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A B S T R A C T   

This article summarizes long-term degradation mechanisms of cementitious materials in contact with fresh and 
saline solutions based on a review of experimental observations in field and laboratory studies. In addition, a 
simplified thermodynamic modelling approach was used to calculate the effect of the solution composition, 
ranging from river water to sea water, on the intensity of leaching and the kind and quantity of phases formed at 
the interface with the environment. This study shows that leaching is the main underlying degradation mech-
anism for all investigated exposure solutions. The presence of carbonates and sulphates in the solution increases 
leaching and decalcification of Ca-rich phases leading to the precipitation of calcium carbonate and calcium 
sulfate, while the presence of chloride has little influence on the intensity of leaching. Carbonates in the inter-
acting solution can suppress ettringite formation. If present, magnesium precipitates as brucite, M-S-H or 
hydrotalcite-like phase.   

1. Introduction 

Cementitious materials are commonly used for structures exposed to 
saline solutions requiring a long service life. Examples are concrete 
infrastructure such as bridges, tunnels and dams exposed to solutions 
ranging from fresh water, seawater, de-icing salts to even sulphate 
containing ground water. The design service life for concrete infra-
structure is often 100 years or more. Another critical application of 
cementitious materials is nuclear waste storage facilities, where a ser-
vice life of 300 years or more is required. The concrete used for long- 
term storage facilities is exposed to saline solutions in contact with the 
surrounding rock or clay. Longer service lives are also required for off- 
shore oil wells, which are often injected with aqueous solutions based 
on seawater to increase the well productivity. At the end of the pro-
duction life of these wells, cement plugs are used to close the well. The 
integrity of these plugs depends on the interaction between production 
water in the reservoir, or the seawater, which both contain chloride, 
sulphate and carbonate ions. In order to ensure the longest service life 
possible of these structures, there is a need to understand the long-term 
degradation mechanisms of cementitious materials in contact with sa-
line solutions. 

Studies of the interaction between cementitious materials and saline 
solutions often concentrate on either chloride ingress in reinforced 
concrete, sulphate attack for concrete exposed to ground water or 
leaching in connection to long-term storage facilities. A comprehensive 
state of the art report on performance of cement-based materials in 
aggressive aqueous environments was published in 2013 [1]. 

The aim of the current paper is to combine findings from long-term 
field studies, laboratory experiments and thermodynamic modelling in 
order to identify common degradation features for a variety of exposure 
solutions. We specifically focus on exposure under submerged condi-
tions to fresh water, NaCl solutions, rock and clayey water, seawater and 
sulphate containing solutions, as most relevant for applications. The 
paper concentrates on the interaction between these multi-component 
solutions and Portland cement pastes, while the potential interaction 
with the aggregates is not considered. The focus is on the chemistry of 
the systems, more specifically on the phase changes caused by the 
exposure conditions based on the predicted phase compositions, the 
potential changes in porosity or softening of the cement paste. The 
impact of porosity, pore structure, interfacial transition zone, the water- 
to-binder ratio, or of the resulting mechanical properties of concrete that 
affect the longevity of concrete, are not the focal point of this work. 
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In a first section, the compositions of the investigated solutions and 
Portland cements are presented. These are used as input for a simple 
thermodynamic model to predict the phase changes caused by exposure 
to these solutions. The modelled phase compositions are compared with 
experimental findings from long-term field exposed concrete as well as 
laboratory exposed samples for each of the investigated solutions. 

The interaction between the cementitious materials and rock or clay 
are more complex compared to sea water exposure although we 
modelled identical exposure volumes for both cases. In reality, the 
exposure conditions in contact with rock or clay are not constant as they 
are influenced by the exchange rate of ground water. 

The combined approach of modelling and experiments enabled us to 
identify that leaching is one of the main underlying degradation 
mechanism for concrete exposed to saline solutions independent of the 
variations in exposure conditions. The various ions and their concen-
trations present in the exposure solution will determine the amount and 
the type of solids observed to precipitate in the leached cement paste. 

2. Composition of solutions 

The surface of concrete will interact with the environment, either 
with the CO2 and humidity present in the air, or if submerged, with the 
surrounding solution. The latter being the focus of the current paper. 
High concentrations of salts of several hundreds of mM are present in 
seawater (Table 1) as well as in solutions often used in laboratory ex-
periments to study resistance against chloride or sulphate, while fresh-
water in rivers and lakes contains very low concentrations of various 
salts. The composition of river or lake waters as well as the compositions 
of solutions in contact with clay stones or granite depend strongly on the 
minerals present in the surrounding rocks and catchment area and can 
vary largely between different locations as illustrated in Table 1 and 
Fig. 1. 

Freshwater present in rivers and lakes generally contains only low 
amounts of Ca, Na, K, Mg, Si, Al, sulphate, chloride and carbonate as 
exemplified by the composition of the water from a Swedish river given 
in Table 1 and described in Fig. 1. The concentrations of the various 
constituents of fresh water generally show only small variations and are 
in the range from 0.01 to 0.2 mM, with pH values in the range of 6.5 to 
8.5 [2]. The largest variation is observed for carbonate concentrations 

(generally in the range 0.1 to 5 mM), which are influenced by the 
availability of CaCO3 in the environment as well as from the decom-
position of organic materials supplying additional CO2. 

The water present in granitic rocks has a more variable composition. 
Some of the granitic waters, such as the one from Grimsel in the Swiss 
Alps, have similar low elemental concentrations as the river water from 
Sweden reported in Table 1. Other granitic rock waters, such as the one 
from Äspö in Sweden, contain much higher NaCl concentrations in the 
range of 20 to 80 mM, similar to the pore waters of clayey rocks (COX 
and Tournemire claystone, see Table 1 & Fig. 1). The solutions present in 
clays can contain even higher salt concentrations, as exemplified by the 
solution in Opalinus claystone and bentonite (MX 80, see Table 1 & 
Fig. 1). These clay waters have chloride concentrations between 250 and 
400 mM, i.e. concentrations similar to the chloride concentrations in 
seawater (Table 1 & Fig. 1). The salinity of a claystone depends on its 
time of formation and on the equilibrium of the aquifers [3]. The clay 
waters have neutral or slightly basic pH values and contain relatively 
high Na, Ca, Mg, carbonate and sulphate concentrations, which will 
influence their interaction with cements. 

The temperature, composition and salinity of seawater differs 

Table 1 
Composition of the various exposure solutions discussed in this paper comprising river water, pore water solutions of different host rocks, sea water, and laboratory 
produced solutions such as NaCl, sulphate and bicarbonate mixture solutions (in mM). In addition, a typical pore solution composition for hydrated Portland cement 
paste is provided. The compositions of the solutions used for thermodynamic modelling are marked with f, while the other values are given for comparison.  

Solutions K Na Ca Mg Al Si SO4 Cl HCO3 pH Ref.  

mM – . 
River water (Ångermanälven)f 0.01 0.052 0.098 0.033 0.001 0.048 0.032 0.17d 0.11e 6.9 [16] 
Granitic water (Grimsel) 0.004 0.67 0.14 <0.0001 0.001 0.24 0.06 0.15 0.5e 9.5 [17] 
Granitic water (Äspö)f 0.2 56.6 8.88 3.22 n.d. 0.26 2.42 75.6 0.5e 8.2 [18] 
Tournemire claystonea 0.8 23.5 1.5 0.7 n.d. 0.03 9.5 4.5 4.6 7.4 [19] 
Callovo-Oxfordian (COx) claystone b 1 45.6 7.4 6.7 n.d. 0.2 15.6 41 3.3 7.1 [20] 
Opalinus claystone cf 1.4 236.8 15 15.9 n.d. n.d. 13.7 266.6 2.3e 7.6 [21] 
Febex bentonite 2.6 330 68 81 n.d. 0.18 19 420 0.5e 7.4 [22] 
Sea water (Baltic) 1.8 93 1.2 10.7 n.d. n.d. 17.8 110 n.d. n.d. [23] 
Sea water (Trondheim Fjord) 8.9 411 8.8 47 n.d. n.d. 26.9 548 n.d. n.d. [24] 
Sea water (Atlantic ocean) 9.7 457 10 56 n.d. n.d. 27.8 536 2.3 n.d. [25] 
Standard sea waterf 10.6 485 10.5 55 n.d. n.d. 29.3 566 1.9 7.7. [26] 
NaCl solution (3 %)f n.d. 545 n.d. n.d. n.d. n.d. n.d. 545 n.d. 7.1 [24] 
Sulphate solutionf 88 264 88 88 n.d. n.d. 352 n.d. n.d. 7.1 [27] 
Bicarbonate solutionf 88 614 88 88 n.d. n.d. 352 n.d. 350 7.6 [28] 
Pore solution of Portland paste 532 279 1.2 n.d. 0.31 0.29 27.6 n.d. n.d. 13.7 [29] 

n.d. = not determined. 
a Tournemire argillite, IRSN's in-situ laboratory. 
b COx argillite: Bure, France, Cigéo project, ANDRA. 
c Opalinus clay: St-Ursanne, Switzerland, Mont-Terri project, NAGRA. 
d Adapted for electroneutrality. 
e Equilibrated with calcite. 
f Solution used for thermodynamic modelling. 

