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9 A B S T R A C T10
11

The pore crystallization of ettringite (AFt) and the material expansion are investigated for cement12

paste subject to external sulfate attack with and without chlorides. Specimens of 2mm thickness13

were exposed to solutions of 10g/L Na2SO4, 10g/L Na2SO4 + 10g/L NaCl and 10g/L Na2SO414

+ 19g/L NaCl. The evolutions of AFt formation, pore structure, transport property and specimen15

expansion were characterized through 27Al NMR, MIP, DVS and micrometer measurements. The16

analysis of results shows that: (1) chlorides decrease the AFt formation rate and the expansion17

capacity through depressing the supersaturation of AFt crystals; (2) AFt crystallization alters18

the pore structure in the whole pore size range, especially through the blockage of “ink-bottle”19

pores in micropore range; (3) AFt crystals change the vapour diffusivity by pore-filling and20

microcracking, and the linear stage of expansion is well captured by poromechanics with pore21

crystallization pressure incorporated.22

23

1. Introduction24

External sulfate attack (ESA) and chloride ingress are two important concerns of durability for the reinforced25

concretes exposed to aqueous environments, such as seawater and groundwater[1, 2]. So far, the respective mechanisms26

of ESA and chloride ingress have been investigated in depth and well identified: the external sulfates react directly27

with aluminate hydrates in hardened concrete and generates expansive products, ettringite and/or gypsum, resulting28

in material damage of cracking and spalling[3, 4], while the chloride ingress depassivates the steel reinforcement in29

concrete and initiates the corrosion with pitting patterns[5]. In natural environments, sulfate and chloride ions usually30

coexist, and the understanding of their combined action is important to the correct estimate of the service life of31

structural concretes exposed to such environments.32

33

As sulfate and chloride ions are both present, their interaction is reciprocal, including the impact of sulfates on34

chloride ingress and the influence of chlorides on sulfate attack. For the former, literature results [6, 7] showed that35

the chlorides penetrate deeper into concretes under the sulfate-chloride solution than the chloride solution alone.36

The promoted chloride ingress is attributed to the release of the bound chlorides in solid matrix by sulfates to37

the pore solution [8, 9]. For the latter, two fundamental aspects are relevant: the formation of ettringite and the38

physical/mechanical effect of the formed AFt in pores. The majority of literature results confirm the inhibiting effect39

of chlorides on the sulfate attack [2, 10, 11, 12]. The inhibiting effect of chlorides on the AFt formation has been40

addressed through two main mechanisms[7, 9, 12, 13]: the increased solubilities of ettringite and gypsum in the41

chloride-containing solutions, and the transformation of aluminate hydrates into Friedel’s salts. The solubilities of42

ettringite and gypsum were reported to increase by 3.5 times [14] and 3 times [15] respectively when exposed to NaCl43

solutions compared to water. Actually, this is due to the reduction of ionic activity coefficients, of such weakly soluble44

solids as ettringite and gypsum, with the increase of total aqueous ionic strength[16]: the Ca2+ activity coefficient in45

gypsum can be reduced from 0.41 in water[17] to 0.17 in 3.08M NaCl solution[18], and a higher Ca2+ concentration46

is needed to maintain the dissolution equilibrium. Following this line, the ionic strength of pore solution in hardend47

cement pastes is taken as 0.25M[19], and adding groundwater and seawater, equivalent to 0.03M and 0.54M NaCl[20]48
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into pore solution, will lower the activity of Ca2+ and SO2−
4 by 1.8% and 30% [19], not increasing substantially the49

solubility of ettringite or gypsum. Thus, the intervention of chlorides in AFt formation is more plausible: the formation50

of Friedel’s salts in mixed sulfate and chloride solutions reduces the ettringite formation due to the competition between51

chlorides and sulfates for aluminate phases [1, 2, 21]. However, Balonis et al.[22] reported, through thermodynamic52

simulations, that the formation of Friedel’s salts released sulfates from monosulfoaluminate (AFm) and more ettingite53

could be generated from the released sulfates. For the physical and mechanical effect of AFt formation, some studies54

showed clear mitigating effect of chlorides on the strength loss of mortars [10, 12, 13, 23] while others [7] measured55

similar material expansions for cement mortars exposed to mixed solution and pure sulfate solution. So far, the direct56

experimental evidence for the role of chlorides on ettringite formation is still in dearth, and the physical and mechanical57

effect of ettringite crystallization in pores has not yet been treated as an independent subject.58

59

Accordingly, more deepened investigations are needed to clarify the mechanism of the mitigating effect of chlorides60

on ESA for both the ettringite formation in pores and its effects on physical and mechanical properties of materials.61

Only through this understanding, the durability of structural concretes exposed to such environments can be correctly62

designed and predicted. Motivated by this need, this paper attempts to deepen the study of the mitigating effect of63

chlorides on ESA. To this purpose, the 27Al Nuclear Magnetic Resonance (NMR) and Mercury Intrusion Porosimetry64

(MIP) are applied to quantify the aluminum phases and characterize the pore structure in cement pastes under pure65

sulfate attack and combined action of sulfates and chlorides. Besides, the vapour diffusivity and specimen expansion66

are measured by Dynamic Vapour Sorption (DVS) and micrometer respectively to examine the evolution of transport67

property and material damage. Two special measures are undertaken in this study: the solutions are regulated at pH=1368

to avoid the leaching effect on ESA[24, 25] and thin specimens of 2mm thickness are made to avoid non-uniform69

distribution of ions and crystallization across the thickness. In the following, the experimental program is presented in70

