation in the presence
of carbon dioxide and water (or water vapour). The order in which these reactions occur
can be predicted by thermodynamic modelling, or as demonstrated here, the maximum
extent of carbonation may be predicted for a specific quantity of carbon reacting with the
cement. Thermodynamics does not, of course, predict chemical kinetics, although kinetic
constraints may be imposed on a reaction scheme that is known to be rapid. This has been
applied in other works to model (for example) cement hydration.
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Carbonation of cement and concrete is often a self-limiting process, as the molar
volume of the reaction products is greater than that of the reactants. The consequence of
carbonation is to close the surface porosity and to limit further gas transfer to the interior
of structural concrete, restricting further carbonation to a vanishingly slow rate. This
metastable state may persist for many decades (often longer) in well-made structural
concrete. Carbonation becomes a serious degradation mechanism when a transport route
is established, which allows atmospheric gasses (CO2 and O2) to react with the cement
and the steel reinforcement in structural concrete. The carbonation results in a local fall of
pore solution pH to the point where corrosion may be initiated. The expansive corrosion
products push the concrete apart, increasing the rate of gas transport and hence corrosion.
The critical factor in carbonation-induced corrosion is the ease with which carbon dioxide
can reach steel reinforcement. This may be along a crack, joint, or poorly compacted
region of locally high porosity, or through a section where the depth of cover over the
reinforcement was too low to provide adequate protection from carbonation.

Temperature influences the behaviour of mortars undergoing sulfate attack both in
terms of the change in solid hydrate and the time at which expansion occurs. Delayed
ettringite formation (DEF) occurs when concrete is cured at higher temperatures (>70 ◦C)
during precast concrete production or steam curing, and re-equilibrates at lower tempera-
tures. Lothenbach et al. [37] discussed how DEF can lead to greater ettringite expansion
and gypsum re-formation at later stages as sulfates continue to react with hydrates [59].
In addition, monosulfate, now the dominant AFm phase replacing monocarbonate at the
higher temperature, converts to ettringite adding to its increased volume. This is shown in
Figure 15 where the cement here is modelled at a curing temperature of 80 ◦C. As may be
seen, ettringite is not stable above approximately 35 ◦C where it dissolves and monosulfate
re-precipitates [60]. The reaction is reversed on cooling and DEF may cause problems many
years later.
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Figure 15. Phase assemblage with increasing sulfate concentration at 80 ◦C.

The effect of seawater on the phase assemblage of a hydrating cement used a break-
down of the chemical elements from a sample of Atlantic Ocean water [36]. The Atlantic
has the highest levels of aggressive chemicals in its waters on average than all the Earth’s
oceans and seas. Table 10 shows the composition of seawater taken from the East coast of
Scotland which lies along the North Sea. As may be seen, compared to the Atlantic (Table 9),
the levels of aggressive ions are much lower. For instance, in terms of chlorides, which are
responsible for most mild steel reinforcement corrosion [59], the Atlantic has almost twice
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the chloride content (15,704 ppm). Using the concentrations in Table 10, Figure 16 shows
the change in phase assemblage with increasing North Sea water. There is little difference
in behaviour between both except for slightly less Friedel salt and expansive ettringite in
the reaction of the North Sea water. There is also additional M-S-H and brucite as well as
less C-S-H and portlandite in the Atlantic Ocean analysis, which may be due to the slightly
more acidic conditions at higher water contents, as shown in Figure 17. As with the above
environments, this analysis will provide concrete designers and suppliers with valuable
insights as to the likelihood of possible durability issues in saline environments and ensure
that monitoring in extreme environments [61] can maintain performance-based standards
(EN 206, [62]).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 21 of 25 
 

 
Figure 16. Phase assemblage using North Sea water concentrations reacting with CEM I. 

  

Figure 16. Phase assemblage using North Sea water concentrations reacting with CEM I.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 22 of 25 
 

 

 
Figure 17. Comparison between pore water pH after reaction between CEM I and the Atlantic Ocean 
and North Sea water. 

6. Conclusions 
Gaining an understanding of how cementitious-based materials behave in harsh en-

vironments is vital for continued performance in service. This work has shown how ther-
modynamic modelling of cements undergoing carbonation, sulfate attack, and exposure 
to seawater agrees with previous experimental and modelling work by pioneers in this 
area, which has been brought up to date using the most recent version of the cemdata 
database and the PHREEQC geochemical model. By using several Discrete Solid Phase 
(DSP) models to account for the solid solution nature of the C-S-H gel model used here 
(CSHQ), along with other thermodynamically derived phases, the modelling predictions 
show the depletion of the solid hydrates that contribute mostly to the volume (C-S-H, 
portlandite, and monocarbonate) and the initial increase then sudden decrease in ettring-
ite as the concentration of aggressive agent increases over time. The ingress of CO2, 
Na2SO4, and seawater has been shown to decrease the volume of the main solid hydrates 
and the growth of minor phases is also presented. Furthermore, the influence of temper-
ature on sulfate attack has also been presented that conforms to the later precipitation of 
ettringite along with the conversion of monocarbonate to monosulfate. It should be noted, 
however, that a simplified model of increasing the concentration of aggressive agents has 
been employed. A better understanding of the evolution of engineering components could 
be gained from coupling the chemistry simulated here, with reactive transport modelling. 
PHREEQC offers this facility, allowing users to simulate the spatial and temporal evolu-
tion of materials chemistry where geometrical and transport properties are known, and 
this will be the subject of a future study supported with experimental data. 

Author Contributions: Conceptualization, N.H. and M.T.; methodology, N.H. and M.T.; software, 
N.H. and D.K.; validation, M.T.; formal analysis, N.H. and M.T.; investigation, N.H.; data curation, 
N.H.; writing—original draft preparation, N.H.; writing—review and editing, M.T. and D.K. All 
authors have read and agreed to the published version of the manuscript. 