Fig. 1. Concentrations in the different solutions studied. All solutions exhibit a 
similar pH between 6.9 and 8.2. The chosen examples correspond to the case 
studies of degradation of cementitious materials in contact with saline solutions 
in Section 4. 
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between oceans and the salt concentration of the seawater can vary from 
location to location and time of year, for example due to dilution by 
fresh water from rivers. However, the proportions of the constituents are 
essentially constant and on average, seawater contains a total of about 
35 g/L dissolved salts as shown in Table 1. The composition of seawater 
in the Trondheim Fjord, the Atlantic Sea, and the standard sea water 
composition are comparable, while water from the Baltic Sea has 
somewhat lower concentrations due to a higher dilution. It might thus 
be expected that the combined chemical impact of the different ions 
present in seawater is comparable for marine-exposed structures [4,5]. 
Seawater has a pH within the range of 7.8 to 8.3. 

The pore solution present in freshly hydrated Portland cement ex-
hibits pH values in the range of 13 to 13.7, due to the high alkali content 
of the cement [6,7]. These pore solutions are also characterized by high 
Na and K concentrations, which often reach a few hundred mM (Table 1) 
as well as by calcium and sulphate concentrations in the mM range, 
while the concentrations of other elements such as silica, aluminium and 
magnesium are generally lower. Calcium and alkalis have been observed 
to leach out of the cement paste. In the case of interaction with sea or 
fresh water this can, in the short-term, be expected to lead to an increase 
of pH and alkali concentration near the surface of the concretes struc-
ture, while in the long-term the effect will be negligible, as rivers, lakes 
and the sea represent, in comparison with a concrete structure, a nearly 
endless reservoir. Hydroxide, calcium and alkali ions will also migrate 
into clays, clay rocks and granite to compensate for pH and concentra-
tion differences. Due to the limited amount of solution in such rocks, the 
high pH values and alkali concentrations present in fresh cement paste 
can increase the pH of the surrounding solution as well. The alkali and 
calcium ions will diffuse into the environment as a hyperalkaline plume. 
This high pH can lead to the partial dissolution of clayey-rocks [8,9], 
clays [10,11] and accessory minerals such as calcite, dolomite, and 
quartz [12,13]. In addition, the high calcium concentration from cement 
pore solution can exchange with the cations adsorbed on clays releasing 
Na and Mg [14,15]. However, also the pore solution of the cement near 
its surface will be modified by the increased Mg, Si and Al concentra-
tions released in the pore solutions of the clays and clay rocks due to the 
dissolution of solids. 

3. Thermodynamic modelling 

The composition of hydrated cements and the changes upon the 
interaction with different solutions can be calculated by thermodynamic 
modelling as demonstrated for many applications [24,27,30,31] and 
illustrated in Fig. 2. Thermodynamic modelling is carried out using the 
geochemical modelling code Gibbs Energy Minimization Selektor 
(GEMS) [32], which computes equilibrium phase assemblages and 
speciation in complex geochemical systems. The general thermody-
namic data were selected from the PSI/Nagra thermodynamic database 
[33], complemented with solubility products for cement hydrates [34], 
zeolitic phases [35–37] and layered-double hydroxides (hydrotalcite- 
like LDH) with different anions in the interlayer [38]. The composition 
of calcium silicate hydrates (C-S-H) was modelled using the “CSHQ” 
model [39], which accounts for the uptake of alkali in the C-S-H phase 
[34]. The formation of quartz (SiO2), dolomite (CaMg(CO3)2), 
aluminium containing siliceous hydrogarnet ((CaO)3(Al,Fe)2O3(-
SiO2)0.84(H2O)4.32), goethite (FeOOH), hematite (Fe2O3) and of some 
zeolitic phases (natrolite, heulandite and stilbite) was suppressed in the 
calculations due to kinetic reasons, while the solubility of brucite was 
increased by 0.5 log units. 

The composition of the cements used to calculate the hydrate 
assemblage is detailed in Table 2. Two different Portland cement com-
positions were considered. In general, a Portland cement composition 
corresponding to the Portland cement (PC1) used in the experiments of 
De Weerdt et al. [24] for samples exposed to seawater and NaCl solution 
was used. For the cement exposed to clay solution (PC2), the composi-
tion of the cement actually used in those experiments [40] was 

considered to allow direct comparison with the transport modelling 
presented in [12]. The composition of the hydrated cements (without 
interaction with the environment) is shown on the right-hand side of 
each graph in Fig. 2. A hydrate assemblage consisting of C-S-H, ettrin-
gite, portlandite, monocarbonate, iron-containing siliceous hydro-
garnet, and hydrotalcite was calculated for both PC1 and PC2. 
Somewhat more hydrotalcite was predicted in the case of the magne-
sium rich PC2 (Fig. 2d), and unreacted calcite was predicted for PC1 
only (Fig. 2a-c, e-g). The quantities of the other hydrates were very 
similar between the two cements. 

Moving from right to left [30,31], the gradual changes towards the 
surface of the concretes exposed to the different solutions are displayed. 
The vicinity of the concretes to each solution is simulated by increasing 
the amount of exposure solution. This allows to mimic the changes 
observed experimentally towards the surface of cement, mortar or 
concrete specimens as detailed e.g. in [30,31]. Such simplified ther-
modynamic models are very flexible and allow easy parameter varia-
tions and the results are in many cases comparable to full transport 
modelling, where parameters such as porosity, tortuosity, ion specific 
diffusion coefficients and reaction kinetics have to be known in detail. 
For example, [31] neglected transport of ions in the simplified approach, 
which can lead to specific artefacts. A detailed comparison between the 
simplified modelling as used here and full transport modelling is given in 
[31] as well as in Section 4.4 in the present paper. 

The composition of river, granitic, clay and sea water, and of the 
different solutions used in laboratory test (NaCl, sulphate and bicar-
bonate solution), as detailed in Table 1, were used in the models. A 
comparison of the different graphs shows that in fresh water, NaCl so-
lution and granitic water leaching dominates, leading to the decalcifi-
cation of C-S-H, the destabilisation of monocarbonate and/or Friedel's 
salt to strätlingite or zeolitic phases (Cl-sodalite) and a decrease of the 
solid volume near the surface (left hand side of the graphs). The term 
“leaching” is used in this paper to describe any removal of elements from 
a solid. The changes at the cement surfaces in contact with clay water 
and particular of that in contact with sea water are further influenced by 
the presence of sulphate, magnesium and carbonate, which lead to the 
formation of additional ettringite, as well as magnesium silicate hydrate 
(M-S-H) and calcite at the outer surface. For the chloride containing 
solutions (NaCl solution, seawater and to a lower extent also in the clay 
solution) in addition the destabilisation of monocarbonate in favour of 
Friedel's salt is predicted. 