Section 2; the experimental results are given in Section 3; the pore-level crystallization is discussed in Section 4; and71

the concluding remarks are provided in Section 5.72

2. Experimental program73

2.1. Specimens and exposure solutions74

Prisms of 40mm×40mm×160mm were prepared from cement paste with a water to cement ratio (w/c) of 0.55. The75

cement used is CEM I Type (CEMI 52.5 N CE CP2) with the chemical composition given in Table 1. The mineral76

contents are evaluated, through Bogue’s method[26], as C3S(65.2%), C2S(8.8%), C3A(7.9%) and C4AF(8.9%). To77

avoid the leaching during curing process, all the prisms were stored in saturated portlandite (CH) solution with a78

water to solid ratio (volume) around 26. From the prisms after 60d curing, rectangular slices of 2mm×20mm×120mm79

and square slices of 2mm×40mm×40mm were sawed out using a high-precision cutting machine. Each rectangular80

slice specimen was equipped with a pair of stainless-steel pins fixed on the two ends for expansion measurement, cf.81

Fig.3 in [27], and the square slice specimens were reserved for the characterization tests of NMR, MIP and DVS.82

These slice specimens were then immersed into three different test solutions. Table 2 presents the composition of these83

Table 1
Chemical composition of CEM I cement

Components %

CaO SiO2 Al2O3 Fe2O3 CaO(free) MgO SO3 S K2O Na2O Ignition Loss
62.81 20.22 4.85 2.92 1.58 0.84 2.88 0 0.77 0.34 2.59

Table 2
Composition of sulfate and mixed solutions

Number SO2−
4 concentration Cl− concentration OH− concentration

C1 10 g/L 0 1 mol/L
C2 10 g/L 10 g/L 1 mol/L
C3 10 g/L 19 g/L 1 mol/L
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solutions: two mixed solutions containing 10g/L and 19g/L of chlorides and 10g/L of SO2−
4 , and a single sulfate solution84

containing 10g/L of SO2−
4 as the reference solution. Besides, the pH values of three solutions were maintained at 13.0 by85

adding 1mol/L NaOH to avoid the leaching of cement paste during sulfate reactions. These solutions were renewed on86

weekly basis (within the first month) and bi-weekly basis (afterwards) to maintain a constant sulfate concentration[28].87

At given exposure ages, the square slice specimens were taken out and subject to freeze drying treatment by a freeze-88

dryer (Christ’s Alpha 1-4 LDplus) before the characterization tests.89

2.2. Characterization methods90

The characterization of slice specimens includes the 27Al NMR for the content of aluminum phases, the MIP for91

the pore structure, DVS for vapour diffusivity and micrometer for specimen expansion. The principles and technical92

details of these tests are given in the following.93

94

The 27Al NMR is a powerful technique for the characterization of aluminum hydrates in hardened cement95

pastes[30]. The aluminium atoms in aluminum hydrates are covalently bound with oxygen atoms in octahedral and96

tetrahedral configurations. The octahedral configuration corresponds to AFt, AFm and TAH (third aluminum phase)97

with a chemical shift around 10ppm, and the Al(V) phase with a chemical shift at∼ 35ppm, representing the substitution98

by aluminum of interlayer Ca2+ in calcium silicate hydrate (CSH). The tetrahedral configuration corresponds to the99

Al(IV) phase, with a chemical shift around 70ppm, denoting the replacement of SiO4 by AlO4 tetrahedra in CSH100

chains[31]. Moreover, a typical 27Al spectrum of cement paste, cf. Figure 1b, contains spinning sidebands as well,101

which represents the repetitions of major peak signals for AFm, AFt, TAH phases at the spinning frequency. These102

sidebands are valid signals and need to be considered in the computation of phase content. To capture the contribution103

of these sideband signals, an extra spectrum with a broader range of -1000∼1000 ppm was measured, cf. Figure 1a.104

During the test, each sample was examined by 27Al NMR twice, yielding two spectra with the ranges of 300ppm and105

2000ppm, cf. Figure 1a and b. The high-precision spectrum in the 300ppm-range was used to decompose the three106

major peaks of AFt, AFm and TAH around 10ppm for the calculation of their relative contents while the 2000ppm-107

range spectrum was adopted to calculate the ratio of the major phases AFt, AFm and TAH, sum of their major peaks108

and spinning sidebands, to the minor phases of Al(IV) and Al(V). The decomposition of major peaks around 10ppm109

is performed using the multi-peaks fitting approach following [29], cf. Figure 2. This study used a JNM-ECZ600R110

Solid NMR Spectrometer with a field intensity of 14.09 T. The freeze-dried square slice specimens were ground into111
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Figure 1: 27Al MAS NMR spectra (magnetic field intensity of 14.09 T, spinning speed of 15 kHz) of cement paste
(w/c=0.55) for 84-day exposure to sodium sulfate solution of 10g/L SO2−

4 , with ranges of 2000 ppm (a) and 300ppm (b).
The symbols E, M and T denote ettringite, AFm and TAH respectively. The asterisk (∗) stands for spinning sideband from
ettringite, AFm and TAH peaks, the filled circle (∙) for Al(IV) phase, and the square (□) for Al(V) phase.
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Figure 2: Decomposition of 27Al MAS NMR spectrum of cement paste (w/c=0.55) for 84-day exposure to sodium sulfate
solution of 10g/L SO2−

4 , using multi-peaks fitting method in [29]. The black solid line represents the experimental spectrum,
and the red dotted line is the simulated total spectrum. The solid lines with single peak stand for simulated AFt, AFm and
TAH spectra respectively. The lower dotted line represents the difference between simulated and experimental spectra.

powder samples and placed in a tube of 3.2mm diameter with a high spinning frequency of 15kHz.112