Funding: Funding to publish this work was from a US-Ireland grant tri-funded by the National 
Science Foundation (NSF, 1805818), Science Foundation Ireland (SFI, 17/US/3424), and the Depart-
ment for the Economy of Northern Ireland (DfE, USI 127). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable 

Figure 17. Comparison between pore water pH after reaction between CEM I and the Atlantic Ocean
and North Sea water.

Table 10. North Sea seawater analysis (taken from [36]).

Element Cl SO4 Na K Mg Ca

Concentration (ppm) 8826 1384 5600 290 900 310



Appl. Sci. 2023, 13, 135 16 of 18

6. Conclusions

Gaining an understanding of how cementitious-based materials behave in harsh
environments is vital for continued performance in service. This work has shown how
thermodynamic modelling of cements undergoing carbonation, sulfate attack, and exposure
to seawater agrees with previous experimental and modelling work by pioneers in this
area, which has been brought up to date using the most recent version of the cemdata
database and the PHREEQC geochemical model. By using several Discrete Solid Phase
(DSP) models to account for the solid solution nature of the C-S-H gel model used here
(CSHQ), along with other thermodynamically derived phases, the modelling predictions
show the depletion of the solid hydrates that contribute mostly to the volume (C-S-H,
portlandite, and monocarbonate) and the initial increase then sudden decrease in ettringite
as the concentration of aggressive agent increases over time. The ingress of CO2, Na2SO4,
and seawater has been shown to decrease the volume of the main solid hydrates and the
growth of minor phases is also presented. Furthermore, the influence of temperature on
sulfate attack has also been presented that conforms to the later precipitation of ettringite
along with the conversion of monocarbonate to monosulfate. It should be noted, however,
that a simplified model of increasing the concentration of aggressive agents has been
employed. A better understanding of the evolution of engineering components could be
gained from coupling the chemistry simulated here, with reactive transport modelling.
PHREEQC offers this facility, allowing users to simulate the spatial and temporal evolution
of materials chemistry where geometrical and transport properties are known, and this will
be the subject of a future study supported with experimental data.
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33. Šavija, B.; Luković, M. Carbonation of cement paste: Understanding, challenges, and opportunities. Constr. Build. Mater. 2016,
117, 285–301. [CrossRef]

34. Groves, G.W.; Rodway, D.I.; Richardson, I.G. The carbonation of hardened cement pastes. Adv. Cem. Res. 1990, 3, 117–125.
[CrossRef]

35. Hong, S.Y.; Glasser, F.P. Alkali binding in cement pastes: Part I. The C-S-H phase. Cem. Concr. Res. 1999, 29, 1893–1903. [CrossRef]

http://doi.org/10.1016/j.cemconcomp.2022.104502
http://doi.org/10.1016/j.conbuildmat.2022.128975
http://doi.org/10.1016/j.cemconcomp.2022.104862
http://doi.org/10.1016/j.cemconres.2022.106788
http://doi.org/10.1016/j.cemconres.2021.106692
http://doi.org/10.1016/0008-8846(92)90033-R
http://doi.org/10.1016/S0008-8846(02)00955-9
http://doi.org/10.1016/j.cemconres.2018.09.014
http://doi.org/10.1016/j.conbuildmat.2022.127890
http://doi.org/10.1016/j.conbuildmat.2022.128422
http://doi.org/10.1016/j.cemconcomp.2022.104807
http://doi.org/10.1016/j.conbuildmat.2022.129786
http://doi.org/10.1016/j.conbuildmat.2021.126129
http://doi.org/10.1007/s10596-012-9310-6
http://doi.org/10.1016/j.cemconres.2018.04.018
http://doi.org/10.1016/j.cemconres.2009.08.005
http://doi.org/10.1016/j.cemconres.2015.07.006
http://doi.org/10.3390/app121910039
http://doi.org/10.1016/j.cemconres.2009.10.020
http://doi.org/10.1016/0008-8846(76)90101-0
http://doi.org/10.1016/j.conbuildmat.2016.04.138
http://doi.org/10.1680/adcr.1990.3.11.117
http://doi.org/10.1016/S0008-8846(99)00187-8


Appl. Sci. 2023, 13, 135 18 of 18

36. Holmes, N.; Basheer, L.; Nanukuttan, S.; Srinivasan, S.; Basheer, P.A.M. Development of a new marine exposure site on the
Atlantic North-West coast of Ireland. In Proceedings of the Bridge and Concrete Research in Ireland (BCRI), Cork, Ireland, 2–3
September 2010; pp. 627–636.

37. Lothenbach, B.; Bary, B.; Le Bescop, P.; Schmidt, T.; Leterrier, N. Sulfate ingress in Portland cement. Cem. Concr. Res. 2010, 40,
1211–1225. [CrossRef]

38. Thompson, D.; Holmes, N.; Reddy, J. Evaluating a new CEM III/A cement for concretes exposed to harsh acid rich environments.
In Proceedings of the Civil Engineering Research in Ireland (CERI) Conference, Galway, Ireland, 29–30 August 2016; pp. 371–375.

39. Cohen, M.D.; Mather, B. Sulfate attack on concrete: Research needs. Mater. J. 1991, 88, 62–69.
40. Bonen, D.; Cohen, M.D. Magnesium sulfate attack on portland cement paste-I. Microstructural analysis. Cem. Concr. Res. 1992, 22,

169–180. [CrossRef]
41. Bonen, D. A microstructural study of the effect produced by magnesium sulfate on plain and silica fume-bearing Portland cement

mortars. Cem. Concr. Res. 1993, 23, 541–553. [CrossRef]
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