The presence of chloride is also mirrored in the anion occupancy of 
the AFm phases plotted at the bottom of each graph. Al2O3-Fe2O3-mono 
(AFm) phases are present as hydration products in PC. AFm phases have 
a layered double hydroxide (LDH) type structure, where Ca2+ in the 
main portlandite-like layer is partially replaced by Al3+ or Fe3+ resulting 
in a positively charged main layer. This charge is balanced by an 
interlayer containing various anions and H2O. In PC without limestone, 
SO4

2− would be the main anion resulting in the formation of mono-
sulphate (C4AsH12–16), while in modern cements, where calcite is pre-
sent, rather CO3

2− is present and monocarbonate (C4AcH11) is here the 
main AFm phase [29,42]. In the presence of high chloride concentra-
tions, the formation of Friedel's salt (C4ACl2H10) can be expected 
[24,30], while Ca leaching is expected to stabilize strätlingite 
(C4A2S2H14–16) [43], which contains Al(OH)4

− and SiO(OH)3
− in its 

interlayer. In fact, the thermodynamic modelling in Fig. 2a-g confirms 
that carbonate is the dominant anion in AFm phases in the hydrated 
cements due to the presence of calcium carbonate. Nearer to the surface, 
interaction with the surrounding solutions leads to replacement of car-
bonate in AFm by chloride in the case of the NaCl solution, seawater and 
clay solution or by Al-Si-hydroxide in river water where strätlingite has 
formed. Neither sulphate nor hydroxide is calculated to be present in 
any significant amount in the interlayer of AFm phases, due to the high 
stability of monocarbonate compared to the other AFm phases [34]. 

In contrast, a mixed occupancy of carbonate and hydroxide is 
calculated to be present in the interlayer of hydrotalcite-like phases, 
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which have a weaker preference for carbonate [38] than the AFm pha-
ses. Hydrotalcite-like phases are Mg and Al based layered double hy-
droxide solids (Mg-Al-LDH, which will be referred to as LDH in the 
paper) with an isomorphic substitution of Mg2+ by Al3+ in the brucite- 
like main sheet, which generates positive charges. The main layer can 

have a variable Mg/Al ratio [44,45] and Al can be replaced by iron 
[46,47]. The positive charge in LDH is balanced by the presence of 
different anions, mainly hydroxide and carbonates in a hydrated Port-
land cement paste [44]. The uptake of a significant amount of chloride 
was not predicted to occur in LDH due to the relatively low stability of 

Fig. 2. Predicted volume of phases and anion occupancy in AFm and LDH phases in Portland cement paste (w/c = 0.4) exposed to increasing amounts of solutions (a) 
river water, (b) NaCl, (c) granitic water, (d) clay water, (e) sea water, (f) sulphate solution, and (g) bicarbonate solution. Solution composition detailed in Table 1. 
The phases are given in [cm3/100 g cement] based on the PC1 composition from [24]; for the calculations with clay water PC2 [48] was used. AFm: Al-Fe- 
monophases, such as monocarbonate, monosulphate, strätlingite or Friedel's salt; C-S-H: calcium silicate hydrate, FS: Friedel's salt; LDH: layered double hydrox-
ide, hydrotalcite-like phase; M-S-H: magnesium silicate hydrate; Si-HG: siliceous hydrogarnet. 
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Fig. 2. (continued). 

Table 2 
Oxide composition of the two Portland cements (PC1 and PC2) used for the thermodynamic modelling (in wt%) determined by XRF. Water to cement ratio = 0.4.   

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 CO2 Ref. 

PC1  19.6  4.5  3.5  61.6  2.4  1  0.5  3.4  1 [16,24] 
PC2  20.6  3.9  5.2  58.8  4.6  0.75  0.27  3.5  1.4 [41]  
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Cl-LDH [38]. 
Independent of these differences, leaching of Ca-rich phases is the 

main degradation mechanism calculated, as visible in the destabilisation 
of portlandite, of AFm phases such as monocarbonate and of C-S-H to-
wards to surface of the specimen. This leaching is also accompanied by 
the destabilisation of ettringite, siliceous hydrogarnet, and finally LDH 
(hydrotalcite) at the leached surface. Strätlingite or zeolitic phases, such 
as Cl-sodalite or chabazite, M-S-H and Fe(OH)3 are predicted to form 
instead at the surface in all cases (note that calcite and M-S-H formation 
in the case of river water is calculated at higher amounts of solution than 
displayed in Fig. 2). 

A decrease of the calculated pH from 13.7 in the hydrated cement to 
a pH below 12 in the case of river and granitic water and NaCl solution 
and to below pH 10 for the carbonate and sulphate-rich solutions 
(seawater, clay water, sulphate and bicarbonate solution) is calculated 
by thermodynamic modelling. Fig. 2 shows also that the presence of 
carbonate and sulphate in the interacting solutions leads to an increased 
degradation of calcium rich phases such as portlandite due to formation 
of calcite and gypsum, which bind calcium originating from the PC. The 
presence of magnesium in the interacting solutions leads to the forma-
tion of M-S-H and/or brucite at pH values above 10.5, as well as of 
additional hydrotalcite if sufficient aluminium is present. 

4. Case studies of degradation of cementitious materials in 
contact with saline solutions 

4.1. Fresh water 

The long-term changes in a concrete in a 55-year-old dam in the 
North of Sweden exposed to river water (composition listed in Table 1) 
was investigated by Rosenqvist et al. [16]. Using cores drilled at and 
below the water level (− 10 and − 18 m), they identified experimentally 
5 different zones in the leached concrete, see Fig. 3. Zone 1 represents 
the unaltered zone which is rich in calcium, corresponding to the pres-
ence of calcium rich hydrates such as portlandite, Ca-rich C-S-H and 
ettringite expected in Portland cement as illustrated on the right-hand 
side of Fig. 2a. In the submerged concrete, portlandite and ettringite 
appeared to have redistributed in zone 1 and filled air voids, which was 
not observed in the concrete above the water level. 

In zone 2, they observed calcium leaching. They attributed this pri-
marily to dissolution of portlandite, though the dissolution of por-
tlandite alone could not explain the drop in CaO. Thus, C-S-H might 
already start to decalcify and AFm phases such as monocarbonate might 
also start to decompose to stratlingite in this zone. This is in agreement 
with the thermodynamic calculations in Fig. 2a, which illustrate that 
first portlandite is expected to dissolve, followed by the decomposition 

of AFm and decalcification of C-S-H. 
Note that in zone 2, a moderate enrichment in sulphur is observed, 

which could be related to the formation of secondary (non-expansive) 
ettringite from sulphur and aluminate originating from decomposed 
AFm and AFt from more outer-laying zones, e.g. zone 5 in Fig. 3, which 
seems to be depleted for sulphur. Similar observations were made by 
Faucon et al. [49,50] for water exposed cement paste. This effect is not 
captured by the simple thermodynamic model in Fig. 2, which does not 
account for the movement of ions inwards into the cement paste, as 
discussed in more detail in [31], but considers merely the increase in the 
amount of exposure solution in contact with the cement paste. 

In zone 4, a considerable change in the cement paste composition has 
been observed. The CaO content decreases even further, whereas the 
relative MgO content increases, thereby implying further decalcification 
of the C-S-H as well as a loss of mass. In zone 5, the magnesium content 
increases even further, and nodules of M-S-H are observed as well as the 
presence of calcium carbonate, explaining the peaks in CaO in this zone. 
Both C-S-H and M-S-H are nano-crystalline [46]. C(-A)-S-H phases have 
a CaO main layer with Si chains on both sides while M-S-H consists of 
brucite type main layers intermixed with silicate layers in T-O and T-O-T 
arrangement similar to clay minerals [51,52]. The carbonates and 
magnesium originate from the river water, and their formation is also 
predicted by the thermodynamic model (although not displayed, as M-S- 
H and calcite formation are predicted at very high solution concentra-
tions, outside the range shown in Fig. 2). This could be an artefact of the 
simplified modelling approach used here, where the transport of Ca 
(OH)2 away from the cement into the environment is neglected. 

Rosenqvist et al. [16] describe zone 5 as a kind of dense crust on the 
concrete while zone 4 is a weak and porous zone, making it easy to 
mechanically remove the crust. The crust was not observed in the con-
crete core extracted at the water level, as the concrete at this level was 
exposed to frost scaling and abrasion by ice, removing this outer crust 
and exposing coarse aggregates and a new cement paste surface. No 
strong variation in sodium and potassium content in the concrete core 
was reported. 