113

The DVS is a well-established method for the determination of vapour sorption isotherms through high-resolution114

mass measurement and stable temperature and humidity control[32]. A diffusion (Payne) cell is set up within the DVS115

device to measure the water vapor diffusivity, cf. Figure 3a. The DVS device used is an Adventure DVS instrument,116

weighing the mass of vapor flow to the precision of 0.001mg and controlling the relative humidity (RH) by mixing117

nitrogen and water vapor to the precision of 0.05% (25◦C). The Payne cell is composed of two parts: the cell lid with118

two O’rings to hold the pellet specimen allowing a maximum thickness of 2.4mm, and the cell cup containing drying119

(a) (b)

Figure 3: Vapor diffusivity measurement through DVS device: (a) arrangement of vapor diffusion test, and (b) cement
paste specimens and diffusion (Payne) cell. The drying agent used is anhydrous calcium chloride (CaCl2).
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agent, anhydrous CaCl2 in this study, to maintain nearly 0% RH. The pellet specimens were drilled out from the square120

slice specimens after freeze-drying, cf. Figure3b. The Payne cell, loaded with drying agent and pellet specimens, was121

put into the chamber of DVS device with temperature controlled to 25𝑜C and RH regulated to 50%. The total mass122

of Payne cell was weighed continuously, and the mass of vapor flowing into the cell was deduced from the gain of123

weight of Payne cell. From the measurement, the vapor diffusivity 𝐷v was evaluated from the steady flow of water124

vapor across the exposed area of pellet specimens (15.54mm2) under the constant RH gradient of 0-50%, expressed125

through the following equation[33],126

𝐷v = 𝑅𝑇
𝑀

𝑒
𝑝vsΔℎ

𝐽v (1)

Here the term 𝑅 stands for the ideal gas constant, 𝑇 for the absolute temperature (25◦C), 𝑀 for the molar mass of127

water, 𝐽v for the vapour mass flux through the diffusion surface, 𝑒 for the thickness of specimen, 𝑝vs for the saturated128

water vapour pressure at 25◦C and Δℎ for the difference of RH (50%). The steady state of flow is judged from the mass129

evolution of Payne cell until the relative change of flow rate during two consecutive minutes is inferior to 1%, cf. Figure130

4. The 0-50% RH gradient is chosen to trade off the experiment duration and the measurement precision. According131

to Kelvin’s equation[34], the water vapour can condensate in pores of diameter smaller than 3nm at RH=50%, and the132

liquid water may also exist in pores as adsorbed water film on pore walls[35]. In other words, under the imposed RH133

gradient 0-50% most pores in cement paste, with size around 10-1000nm, are open for vapor diffusion.134

135

A mercury porosimeter of Micromeritics’ AutoPore (IV 9500 series) is used to determine the pore size distribution136

(PSD) of cement paste specimens. The instrument is capable of exerting an intrusion pressure in the range of 3.5137

kPa-414 MPa corresponding to intruded pore diameters between 400𝜇m-3.7nm in hardened cement pastes. For each138

MIP test, one freeze-dried square slice specimen was crushed into particles and collected into the intrusion chamber.139

The PSD curves were obtained from the intrusion volume of mercury and the contact angle between mercury and140

cement paste. Actually the MIP method measures the sizes of accessible path of the pore structure rather than its real141

geometry, but the measurement is still useful for comparison purpose[36, 37].142

143
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Figure 4: Mass evolution of Payne cell containing cement paste specimen (w/c=0.55) for 0d (black solid line), 7d(red dot
line) and 11d (grain dash line) exposure to 10g/L SO2−

4 . The steady flow is reached as the slope becomes constant.
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The expansion was measured on the rectangular slice specimens, 3 specimens for each solution, and the average144

of three specimens was taken as the expansion strain. The expansion was recorded continuously on weekly basis by a145

micrometer set with a precision of 1𝜇m measuring the distance change between the two stuck pins. Due to the very146

thin thickness of the rectangular slices (2mm), the specimens yielded more or less out of plane curving in the later147

phase of ESA expansion as large amount of AFt is formed. To minimize this error, a total of 9 specimens were initially148

prepared for each solution and three specimens with the least curving effects were retained for the above expansion149

analysis.150

3. Results151

3.1. Aluminum phase contents152

The relative contents of aluminum phases, expressed in percentage % of aluminum atoms in total aluminum phases,153

were derived from the two-range 27Al NMR spectra in Figure 1 through the multi-phases fitting method in Figure 2. All154

the five aluminum phase contents in cement paste are presented in Figure 5 for three exposure solutions and different155

exposure ages. As aforementioned, the Al(IV) and Al(V) phases are incorporated in CSH structure at different sites,156

and their contents, about 5-10%, are relatively small compared to other aluminum phases[38]. Thus, the contents of157

these two phases are merged together in the results, denoted as Al(IV,V). For C1 solution in Figure 5a, the AFt content158

augments with time accompanied by a drop of AFm and Al(IV,V) contents while the TAH content fluctuates between159

8-18% during the first 56d immersion and decreases to 4% at 84d. For C2 and C3 solutions in Figure 5b and 5c, the160

contents of AFt, AFm and Al(IV,V) evolve in the same pattern as C1 solution but with much less AFt detected at 84d.161