4.2. NaCl solution 

De Weerdt et al. [24] investigated the phase changes in mortar 
exposed to a 3 % NaCl solution. The phase changes predicted by ther-
modynamic modelling are similar to those of the river water as shown in 
Fig. 2a and b: leaching at the surface including destabilisation of por-
tlandite, ettringite, AFm, and LDH phases, while M-S-H and Fe(OH)3 are 
calculated to form. In contrast to the river water, no additional calcite is 
calculated to form due to the absence of bicarbonate in the interacting 
solution, but the formation of Friedel's salt and of chloride-sodalite, a 

Fig. 3. Alteration observed in the chemical composition of a concrete exposed for 55 years to river water determined by electron microprobe analysis normalised to 
100 %, reproduced from Rosenqvist et al. [16]. 
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chloride containing zeolitic phase are predicted. A similar thermody-
namic model predicting leaching and the formation of Friedel's salt has 
been first presented by Looser et al. [30]. The back scatter electron 
image of the mortar samples exposed for 90 days to the NaCl solution 
[24] in Fig. 4 show in fact a significant leaching at the exposed surface at 
the top end of the maps. 

The elemental map of calcium in Fig. 4 illustrates the strong leaching 
of calcium during exposure to NaCl solution, similar to the observation 
of Rosenqvist et al. [16] in Fig. 3 for exposure to river water. The in-
tensity of the calcium map is considerably reduced in the outermost 100 
μm, indicating a destabilisation of portlandite, ettringite and decalcifi-
cation of C-S-H. In fact, a clear decrease in the portlandite content was 
measured using thermogravimetric analysis in the first 1 mm near the 
surface. Fig. 4 illustrates also that no precipitation of calcium carbonate 
occurs at the surface of the mortar, in agreement with modelling cal-
culations presented in Fig. 2b. 

In the outermost calcium leached zone (100 μm), very low sulphur 
intensities are observed in the sulphur map in Fig. 4, indicating that the 
sulphate containing hydrates such as ettringite are destabilized in this 
zone. However, further inside higher sulphur intensities are present, 
with no clear zoning although a slight indication of an enrichment at 
about 250 μm depth is visible (see Fig. 4). 

Chloride intensities are also low in this intense calcium leached zone 
(outermost 100 μm), see Fig. 4, while after this zone the chloride levels 
in the cement paste rise rapidly. The relatively high chloride content in 
the cement paste can be attributed to chemical binding of chlorides in 
the AFm which is also predicted by the model as Friedel's salt (FS) and 
chloride-sodalite in Fig. 2b). In addition, chlorides can physically be 
bound in the C(-A)-S-H [5,53–61], although the thermodynamic model 
does not account for this yet. The physical binding can stand for a large 
part of the chloride uptake in hydrated cement paste [60,62]. 

In contrast to chloride, Na is enriched only in the outermost 100 μm 
of the cement paste, i.e. in the calcium depleted zone. This might be 
attributed to an increased Na uptake in the low Ca/Si C-S-H present near 
the surface, as the presence of less calcium strongly increases the sodium 
uptake in C-S-H [63–67]. In addition, a N-A-S-H phase (Na-containing 
zeolites) such as sodalite could have formed in the most leached zone of 
the cement paste, see Fig. 2b. Note, that if the formation of Cl-sodalite is 
not considered (as done in [24]), the formation of natrolite is predicted. 
In this context it is interesting to mention that an increase of KOH in 
NaCl exposure solutions limited strongly the observed leaching of por-
tlandite, and also slowed down chloride ingress [68]. 

The experimental and the modelling data indicate that the major 
changes caused by the presence of NaCl solution are similar as to those in 
river water, a strong calcium leaching destabilising cement hydrates 
near the surface. The only considerable difference is the formation of 
chloride containing AFm, i.e. Friedel's salt, instead of monocarbonate, 

and the potential formation of chloride sodalite. 

4.3. Granitic and low salinity clay water 

Experimental studies of the changes at the interface between granitic 
rocks and cementitious materials are rare [69–71], while many detailed 
studies on the changes at the interface of cementitious materials with 
clays are available due to its importance for the long-term safety of 
geological repositories. Laboratory and in-situ experiments have pro-
vided detailed information on the mineralogical changes in the cement 
paste as well as in the adjacent claystone or bentonite [12,40,48,72–81]. 
As the solutions of some clayey rocks (e.g. COx and Tournemire clay) 
have similar elemental concentrations as some of the solutions in 
granites, their effect is discussed together in this section. 

The few available experimental studies on changes at the cement 
granite interface were carried out in Grimsel after an interaction time of 
4 to 13 years for a low salinity solution [70,71,82], (Table 1). Detailed 
characterization of both the cement and granite near the interface 
indicated no significant alteration of the granite, which might be related 
to relative short duration of the experiments. However, the outermost 
layer of the concrete was leached and its porosity increased; portlandite 
was absent, while ettringite, C-S-H, hydrogarnet and hydrotalcite were 
still observed [69]. EDX mappings indicated an increase of Mg near the 
surface as well as the formation of some calcium carbonate [71], which 
is in agreement with trends of the simple calculations in Fig. 2c, 
although the concentrations in Grimsel water are significantly lower 
(see the Grimsel water in Table 1) than in the Aspö granitic water in 
Finland, which was used in the thermodynamic model. As in the case of 
river water, modelling indicates that the predominating effect of granitic 
water is the destabilisation of the Ca-rich phases, particularly of por-
tlandite and monocarbonate and the decalcification of C-S-H near the 
surface. The formation of a limited amount of additional ettringite is 
modelled due to the presence of some sulphate (0.1–2 mM, Table 1) in 
granitic waters, once portlandite and monocarbonate are destabilized. 
Ettringite and C-S-H are destabilized near the surface, while some M-S-H 
and a low quantity of calcite are calculated to form (Fig. 2). The 
degradation of concrete by COx solution is expected to be comparable 
based on the calculations presented in [83], leaching, decalcification of 
C-S-H and hydrotalcite precipitation (the potential formation of M-S-H 
was not considered, due to absence of thermodynamic data for M-S-H at 
that time). 

Detailed studies are available for the COx clay - cement interface. 
The decalcification of Ca-rich phases has been observed experimentally 
in contact with COx water [84]. Interestingly, the formation of addi-
tional ettringite as well as some M-S-H near the interface was observed 
in [84] during the first months of interaction (see Fig. 5). The formation 
of a calcite-crust is the main degradation product observed 

Fig. 4. Elemental maps of the surface of a PC mortar exposed for 90 days to a 3 % NaCl solution, reproduced from De Weerdt et al. [24].  
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experimentally for Portland cement paste in contact of COx, which 
contains more carbonates than the granitic water (Table 1). The for-
mation of calcite at the interface reduces the porosity as well as the 
exchange of soluble species; this crust also contains magnesium, 
although the Mg concentration in COx is rather low with ~7 mM [84]. 
This is in agreement with the modelling presented in Fig. 2c. 

At increased temperatures (50–80 ◦C), the formation of semi- 
crystalline C-A-S-H phases and zeolites was observed at the interface 
of cement with Tournemire clayey rock [85]; zeolite formation was also 
observed in batch experiments of cement hydrates with albite (repre-
senting a granite-like type rocks) [86]. 

4.4. High salinity clay waters 

The simple thermodynamic model for Portland cements (using PC2) 
exposed to an increasing amount of pore water present in Opalinus clay 
(OPA, see Table 1) is presented in Fig. 2d. It shows, similar to granitic 
and river water, calcium leaching as visible in the destabilisation of 
portlandite and monocarbonate and a decalcification of C-S-H. In 
addition to the precipitation of M-S-H and calcite, the model predicts the 
precipitation of CO3-hydrotalcite due to the relatively high Mg and 
carbonate concentrations in the clay water. 

The destabilisation of the Ca-rich phases in the cement in contact 
with clay water has been confirmed experimentally [12,40,48,72–79]. 
Only one third of the initial calcium content in the Portland cement 
paste was still present in the first 1 mm after 10 years of interaction with 
OPA (Fig. 6). The experimental data indicate the migration of calcium 
from the cement across the interface into the OPA clay, which is the 
equivalent to the leaching in direct contact with waters. In the OPA clay, 
the calcium is taken up by the cation exchange sites of the clays, which 
then release magnesium and sodium to the OPA pore water, which 
diffuse into the cement as well as further into the clay ( [75], see also 
Fig. 6b). The clayey pore solution migrates into the cement lowering the 
pH and destabilising the Ca-hydrates (portlandite, ettringite and C-S-H), 
resulting in complete depletion of portlandite and ettringite at the near 
surface and low Ca/Si C-S-H [74]. 