Globally, the results in Figure 5 confirm the transformation from AFm and Al(IV,V) phases to AFt phase, and this162

transformation is still in kinetic phase after 84d-168d immersion.163

164

Figure 6 illustrates the impact of chlorides on the evolution of aluminum phases. First, the presence of chlorides165

reduces notably the AFt content at the same exposure ages, cf. Figure 6a. Second, the higher chloride concentration166

in C3 solution results in a larger inhibiting effect on the AFt formation. This is a direct experimental evidence for167

the inhibiting effect of chlorides on AFt formation. Third, the content of AFm phases shows no systematic difference168

for the three solutions in Figure 6b, and the TAH content is systematically higher in mixed solutions, cf. Figure 6c.169

Finally, the content of Al(IV,V) phases seems to be less consumed in the mixed solutions, cf. Figure 6d. A synthesis170

of these results reveals that a significant amount of AFm phase transforms to TAH phase, besides AFt phase, in mixed171

solutions. Thus, these results seem to support following mechanism: a significant amount of AFm phase and a small172

quantity of Al(IV,V) phase are converted to AFt phase when exposed to sulfate-containing solution, and the presence173

of chlorides converts part of AFm phase into TAH, resulting in less AFt formation.174

175

The transformation from AFm phases to AFt under mixed solutions merits further discussion. Indeed, the AFm176

phases in hardened cement pastes refer to a family of aluminium(A)-ferrite(F) hydrates with a double-layered structure,177

(a) (b) (c)

Figure 5: Aluminum phase contents in cement paste specimens exposed to C1 (a), C2(b) and C3 (c) solutions at different
exposure ages. Al(IV,V) represents the sum of IV and V aluminum phases.
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Figure 6: Contents of AFt (a), AFm (b), TAH (c) and Al(IV,V) (d) phases in cement paste specimens exposed to three
solutions. C1 stands for 10g/L SO2−

4 solution, C2 for 10g/L SO2−
4 + 10g/L Cl− solution, and C3 for 10g/L SO2−

4 + 19g/L
Cl− solution.

having a general formula [Ca2(Al,Fe)(OH)6]⋅X⋅𝑥H2O, where X denotes one formula unit of a single-charged anion or a178

half double-charged anion, and 𝑥 is the interlayer water content conditioned by the temperature and RH at exposure[39].179

Depending on the chemical environments, the double-layered structure could incorporate different anions to form180

different AFm species, such as monosulfoaluminate (Ca4[Al(OH)6]2⋅SO4 ⋅ 𝑥H2O, denoted as Ms(6+𝑥)), hydroxy-181

AFm (Ca4[Al(OH)6]2⋅(OH)2 ⋅𝑥H2O, denoted as C4AH7+𝑥) and Friedel’s salts (Ca4[Al(OH)6]2⋅Cl2⋅4H2O, denoted as182

C4ACl2H10)[40]. Due to the similar layered structure in these AFm species, i.e. almost same chemical environments for183

Al atom, the positions of their peaks in 27Al NMR spectrum are very close (∼ 1 ppm) compared to their peak widths184

(∼10 ppm)[41]. Therefore, an extremely high spinning speed would be necessary to reduce their peak widths and185

separate these different AFm species. These different AFm species cannot be identified from the 27Al NMR spectra186

in this study. Actually, the OH-SO4-AFm solid solution, solution of Ms(6+𝑥) and C4AH7+𝑥, is the most common187

aluminum hydrates in ordinary cement pastes[42, 43]. When subject to mixed solution of sulfates and chlorides, the188

OH-SO4-AFm tends to concurrently convert into AFt and C4ACl2H10. Birnin-Yauri and Glasser[44] reported that only189

∼14 mM chlorides are required to convert C4AH7+𝑥 to C4ACl2H10 completely. Therefore, it is reasonable to assume190

Ran et al.: Preprint submitted to Elsevier Page 7 of 18
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that the AFm species are OH-SO4-AFm in C1 solution but C4ACl2H10 and Ms(6+𝑥) in C2/C3 solutions. On this basis,191

the transformation from AFm phases to AFt in three solutions involves the following reactions,192

C4AH7+x + 3CH + 3SO2−
4 ⟶ AFt + 6OH−

Ms(6 + x) + 2CH + 2SO2−
4 ⟶ AFt + 4OH−

C4ACl2H10 + 2CH + 3SO2−
4 ⟶ AFt + 4OH− + 2Cl−

(2)

The first two reactions occur in pure sulfate solution (C1) while the last two equations happen in mixed solutions193

(C2,C3). The supersaturation of AFt, 𝛽AFt , can be taken as the driving force for crystallization process, defined through,194

195

𝛽AFt =

(

𝑎Ca2+
)6(𝑎OH−

)4(𝑎SO2−
4

)3(𝑎Al(OH)−4
)2

𝐾AFt
(3)

with 𝐾AFt standing for dissolution constant of AFt and 𝑎𝑖 the ionic activity for species 𝑖. As the first approximation, the196

pore solution is regarded as a dilute solution and the ionic activity 𝑎𝑖 is numerically equal to the ionic concentration 𝑐𝑖.197

198

Now we attempt to quantify the supersaturation 𝛽AFt for this study. The pore solution of specimens of 2mm thickness199

can be assumed to be in equilibrium with the solutions during the expansion. Thus, the concentrations of OH− and200