Calcite is usually formed at the interface with bentonite or OPA-clay, 
from the decalcification of portlandite and C-S-H and from the in- 
diffusion of bicarbonate from external pore water (atmospheric or at 
equilibrium with the clays pore solution) (see e.g. [48,72,73]). How-
ever, in some cases no crystalline CaCO3 phases are observed [74], 
which could be due to the precipitation of amorphous calcium carbon-
ates or to the high porosity of the concrete, thus strong leaching of Ca as 
detailed below. 

Several SEM EDS studies at the interface with bentonite ( [80,81,87], 
Fig. 6a) confirmed the precipitation of C-(A-)S-H with low Ca/Si and a 
relatively high Al/Si near the concrete surface after >4 years of inter-
action. This was due to the presence of Al in clay water near the interface 
where the high pH values imposed by the cement lead to a limited 

dissolution of the clay minerals. The presence of low Ca/Si C-S-H is also 
mirrored in the increased Na and K binding observed near the interface, 
as the lower amount of Ca in C-S-H leads to an increase in the alkali 
uptake [63–67]. 

For cement clay interaction, not only experimental studies but also 
reactive transport modelling are available for the long-term prediction 
of these types of interfaces (see e.g. [12,88–90]). The models account for 
variations in porosities but do often not include the latest thermody-
namic data and/or are using simplified phase compositions. Fig. 7 shows 
the results of such a transport model illustrating the phase changes at the 
interface between Opalinus Clay in contact with Portland cement paste 
(i.e. the PC 2 used in Fig. 2d). The reactive transport model accounts for 
the transport of ions between the cement paste and clay and shows the 
destabilisation of the C-S-H and portlandite, in good agreement with the 
simplified model shown in Fig. 2d. At the interface and in the clay, the 
formation of hydrotalcite, brucite and calcite is predicted. The transport 
model predicts a different spatial distribution of the phases formed 
compared to the simplified model shown in Fig. 2d. This particular 
reactive transport model indicates a wide carbonation zone with a low 
calcite content as observed in [74] due to a high w/c (0.6) in the con-
crete instead of a layer of calcite at the interface predicted by the 
simplified model. The decrease in porosity due to the calcite formation 
limits the migration/leaching of the species and thus the deterioration 
kinetics. Whether the precipitation of calcite jointly with a decrease in 
porosity can lead to clogging at the interface is under debate [88–90]. 

A magnesium-enriched zone is also observed for cements in contact 
with clayey rock, but it can be detached from the interface, i.e. a few mm 
away, in the clay (see Fig. 6b) and d) and e.g. [75] [80]). In bentonites, 
the Mg enrichment is attributed to the neoformation of additional tri-
octahedral phyllosilicates [91–93], namely M-S-H [51,52,94] as dis-
played in the simplified model in Fig. 2d. At the PC-OPA clay interface, 
there is no clear evidence of M-S-H precipitation as the OPA solution 
contains less Mg, and the formation of crystalline Mg phases such as 
brucite is not observed [74]. However, the observed magnesium 
enrichment is 4 times the possible amount of an entirely magnesium- 
exchanged clay [75] which indicates the formation of a new solid 
phase. The lower concentration of Mg in the clayey rock porewater (Mg 
in COx or OPA about 0.5–20 mM) compared to the Febex bentonite (70 
mM) results in a lower Mg enrichment and higher uncertainties about 
the nature of the Mg-phases and is either due to i) the formation of nano- 
crystalline M-S-H or ii) the formation of poorly crystalline hydrotalcite 
as modelled in the Fig. 2d without transport. Additionally, the reactive 
transport (Fig. 7) could actually predict very well the precipitation of 
brucite and hydrotalcite in the clay side (as proxy for the Mg-phases). 

The content of sodium (from NaCl) is higher in the Portland cement 
paste at the interface than in the unexposed paste. An increase of Al and 
Si is also observed at the interface (Fig. 6a and c). This could be due to 
additional precipitation of a phase containing Al, Si and alkalis such as 
C-A-S-H containing alkalis (as in bentonite) and/or typical zeolitic 

Fig. 5. a) Raman map, b) XRD and c) SEM-EDS mapping of a Portland cement paste exposed for 5 months to COx water; reproduced from [84].  
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precursors such as N-A-S-H gels. Increased temperature promotes the 
formation of zeolite. Actually, zeolites such as phillipsite, analcime, 
heulandite and clinoptilolite have been observed by the degradation of 
bentonite by high alkaline/pH solution at temperatures above 40 ◦C 
[14,15]. 

The chloride ingress at both interfaces, PC-OPA or PC-bentonite (e.g. 
[40,75,80,81]) is observed at 4–5 mm into the concrete and only little 
chloride is observed at the interface itself. The large gradient in chloride 
can be explained by the replacement of anions (OH-, sulphate of car-
bonate) in the AFm phases leading to the formation of Friedel's or Kuzel's 
salt [95]. This is also visualised for the simplified model in Fig. 2d, 
where Friedel's salt is modelled to precipitate at low OPA addition (few 
centimetres in the concrete) and destabilized at high addition (surface of 
the concrete). Although hydrotalcite is modelled, no uptake of chloride 
in the hydrotalcite is predicted. Chloride can also be sorbed by elec-
trostatic interactions at the surface of C-S-H, compensating the positive 
apparent surface charge [56] and Cl/Si ratios in C-S-H up to ~0.2–0.3 
have been observed by SEM/EDX [55,58]. Chloride uptake in C-S-H 
occurs preferentially at high Ca/Si [96,97], such that little chloride 
uptake at the interface is expected, where C-S-H is decalcified. The po-
tential sorption of chloride by C-S-H was considered neither in the 
transport model (Fig. 7) nor in the simplified model (Fig. 2d). 

Sulphur is concentrated in the cement near the interface (Fig. 6), 
which is similar to the seawater case discussed in Section 4.5 below. 

Ettringite precipitation has not been observed at the interface of Opa-
linus clay and Portland cement paste [74]. Some sulphate can also be 
bound by C-S-H with SO4/Si (mol/mol) about 0.01–0.03, sulphate up-
take is favoured at high Ca/Si in C-S-H [98]. Potentially, sulphate can be 
present in SO4-hydrotalcite [38] or SO4-AFm, although neither was 
predicted in the modelling. The simplified model in Fig. 2 predicts the 
phases observed experimentally but is not able to capture their spatial 
distribution as it does not account for transport of ions. 

4.5. Seawater 

The phase changes predicted by thermodynamic modelling in 
seawater are characterized by leaching at the near surface region 
(Fig. 2e), similar to the other solutions discussed above. In addition, 
experimental findings indicate a strong zonation for seawater exposed 
concretes as illustrated in Fig. 8 and in [5,57]. The relatively high sul-
phate, magnesium, and carbonate concentrations in the seawater (see 
Table 1), result in a zonation, forming calcite near the surface, followed 
by hydrotalcite, M-S-H, brucite and ettringite, and moving further into 
the concrete also an increased Friedel's salt formation is observed (Fig. 8 
a). The zonation is independent of the exposure site (different salinity, 
temperature etc.) and the binder type used, as demonstrated in for a 
selection of the concretes investigated by Jakobsen et al. [4]. The same 
zonation has also been observed under deep-sea conditions [99] and it is 

Fig. 6. a), b) & c) Elemental concentration profiles determined by EDS across the interface of Portland concrete in contact with OPA after 10 years. Dark symbols 
show the average composition of an area (including aggregate and sand) while the light symbols correspond to surface spot measurements chosen by hand in the 
homogeneous hydrated cement matrix close to the interface; adapted from [40]. Samples from the CI experiments from Mont-Terri (Switzerland). 
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similar to the ones observed by Duval and Hornain [100], Marchand 
et al. [101] and Chabrelie et al. [102]. Furthermore, it agrees rather well 
with the thermodynamic model (see Fig. 2e). 

Seawater exposure leads to leaching of potassium and calcium near 
the surface. Consequently, a decrease in the portlandite content is 
observed. The extent of portlandite leaching depends on the calcium 
content of the binder and thereby the binder type as shown in [57]. The 
zone affected by leaching reaches deep into the concrete (see Fig. 8). At 
the surface of the concrete, brucite and calcium carbonate precipitate 
and can form a crust, if the samples are not exposed to strong abrasion 
on the concrete surface. Calcium carbonate can be present as calcite and 
aragonite [103]. Brucite and calcium carbonate are also found to pre-
cipitate in cracks that provide a direct path to the surface [5,104]. Such 
calcium carbonate and brucite crusts are also observed for mortars 
exposed to sea water under laboratory conditions, for example in Fig. 9 
the crust is shown by a magnesium and calcium rich layer covering the 
surface [24]. 