SO2−
4 , 𝑐OH− and 𝑐SO2−

4
, can take the values of solutions. The calcium and aluminate ions needed to form AFt are201

provided by CH and AFm phases respectively. Assuming the rapid dissolution of CH and AFm phases, these two202

phases are at their dissolution equilibria before they are depleted [45],203

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝛽CH =

(

𝑐Ca2+
)(

𝑐OH−
)2

𝐾CH
= 1

𝛽C4AH7+x
=

(

𝑐Ca2+
)4(𝑐OH

)4(𝑐SO2−
4

)(

𝑐S,Al(OH)−4
)2

𝐾C4AH7+x

= 1

𝛽C4ACl2H10
=

(

𝑐Ca2+
)4(𝑐OH

)4(𝑐Cl−
)2(𝑐Cl,Al(OH)−4

)2

𝐾C4ACl2H10

= 1

(4)

where 𝛽i and 𝐾i denote the supersaturation and dissolution constant of phase 𝑖, and 𝑐S,Al(OH)−4 and 𝑐Cl,Al(OH)−4 stand204

for the aluminate concentration in pure sulfate solution and mixed solution respectively. Taking typical values of205

dissolution constants in literature [46], the aluminate concentration 𝑐Al(OH)−4 in C1,2,3 is determined as 0.380 mmol/L,206

0.019 mmol/L and 0.010 mmol/L for C1/2/3 solutions respectively. Substituting these values into Eq.3 gives the 𝛽AFt207

values as 8.34×1011 (C1), 2.09×109 (C2) and 5.79×108 (C3). Such a decrease of driving force for crystallization,208

𝛽AFt in terms of the chloride concentration 𝑐Cl− , coincides with the decrease of the AFt formation rate with chloride209

concentration in Figure 6a.210

3.2. Pore structure211

Figure 7 presents the PSD evolution of specimens exposed to the three solutions. For the cement paste specimens212

before immersion (0d), three peaks are present: peak I with a typical diameter of 2-4nm, peak II with a typical diameter213

around 20-30nm and peak III around 80-100nm. For Portland cement (CEM I) pastes, the peak I and the peak II can214

be interpreted as the pores of inner and outer CSH respectively[47, 48], denoted as nanopores and micropores, and the215

pores around these two peaks constitute pores of CSH hydrates[49]. The peak III, much larger in size, corresponds to216

the capillary pores, resulting from the initial water-filled space not occupied by hydrates during hardening[39]. Usually,217

the capillary pore volume will decrease with hydration and the peak III will disappear[37, 50]. The appearance of peak218

III in Figure 7 is due to the high w/c ratio (0.55) of cement paste, resulting in a large portion of residual space among219

the hydrated cement grains[50]. For specimens immersed in three solutions, the peak II decays with time and even220

disappears after 84d, indicating an important structural change of micropores. Moreover, the peak III shifts towards221
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Figure 7: Pore size distribution of cement paste specimens exposed to C1 (a), C2 (b) and C3 (c) solutions at different
exposure ages.
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Figure 8: Pore volume of cement paste specimens exposed to C1 (a), C2 (b) and C3 (c) solutions at different exposure
ages.

smaller sizes with immersion time reveals the crystallization of AFt also change the geometry of pores in this range.222

223

Figure 8 shows directly the change of pore volume in four size ranges, derived from the PSD results in Figure 7.224

The pores of four size ranges are illustrated in Figure 9: the range 3.75-5nm refers to the pores in compact CSH (inner225

CSH) situated on the surface of unhydrated cement grains; the range 5-40nm refers to the pores in or enclosed by the226

less compacted CSH (outer CSH) situated next to inner CSH, connected to larger capillary pores and exposed to pore227

aqueous solution; the range 40-100nm refers to the capillary pores and probably microcracks; the range above 100nm228

refers to the large capillary pores, defects and microcacks[51]. Then, let us look into the change of pores in different229

size ranges with the help of the measured phase contents to shed new light on the pore crystallization of AFt. For230

nanopores (3.7-5nm), though small in quantity, increases systematically with time. This increase is related to the AFt231

formation[27] and the relevant change in the microstructure of CSH [28],232

AFm + Ca2+ + SO2−
4 ⟶ AFt (5)

In these nanopores, neither CH or AFt crystals are plausible to exist, and the AFm phases are assumed to grow233

preferably in outer CSH [39]. Thus, as AFt crystals form near the boundary of inner-outer CSH, cf. Figure 9b, the234

inner CSH can release Ca2+ ions to the reaction in Eq.5, leading to the decalcification of inner CSH. This mechanism235

may address the systematic increase of nanopores with sulfate exposure age. For the micropores (5-40nm), the pore236
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volume is substantially decreased for all cases with exposure ages. The pore space in this range can include both the237

intrinsic pores of outer CSH (Figure 9b) and the space enclosed by outer CSH forming an “ink-bottle” shape (Figure238

9a). Since all reactants for AFt formation are present in outer CSH, the AFt crystals most likely form here, resulting239

in the substantial decrease of pores in this range due to the filling effect of AFt crystallization[52]. For capillary240

pores (40-100nm), the pore volume is globally increased with exposure age. Several factors can interplay during the241

AFt formation: the crystals of AFm phases and CH exist extensively[53], the AFt formation in Eq.5 consumes these242

crystals, and a trade-off between the pore filling by AFt crystallization and other crystals consumption accounts for243

the final pore volume change; moreover, if microcracking occurs during crystallization, e.g. from the crystallization244

in micropores, the formed microcracks can add to the pore volume in this range if 100nm is taken as the typical245

size for microcracks[54]. Quantitative analysis will be given in the following to clarify this point. For large capillary246

pores (>100nm), the pore volume is relatively stable, involving also the consumption of CH/AFm crystals, the AFt247

formation, the formation of microcracks, and the formation of gypsum in newly formed cracks as well[55]. Compared248

to C1 solution, the specimens in C2/C3 solutions present smaller volume for nanopores (3.75-5nm) and micropores249

(5-40nm), but comparable capillary pores and possibly microcracks (40-100nm, and >100nm) at 84d of exposure.250

251

To investigate further the AFt crystallization in pores, a quantitative analysis is attempted for C1 solution using the252

phase content data in Figure 5a and pore volume data in Figure 8a. Since leaching and carbonation were screened out253

during immersion, the pore volume change is only related to the AFt crystallization and the dissolution of AFm phases254

and CH. As aforementioned, the AFm phases in C1 solution can be taken as OH-SO4-AFm, a mixture of C4AH(7+𝑥)255

and Ms(6+𝑥). To simplify the calculation, we assume the interlayer water content x to be 6 [39] and the minerals in256

cement to be completely hydrated. The relative ratio of C4AH13 and Ms12 in OH-SO4-AFm can be evaluated from the257

mole balance of Al and S elements,258

⎧

⎪

⎨

⎪

⎩

𝑛SO3
= 3𝑛AFt + 𝑛Ms12

𝑛Al2O3
= 𝑛AFt + 𝑛Ms12 + 𝑛C4AH13

𝑛AFm = 𝑛Ms12 + 𝑛C4AH13

(6)

with 𝑛i standing for the mole content 𝑖 per unit volume of hardened cement paste. The values of 𝑛SO3
and 𝑛Al2O3

are259

determined from chemical composition of cement in Table 1, and 𝑛AFt and 𝑛AFm can be read from Figure 5a. The ratio260

of 𝑛Ms12 to 𝑛C4AH13
is thus determined as 7:3. This ratio gives the equivalent molar volume of OH-SO4-AFm as 0.30261

L/mol by taking the literature values for the molar volumes of C4AH13 (0.27 L/mol) and Ms12 ((0.31 L/mol))[46], and262

a consumption of 2.3 moles of CH per mole of OH-SO4-AFm in AFt formation. From C1 immersion at 29d in Figure263

(a) (b)

Figure 9: Illustration of pore structure of cement paste with high w/c ratio (0.55) (a) and cement grain after hydration (b).
On the left, the capillary pores represent the connected space not occupied by hydrated solid phases, and the “ink-bottle”
pores refer to the space enclosed by cement hydrates with the entry size belonging to the micropore range. On the right,
the CSH hydrates are divided into inner and outer parts, the AFm phases exist most likely in outer CSH[39], and the AFt
crystals precipitate both in micropores in the outer CSH and capillary pores.
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5a, the newly formed AFt crystals amount to 0.057 mol/L, consuming 0.131 mol/L CH and dissolving 0.042 mol/L264

OH-SO4-AFm. Thus, the AFt crystals fill out 4.05%, the dissolution of OH-SO4-AFm and CH releases 1.69% and total265

pore volume change is -2.36% (decrease). The volume change of micropores (5-40nm), -1.46% in Figure 8a at 29d,266

indicates that AFt crystals do not precipitate only in micropores. The volume change of capillary pores (40-100nm),267

-1.76% in Figure 8a at 29d, confirms the AFt formation in these pores with dissolution of AFm/CH. Following the268

same line, the increase of 40-100nm volumes in C2/C3 solutions before 29d is due to fewer AFt formation and higher269

AFm consumption in Figure 6a and b. From Figure 5a for 29d to 56d, the AFt formation leads to -4.68% volume270

change and the dissolution of OH-SO4-AFm/CH induces change of 3.32%. The volume of micropores (5-40nm) drops271

as much as -8.54% in Figure 8a from 29d to 56d, indicating that at least 3.86% micropore volume is not induced by272

AFt formation. The possible cause can be attributed to the pores of ”ink-bottle” shapes in Figure 9a: the ”ink-bottle”273

structure is enclosed by hydrated solids with the pore neck size entering the range of micropores. If the AFt formation,274

together with AFm/CH consumption, blocks this pore neck, no mercury can be intruded into the enclosed space and275

this pore volume may account for the large reduction of micropores. Such explanation can also support the significant276

decrease of micropore (5-40nm) volume 84d when immersed in C2/C3 solutions.277

278

After the above analysis, the crystallization of AFt in pores can be summarized as follows: AFt crystals precipitates279

in both micropores and capillary pores, AFm phases and CH dissolve more in capillary pores. With exposure age, the280

AFt crystals block the pore necks of "ink-bottle" pores, resulting in a significant reduction in pore volume in micropore281

(5-40nm) range. The accumulation of AFt crystals in pores, especially in the micropore range, fractures the solid matrix282

of hardened cement paste and reopen the "ink-bottle" pores in Figure 9a, and these microcracks and the reopened "ink-283

bottle" pores most likely join the pore ranges of 40-100nm or >100nm. The presence of chlorides delays this process284

by reducing both the rate and the quantity of AFt formation. Thus, the dissolution of AFm phases and CH in C2/C3285

solutions contributes more to the pore space release in the range of 40-100nm compared to C1 solution.286

3.3. Vapour diffusivity287

The vapour diffusivity 𝐷v is presented in Figure 10 for pellet cement paste specimens immersed in C1 and C2288

solutions at different exposure ages. The water vapour diffusivity was reported as being in the range of 0.1-1×10−7 m2/s289

under a RH gradient of 0-50% over a thickness of 30mm for concrete specimens[56]. Baroghel-Bouny[57] measured290
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Figure 10: Vapour diffusivity of cement paste specimens exposed to C1 and C2 solutions at different ages.
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the apparent vapour diffusivity 𝐷v in the range of 1-10×10−7 m2/s for the pore saturation range 0.1-0.5, the same order291

of magnitude as 𝐷v in Figure 10.292

293

In C1 immersion, the 𝐷v values decrease until 28d and then rise up to 84d, corresponding to the reduction of pores294

in the ranges of 5-100nm before 28d and the increase of pores larger than 100nm after 56d in Figure 8a, respectively.295