The outermost couple of 100 μm up to about one millimetre of the 
cement paste are enriched in magnesium and low in chlorine and 
sulphur [57]. In this zone M-S-H had formed. This was not reported in 
[5], where the magnesium enrichment was attributed solely to brucite, 
while in a later study by the same authors, M(-A)-S-H with a Mg/Si 
molar ratio of approx. 1 and Al/Mg of 0.2 was identified in samples of 
hydrated cement paste flushed with sea water to simulate conditions for 
the outermost sections of the concrete [105]. The composition is within 
the range of M(-A)-S-H compositions observed in marine exposed con-
crete, i.e. 1–0.5 for Mg/Si and 0.05–0.3 for Al/Mg, as shown in [4,53], 
and agrees well with potential M(-A)-S-H compositions reported by 
Bernard et al. [106]. The presence of M-S-H and absence of C-S-H in this 
outermost zone would also indicate a pH in the range of 8–9 [107]. In 
fact, M-S-H formation is also predicted by modelling in the outermost 
zone as shown in Fig. 2 b). In the magnesium enriched zone, also 
carbonation is observed, which has been described as “popcorn” 
carbonation by Jakobsen et al. in [4] due to the specific morphology of 
the calcium carbonate. 

The Mg-enriched zone is followed by a sulphur (most likely sulphate) 
enriched zone, which has a width from a couple of 100 μm to a couple of 

millimetres (see Fig. 8). In the sulphur zone, the precipitation of 
ettringite and thaumasite is observed in voids as shown in [4,5]. The 
presence of ettringite in the sulphur enriched zone indicates that the pH 
is above 10. Thaumasite (Ca3(SiO3)(SO4)(CO3)⋅15H2O) forms from C-S- 
H in the presence of sulphate and carbonate and is faster at lower 
temperature than at ambient conditions [108]. Thaumasite formation is 
generally observed at temperatures between 5 and 15 ◦C [109,110], i.e. 
at a temperature range of sea water in moderate and cold climates [99]. 
The formation of thaumasite can, due to its low cementing properties, 
lead to disintegration and scaling of the concrete. It is important to note 
that although thaumasite and additional ettringite form, leading to an 
increase in the volume of the hydrates, typically no damage in the 
cement paste was observed in this zone [4]. The higher sulphur levels in 
this zone are accompanied by relatively low chloride levels [54]. The 
chloride content only increases once the sulphur content starts to 
decrease towards the background level of the cement paste. 

Further in the concrete, the accumulation of chloride can be 
observed. In the case of the concrete exposed for 16 years, chloride 
accumulation has reached 40 mm (see Fig. 8). In agreement with these 
experimental observations, also the thermodynamic model predicts the 
formation of chloride containing AFm such as Friedel's salt instead of 
monocarbonate as illustrated in Fig. 2. The C(-A)-S-H will also take up 
some chlorides by physical binding [5,53–61], which is not considered 
in the thermodynamic model. 

4.6. Laboratory exposure to mixed sulphate solution in comparison with a 
bicarbonate containing mix solution 

The presence of sulphate in the interacting solution leads in the field 
to the secondary formation of ettringite, and possibly gypsum and 
thaumasite. Only a few studies are available which reported detailed 
data sets and most of those relate to the thaumasite form of deterioration 
[111–115]. The commonly suggested remedy is the use of dense cement 
pastes and curing that includes pre‑carbonation [115]. Figg [115] pro-
vided a brief overview of the different sulphate sources ranging from 
soils containing salts, foundations or tunnels in contact with sulphate 
containing groundwaters, seawater, sewers and drains as well as 

Fig. 7. Phases changes after 5 years at the interface between Opalinus clay and PC 2 (composition Table 2, w/c = 0.6) predicted by transport modelling. Adapted 
from [12]. 

K. De Weerdt et al.                                                                                                                                                                                                                             



Cement and Concrete Research 165 (2023) 107071

11

sulphide containing aggregates. 
Most publications focus not on field samples, but on simplified tests 

using Na2SO4 or MgSO4 solutions. A wide range of experimental factors 
have an influence on the response of the test set-up; amongst others: 
cement type, mix-design, sulphate concentration, relation between the 
liquid volume and volume and composition of the sample, exchange 
frequency, temperature etc. as discussed in [27,116–118]. Sodium sul-
phate is used for laboratory testing to maximise the formation of 
ettringite and gypsum, which depend on the sulphate concentration 
[119]; while the chemical binding of sodium is not documented in the 
related literature, except for very high concentrations [120,121]. The 
second most used salt is magnesium sulphate, which leads to the pre-
cipitation of brucite and, especially for the case of low Ca/Si ratio 
binders [122], the formation of M-S-H phases is often observed together 
with hydrotalcite/LDH [123]. Aqueous exposure solutions containing 

several ions show reduced expansions compared to single salt solutions, 
which appears to be even more pronounced for competing anions such 
as sulphates and bicarbonates [27,124,125], while the simultaneous 
presence of sulphates and chlorides yield contradicting results 
[126,127]. 

Laboratory studies containing i) mixtures of sulphate salts (K, Na, Mg 
and Ca-sulphate) and ii) mixtures containing additionally bicarbonate 
ions to mimic field conditions (Table 1) results in a succession of zones 
as well as leaching. The simplified modelling in Fig. 2f predicts for the 
“sulphate solution”, a mixture of Na2SO4, K2SO4, MgSO4 and CaSO4 
2H2O (molar sulphate ratio of 3:1:2:2) with a sulphate content of 50 g/L 
as often used in accelerated tests, Table 1, an increase of ettringite to-
wards the surface that is accompanied by the dissolution of portlandite 
and the present AFm and LDH type phases. In surface proximity, the only 
stable phases are gypsum, M-S-H, brucite and hydrotalcite. For the 
“bicarbonate solution”, which contains equal amounts of sulphate as the 
sulphate solution plus sodium bicarbonate (Table 1), the calculated 
precipitation of ettringite (Fig. 2g) is accompanied by the massive pre-
cipitation of calcite from the exposure solution. In addition, the forma-
tion of smaller quantities of M-S-H, brucite, hydrotalcite and a zeolitic 
phase (Na-chabazite) is predicted. 

Fig. 10 to Fig. 12 highlight different details observed experimentally 
on Portland mortars exposed to the sulphate and bicarbonate solution; 
experiments and cement compositions are detailed in [28]. Fig. 10 
shows the changes in CaO and SO3 as a function of depth from the 
exposed surface for exposure to the sulphate mixture and the bicar-
bonate mixture. The exposure to the sulphate mixture solution leads to 
the formation of gypsum in surface proximity which is coupled with 
leaching of calcium from the binder; see Fig. 10 and Fig. 11 a). At greater 
depths (> 2 mm) the high CaO values indicate the presence of por-
tlandite. The CaO contents are lowest where the sulphate contents are 
highest, which is where gypsum is the dominating phase. On the surface, 
CaO contents increase again due to a limited carbonation of the sample 
surface. The highest sulphate concentrations are observed in surface 
proximity for the sulphate mixture solution. Further inside the sample, 
ettringite is formed and the sulphate content (moving average of the 
data points) reduces up to 6.5–7.0 mm where it matches the background 
values. 

For the bicarbonate mixture solution, neither CaO nor sulphate 
contents seem to be affected. The formation of CaCO3 in the micro-
structure leads to similar CaO contents as for portlandite. The sulphate 
contents are clearly lowered in the presence of bicarbonate. The 
simplified modelling predictions (Fig. 2g) indicate that the precipitation 
of calcite reduces the availability of calcium necessary to form ettringite, 
consistent with limited amount of secondary ettringite formation 
observed in Fig. 10 and Fig. 11b. The suppression of ettringite formation 
by sodium bicarbonate is consistent with the observations for solutions 
consisting only of Na2SO4 or MgSO4, and with thermodynamic model-
ling [124,125] and underlines the importance of bicarbonate ions to 
reduce sulphate binding. This is also demonstrated by the low SO3 
contents in the carbonated zone (with almost no variation) in Fig. 10. 
The additional formation of ettringite behind the carbonated zone, 
which is predicted by the simplified model (Fig. 2g), is not visible in 
Fig. 10. 

Analysing the smoothed CaO and SO3 median values in Fig. 10 shows 
that the CaO profile for the sulphate exposure (blue line) is slowly 
reducing from ca. 55 mass % to 40 mass %, between 0.0 and 2.5 mm. 
This indicates the leaching of the C-S-H phases towards the surface. On 
the contrary, the median values are not affected for the sample exposed 
to the bicarbonate solution, where calcium carbonate has formed, such 
that the extent of affected zones cannot be clearly assessed. For low Ca/ 
Si binders, such as slag cements, the extent of the affected zone in the 
presence of bicarbonate has been more pronounced for simultaneous 
exposure to sulphate and bicarbonate ions [124,125]. 

Brucite, which precipitates readily for PC binders exposed to mag-
nesium sulphate containing exposure conditions, is predicted and 
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Fig. 8. a) Sketch illustrating the main phases which form upon marine expo-
sure; b) Illustration of the zones; c) and d) the total chloride and portlandite 
(CH) profiles, as well as Cl/Ca, S/Ca and Mg/Ca profiles as molar ratio for a 
concrete element exposed submerged in sea water at Solsvik field station for 16 
years. The concrete was made with a Portland composite cement containing 4 
% silica fume and 19 % fly ash. Note that the horizontal axis is split in a log-
arithmic part up to 4 mm and a linear part from 4 to 82 mm. d) The same data 
as in c) where the horizontal axis is linear, and the vertical axes are swopped. 
This to illustrate that the elemental changes caused by sulphur and magnesium 
only affect the outer millimetres, whereas the portlandite (CH) and chloride 
change over a larger depth. For more information see [57]. 
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observed for the sulphate solution (Fig. 12a), while the other magnesium 
containing phases (M-S-H, hydrotalcite) are not clearly detected. In 
contrast, the sample exposed to the bicarbonate mixture solution does 
not show a distinct MgO rich surface zone (Fig. 12b), while there might 
be a confined enrichment in Na2O and K2O in surface proximity, 
although the levels of alkalis are low. K2O seems to be slightly more 
increased, which could point towards the formation of zeolitic phases 
such as the chabazite predicted by the simplified model (Fig. 2g). 

Overall, the data and modelling show that the carbonation of 
cementitious binders can prevent the leaching of calcium from the 
binders, as the calcium is bound in calcium carbonate and thus not 
available to form other hydrate phases. The strong binding of calcium by 
calcium carbonate resulted in a much lower expansion of the samples 
exposed to the bicarbonate solution than of the samples exposed to the 
sulphate solution, although the sulphate content of the solutions was 
identical. This illustrates how lowering the availability of calcium can 
lower the potential for deleterious ettringite formation, especially over 
long time periods. The lowering of ettringite formation observed and 
modelled here in the presence of bicarbonate, also supports the obser-
vations that carbonation during curing (before exposure) improves the 
sulphate resistance of concrete [115]. 

Fig. 11. Atomic ratio plots for three key depths, corresponding to the profiles shown in Fig. 10, for both exposure conditions a) with a sulphate content of 350 mM, 
and b) the bicarbonate mixture solution that contains the same sulphate salts proportions and quantities in addition to 350 mM NaHCO3. Ms. = monosulphate, Mc =
monocarbonate. For experimental details see [28]. 

Fig. 9. Elemental maps of the laboratory exposed surface of Portland cement mortar exposed to sea water for 90 days. The exposed surface is at the top of the images. 
For more information see [24]. 

Fig. 10. CaO and SO3 median profiles for Portland cement mortars exposed for 
637 days (colored) to sulphate mixture and one year to the bicarbonate mixture 
solution (grey lines). For experimental details see [28]. 
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4.7. Comparison of the effect of solution composition 

The investigations of the changes at the surface of cement paste, 
mortar and concrete detailed above indicate that in many cases leaching 
is the dominant underlying degradation mechanism. The extent of 
leaching depends on the solution composition. In natural environments, 
in particular the concentration of sulphate and (bi)carbonate greatly 
affects the portlandite leaching as illustrated in Fig. 13a). The simplified 
modelling illustrates how the calculated portlandite leaching front 
moves inward to the cement paste as a function of the sum of the sul-
phate and carbonate concentrations: river, NaCl and granite (<1 to 3 
mM) < saline clay (16–22 mM) and seawater (31 mM) < sulphate so-
lution with 352 mM < bicarbonate solution with a total of 702 mM SO4 
+ HCO3. Sulphate and carbonate in solution contribute to the destabi-
lisation of portlandite due to their strong tendency to form solid Ca- 
containing phases making their presence a major driver for calcium 
leaching from the cement: 

Ca(OH)2 + SO4
2− + 2H2O⇒CaSO4⋅2H2O(gypsum) + 2OH− (1)  

Ca(OH)2 + CO3
2− ⇒CaCO3(calcite) + 2OH− (2) 

Eqs. (1) and (2) illustrate that the formation of gypsum and calcite 
not only destabilises portlandite (or other Ca-rich hydrates) but also 
releases hydroxyl ions, increasing the pH values near the interface as 
also visible in the calculated pH values (Fig. 13b) in the region where 
portlandite leaches. 

Nearer to the surface, however, this effect is no longer visible and the 

buffering capacity of the interacting solution dominates the calculated 
pH values. High pH values are calculated for solutions with a low 
buffering capacity such as river and granite water and NaCl solution, 
where the pH values are dominated by the leaching of alkalis from the 
cement. For the solutions richer in carbonate and Mg-containing solu-
tions, pH values around 10 are predicted, as they are buffered strongly 
by the formation of calcite, brucite and M-S-H. The lowest pH values 
were calculated for NaHCO3 solution, which forms a strong buffer to-
wards pH 6. 

As mentioned earlier, an increase of KOH concentrations in exposure 
solutions limited the observed leaching of portlandite strongly [68,128], 
as also shown in Fig. 14b. This was explained by the reduction in the 
leaching potential of calcium from the cement paste in a high pH 
exposure solution. Increasing the hydroxyl concentration in the expo-
sure solution was also observed to slow down the ingress of ions such as 
chloride (see Fig. 14a), thereby indicating a strong link between leach-
ing and ingress of ions [68,128]. 

The formation of a dense surface layer due to precipitation of calcite, 
brucite or additional ettringite can lead to a local reduction in the 
porosity which might be expected to reduce the ingress of ions or 
leaching from the cement paste. High carbonate concentrations have 
shown to reduce the porosity due to calcium carbonate formation in 
calcium rich cements, limiting the ingress of for example sulphates and 
slowing down or even preventing damage due to ettringite formation 
[27,124,125]. High sulphate concentrations without carbonates are 
more problematic as they lead to expansion, spalling/softening and 
cracking and thus to opening of “highways” for the ingress of other ions 

Fig. 12. MgO, Na2O and K2O profiles for the highest values per distance measured, for the PC mortars exposed to a) sulphate mixture for 637 days; and b) bi-
carbonate mixture solution for 364 days. For experimental details see [28]. 

Fig. 13. a) Modelled effect of solution composition on a) portlandite leaching and b) calculated pH values of the exposure solution in equilibrium with the solids.  
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and a faster degradation. In contrast, simple laboratory experiments 
comparing chloride ingress for seawater exposure with NaCl solution 
exposure showed that the formation of a seemingly dense magnesium 
and calcium carbonate layer in the case of seawater did not slow down 
the chloride ingress nor the leaching [24]. To the contrary, a slightly 
higher chloride ingress and leaching was observed for seawater exposed 
mortar compared to the ones exposed to NaCl solution (see Fig. 15). This 
is in line with the findings from Rosenqvist et al. [16], who observed a 
dense calcite rich layer at the surface, which did not prevent the deeper 
laying zones from being heavily leached. These observations illustrate 
that the effect of the formation of additional phases can be very divers 
and complex such that no direct simple correlation between solid vol-
ume, porosity and transport can be derived. 

5. Conclusions 

We have focussed on the impact of fresh water and multi-component 
saline solutions on the long-term changes in the phase assemblage in 
Portland cement-based cementitious materials. The comparison of 
detailed studies of long-term changes observed on field exposed con-
crete, with laboratory exposed samples, and with transport modelling 
available in literature gave a coherent picture of the effect of the 
different investigated solutions. In addition, a simplified 

thermodynamic modelling approach was used to calculate the effect of 
solution composition on the intensity of leaching and on the kind and 
quantity of phases formed at the interface with the environment. Note 
porosity, pore structure and interfacial transition zone could also 
significantly affect the transport which has not been addressed in the 
current paper. 