The reduction of 𝐷v in the early phase of ESA is caused by the refinement of pore structure, due to the synergic effect296

of AFt formation and AFm/CH dissolution, in pores of 5-100nm. The subsequent rise of 𝐷v after 28d, along with297

more AFt formation, indicates the appearance of microcracks in solid matrix of cement paste, which provides a more298

direct and quick diffusion path for vapor transport. In C2 immersion from 0d to 29d, the pore volume of 5-100nm in299

Figure 8b underwent a more complex change: a slight volume decrease (-0.14%) in 5-40nm pores and relatively large300

volume increase (1.48%) in 40-100nm pores with important dissolution of AFm phases and CH. The larger diffusivity301

at 29d compared to 0d is due to this pore space release. The subsequent decrease of vapor diffusivity, from 29d to302

84d exposure, is closely related to the important pore volume change in the 5-40nm range, -9.57% from Figure 8b.303

As aforementioned, this pore volume reduction reflects the blockage of pore necks for “ink-bottle” pores, cf. Figure304

9a. Afterwards, the enclosed "ink-bottle" pores is inaccessible either to MIP or to vapour transport. In summary, the305

AFt formation and the related AFm/CH consumption in pores are to reduce the transport rate of pore matters before306

the appearance of microcracks. Actually, this reduction has been observed in literature for other transport properties307

[58]. Once the microcracking occurs, this reduction can be totally cancelled out by the new transport channels for pore308

matters. Comparing C1 and C2 immersion cases, one can see that the presence of chlorides offsets this reduction effect,309

before microcracking, even increases the vapor diffusivity by dominating AFm/CH consumption.310

3.4. Expansion311

Figure 11 shows the expansion behaviour of cement paste specimens exposed to the three solutions C1-C3. Under312

sulfate immersion, the specimens all show progressive expansion but with different patterns for C1 and C2/C3 solutions.313

The expansion in C1 solution occur in two stages: a first expansion growth stage with moderate and linear expansion314

rate till 56d, named also as "induction phase"[59], and second stage with much faster expansion rate. By contrast,315

the expansion of C2/C3 specimens undergoes only the linear growth phase of expansion. During the expansion316

measurement, the C1 specimens fractured after the second stage until a rather large strain for expansion ∼1.1% was317
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Figure 11: Expansion of cement paste specimens exposed to three sulfate solutions.
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reached while the specimens in C2/C3 were broken right after the linear stage at much smaller strain∼0.15%, indicating318

that the microcracks are far more developed in C1 specimens than C2/C3 specimens. Note that the tensile strain at the319

end of first stage for all specimens, in the order of 0.15%, is one order of magnitude larger than the maximum tensile320

strain that the hardened cement pastes can sustain during a uniaxial tensile test[60]. This means, through the first stage321

of expansion scales linearly with exposure time, the specimens have largely passed the pure elastic region of stress-322

strain relationship of the solid matrix and contain microcracks from AFt formation. The relevance of AFt quantity to the323

expansion magnitude is to be discussed later. As we compare the expansions of C1 specimens with C2/C3 specimens,324

the inhibiting effect of chlorides on ESA expansion is obvious, which is in line with the available literature results325

[2, 10, 12]. Moreover, this inhibiting effect becomes more important with the chloride concentration. The influence of326

chlorides on expansion coincides with the effect of chlorides on AFt formation rate in Figure 6a, indicating that the327

crystallization of AFt is the mechanical reason for expansion.328

4. Further discussion329

4.1. Sulfate attack in pure sulfate solution and crystallization pressure of AFt crystals330

Figure 12 synthesizes the evolution of AFt content, vapour diffusivity and expansion of cement paste specimens331

exposed in C1 solution. The exposure age of 56d constitutes a critical point for all results: before this age the AFt332

has clear filling effect in porosity decreasing substantially the vapor diffusivity, and afterwards, cf. Figure 12, the rate333

of AFt formation increase leads to much faster expansion and a jumping change of order of magnitude for vapour334

diffusivity, accompanied by notable increase of pores in the range >100 nm in Figure 8a. On this basis, a two-stage335

chemo-mechanical mechanism for sulfate attack can be formulated for the specimens as follows.336

337

In the first stage within 56d exposure, the external sulfates react with aluminum phases in cement pastes to produce338

expansive product (AFt crystals), in pores in the range of 5-100 nm. These crystals fill the pore volume and thus reduce339

the vapor transport property on the one hand, and generate internal pore pressure leading to a slow expansion rate on340

the other hand. With the formation of AFt crystals going on, the internal pore pressure builds up high enough, more341

likely in the pore necks within the micropore range (5-40nm), to fracture the solid matrix of cement paste inducing342

microcracks and reopen the enclosed “ink-bottle" pores. The appearance of microcracks changes cement paste from343
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Figure 12: AFt content (black), expansion (red), and vapour diffusivity of cement paste specimens exposed to C1 solution.
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porous continuum to discrete one. These microcracks and the reopened “ink-bottle" pores add to the pore volume344

increase around sizes of 100nm, and also soften the solid matrix providing an elastic modulus lower and lower. The345

former results in a large vapour diffusivity and the latter corresponds to a faster expansion.346

347

The mechanical reason for expansion is the pressure arising from the AFt crystallization in pores (confined space).348

This crystallization pressure is needed to keep the mechanical equilibrium of crystals during the growth in pores and349

overcome the the interface energy barrier between the crystal and pore liquid[61]. Given a cylindrical pore, the pressure350

on AFt crystals 𝑃C is related to the radius of pore entry size 𝑟 by the Laplace equation:351