The saline solutions investigated include fresh water, NaCl solutions, 
rock and clayey water, seawater and sulphate containing solutions. 

The comparison of the experimental observations collected from 
literature with the simplified modelling approach allowed to identify the 
following main effects on hydrate cement pastes caused by the 
environment:  

- A main underlying degradation mechanism for cement paste exposed 
to the investigated solutions is leaching as illustrated in Fig. 2 as well 
as in the sketches presented in Fig. 16  

- The leaching is amongst others reflected in the portlandite depletion 
(Fig. 13) as well as in the decomposition of calcium containing 
phases such as AFm and AFt phases, followed by the decalcification 
and finally the decomposition of C(-A)-S-H as illustrated in Fig. 16 

The solution composition as well as its availability determined the 
extent of leaching, the kind and quantity of phases formed as well as the 

Fig. 14. a) Total chloride profiles for mortar 
specimens with a w/b ratio of 0.43 and prepared 
with a CEM VI (SV) Portland composite cement 
containing fly ash and slag precured for 76 days 
and then exposed to 3 % NaCl or 3 % NaCl +0.8 
% KOH solution for 180 days. The chloride con-
tent was determined on the profile ground sec-
tions with increasing depth from the exposed 
surface using potentiometric titration, b) Por-
tlandite (CH) profiles determined on the same 
batch of profile ground mortar powder using 
TGA. Adapted from [128].   

Fig. 15. a) Measured portlandite destabilisation and b) calcite formation after 180 days of exposure to seawater or NaCl solution with the same chloride concen-
tration, adapted from [24]. 
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pH values in the interface and its proximity. The presence of carbonate 
and sulphate in the interaction solution accelerates the leaching of Ca- 
rich hydrates as shown in Fig. 13, due to the formation of calcite and 
gypsum or ettringite, which destabilises Ca-rich phases such as por-
tlandite and C-S-H. 

The type and concentrations of other elements in the exposure so-
lution determine which phases will precipitate at the interface of the 
cement with the environment as illustrated in Fig. 16. Generally, the 
following order can be observed from the unaffected core towards the 
interface with the solution:  

- Chloride ingresses relatively far into the cement paste and leads at 
increased concentrations (> 100 mM) to the formation of chloride 
containing AFm phases (Friedel's or Kuzel's salt), which form at the 
expense of other AFm phases such as monosulphate or mono-
carbonate, leading to little alteration in the microstructure. In 
addition, chlorides can accumulate through physical binding in C-S- 
H.  

- The presence of sulphate leads to the formation of ettringite, gypsum 
at very high sulfate concentrations and in the long-term, and in the 

presence of carbonates also to thaumasite. The formation of these 
phases leads to an increase in the volume of the solids and potentially 
spalling and cracking of the concrete if formed in high amounts. 
Whether macroscopic damage occurs depends strongly on the 
amount and location of ettringite and thaumasite formation. In low 
quantities as e.g. observed at the interface with clay or seawater, the 
formation of ettringite and/or thaumasite does not lead to macro-
scopic damage as at the same time leaching occurs. The effect of 
sulphate is much stronger in high sulphate containing solutions such 
as the pore water of gypsum containing clays or rocks, leading to 
cracking, spalling or complete deterioration of the concrete at its 
surface.  

- The content of carbonate and bicarbonate in the interacting solutions 
determines the amount of calcium carbonate formed at the interface 
or in the surrounding environment. At high carbonate concentra-
tions, the precipitation of carbonate can suppress ettringite forma-
tion as it limits the availability of calcium.  

- Magnesium as present in granitic, clay and sea water results in the 
formation of M-S-H, hydrotalcite and brucite, depending on the Mg 
concentration, the availability of Si and Al and pH values. These 
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Fig. 16. Summary sketch very simply illustrating the impact of leaching on the phase assemblage, as well as how individual ions in the exposure solution cause 
phase changes. 
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phases are generally observed as a crust at the interface with little 
mechanical strength.  

- Sodium and potassium in the solution can lead to the formation of 
zeolitic phases (NASH or KASH phases) at the extreme decalcified 
surface. They are, however, difficult to detect. 

In conclusion, the ions in the exposure solutions, i.e. chloride, sul-
phate, carbonates, magnesium and sodium and potassium, do not 
necessarily have a detrimental impact on the cement paste, except for 
high sulphate solutions. In saturated conditions it is mainly their effect 
on leaching, the underlying degradation mechanism for all investigated 
exposure solutions, which determines the progress of the degradation 
and thereby determines the service life of the affected concrete. In other 
words, the leaching resistance of a cement paste is a crucial performance 
indicator for concrete in contact with multi-component solutions. The 
leaching resistance of a concrete could be tested with fresh water, as the 
other ions (except for high sulphate concentrations) do not appear to 
play a major role. 

It should be noted that under non-saturated conditions secondary 
effects such as drying and wick-action can lead to much higher salt 
concentrations and substantial damage by physical effects such as 
crystallization. 
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[17] U.K. Mäder, T. Fierz, B. Frieg, J. Eikenberg, M. Rüthi, Y. Albinsson, A. Möri, 
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Properties of magnesium silicate hydrates (M-S-H), Cement and Concrete 
Research 79 (2016) 323–332. 

[52] C. Roosz, S. Grangeon, P. Blanc, V. Montouillout, B. Lothenbach, P. Henocq, 
E. Giffaut, P. Vieillard, S. Gaboreau, Crystal structure of magnesium silicate 
hydrates (MSH): the relation with 2: 1 Mg–Si phyllosilicates, Cem. Concr. Res. 73 
(2015) 228–237. 

[53] K. De Weerdt, H. Justnes, U.H. Jakobsen, M.R. Geiker, M-S-H Formation in 
Marine Exposed Concrete, ICCCBeijng, China, 2015. 
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[57] K. De Weerdt, D. Orsáková, A.C.A. Müller, C.K. Larsen, B. Pedersen, M.R. Geiker, 
Towards the understanding of chloride profiles in marine exposed concrete, 
impact of leaching and moisture content, Constr. Build. Mater. 120 (2016) 
418–431. 

[58] A. Machner, M. Zajac, M. Ben Haha, K.O. Kjellsen, M.R. Geiker, K. De Weerdt, 
Chloride-binding capacity of hydrotalcite in cement pastes containing dolomite 
and metakaolin, Cem. Concr. Res. 107 (2018) 163–181. 

[59] Z. Shi, M.R. Geiker, K. De Weerdt, T.A. Østnor, B. Lothenbach, F. Winnefeld, 
J. Skibsted, Role of calcium on chloride binding in hydrated Portland 
cement–metakaolin–limestone blends, Cem. Concr. Res. 95 (2017) 205–216. 

[60] K. De Weerdt, Chloride binding in concrete: recent investigations and recognised 
knowledge gaps: RILEM Robert L’Hermite medal paper 2021, Mater. Struct. 54 
(2021) 214. 

[61] S. Sui, W. Wilson, F. Georget, H. Maraghechi, H. Kazemi-Kamyab, W. Sun, 
K. Scrivener, Quantification methods for chloride binding in Portland cement and 
limestone systems, Cem. Concr. Res. 125 (2019), 105864. 

[62] Z. Shi, M.R. Geiker, K. De Weerdt, T. Østnor, B. Lothenbach, F. Winnefeld, 
J. Skibsted, Role of calcium on chloride binding of hydrated Portland cement – 
metakaolin limestone blends, Cem. Concr. Res. 95 (2017) 205–216. 

[63] E. Bernard, Y. Yan, B. Lothenbach, Effective cation exchange capacity of calcium 
silicate hydrates (CSH), Cem. Concr. Res. 143 (2021), 106393. 

[64] S.-Y. Hong, F. Glasser, Alkali binding in cement pastes: part I, The CSH phase. 
Cem. Concr. Res. 29 (1999) 1893–1903. 

[65] H. Stade, On the reaction of CSH (di, poly) with alkali hydroxides, Cem. Concr. 
Res. 19 (1989) 802–810. 

[66] Y. Yan, S.-Y. Yang, G.D. Miron, I.E. Collings, E. L'Hôpital, J. Skibsted, 
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