𝑃C − 𝑃L =
2𝛾CL
𝑟

(7)

where 𝑃L stands for pressure of liquid phase and 𝛾CL for the surface energy of crystal-liquid interface, taking 0.1352

J/m2[61]. Using this equation and assuming the liquid pressure 𝑃L equal to the atmospheric pressure, the AFt crystal353

needs to be loaded with a pressure of 13.3-20.0 MPa to grow in pores of 20-30nm. This pressure is in turn, in354

equal values, exerted on the solid matrix of cement paste, constituting the mechanical origin for material expansion.355

Considering the magnitude of pressure and the pore geometry for crystal growth in Figure 9, the AFt crystallization in356

micropores can be assumed to be the major source of expansion.357

4.2. AFt amount and expansion during linear stage358

Both the crystallization pressure theory[45, 62] and the volume increase theory[63, 64] relate the expansion stress to359

the content of newly formed AFt crystals. In the present study, if the newly formed TAH in C2/C3 solutions in Figure360

6c is assumed to be an amorphous phase[31], the AFt formation will be the only source to generate pore pressure.361

Figure 13 illustrates the specimen expansion strain in terms of the measured AFt content in three solutions during the362

linear expansion stage. In this stage, the expansion scales almost linearly with the AFt content but different slopes are363

observed for C1 solution and C2/C3 solutions. This difference in slopes, i.e. same quantity of AFt formation giving364

different expansion values, can be better interpreted through pore crystallization concepts. Actually, the crystallization365

pressure can be incorporated into the classical poromechanics[65], and the stress-free expansion by internal pore366

pressure accumulation can be expressed as,367
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𝜎 = 0 ∶ 3𝐾𝜖ESA = 𝑏𝑆C𝑃C with 𝑆C =
𝑉C
𝜙0

𝑛AFt (8)

with 𝑏 standing for the Biot’s coefficient, 𝑉C for the molar volume of AFt crystals, 𝑆C for the volume fraction of pore368

space occupied by AFt crystals, 𝑃C for crystallization pressure, 𝜙0 for initial porosity of material, 𝑛AFt for AFt content,369

𝐾 for bulk modulus and 𝜖ESA for free linear expansion strain under ESA. In this expression, we assume implicitly that370

the liquid phase pressure 𝑃L = 0, i.e. the liquid pressure serves as the reference for the solid phase. Therefore, the371

slopes in Figure 13 represent the ratio of 𝜖ESA to 𝑛AFt and can be expressed as [𝑏𝑉C∕(3𝜙0𝐾)]𝑃C. The crystallization372

𝑃C can be evaluated following Corren’s equation [66],373

𝑃C = 𝑅𝑇
𝑉C

ln
(

𝛽AFt
) (9)

Substituting the estimated 𝛽AFt in Section 3.1 into Eq. (9) gives 𝑃C in C1, 2, 3 solutions as 95.83, 74.92, 70.44374

MPa. By taking the typical values of mechanical properties (𝑏, 𝐾) for hardened cement pastes in [67], the slops are375

determined as 9.93×10−6 (C1), 7.76×10−6 (C2) and 7.30×10−6 (C3). Compared to the measured slopes, 13.54×10−6376

(C1), 10.90×10−6 (C2/C3), these estimates are very close and observe the same order of magnitude, which attributes377

the different slopes to the different crystallization pressures.378

379

The above analysis can help to deepen the mechanism of mitigating effect of chlorides on ESA as such: adding380

chlorides in pore solution alters the dissolution equilibria in the multi-species aqueous environment[68], reducing the381

aluminate concentration 𝑐Al(OH)−4 and the supersaturation of AFt crystals 𝛽AFt; these changes lead to the reduction382

both in AFt formation rate in Figure 6a and in the crystallization pressure 𝑃C; the synthetic effect of AFt amount 𝑛AFt383

decrease and 𝑃C decrease results in a drop in expansion according to Eq.(8).384

5. Conclusion385

1, Quantitative 27Al NMR examination confirms the mitigating effect of chlorides on AFt formation: the presence386

of chlorides converts part of AFm phases into TAH phase, reducing AFt formation, and a higher concentration of387

chlorides results in a slower AFt generation rate. The analysis on multi-phase dissolution equilibria in pore solution388

shows the reducing effect of chlorides on the supersaturation of AFt crystals, providing a possible explanation of the389

mitigating effect. Also through this depressing effect on the AFt supersaturation, the same quantity of AFt crystal390

formation does not generate the same level of crystallization pressure, giving lower expansion capacity of AFt crystals391

in mixed (C2/C3) solutions than in pure sulfate (C1) solution.392

393

2. A synthetic analysis of phase content and pore structure confirms that AFt crystallization occurs in whole range394

of pore space of hardened cement paste. The comparison of pore volume filling by AFt formation, from 27Al NMR395

data, and pore space reduction, detected by MIP in 5-40nm size range, reveals the role of "ink-bottle" pores in the pore396

volume change. The AFt crystals, formed in the micropores of interposed outer CSH from different cement grains, fill397

up the neck pores and block the enclosed pore space, resulting in a substantial decrease in 5-40nm pores. In the range398

of 40-100nm, the AFt precipitation and AFm/CH dissolution interplay together to influence the pore volume. The399

microcracks created by AFt formation and the reopened “ink-bottle” pores eventually join the measured pore volume400

around the size 100nm.401

402

3. The pore crystallization of AFt leads to the corresponding change in transport property and mechanical behavior.403

In the pure sulfate (C1) solution, the pore-filling by AFt crystals causes a decrease in vapour diffusivity, and the404

subsequent AFt formation induces microcracks and augments the vapour diffusivity. The presence of chlorides offsets405

the pore-filling of AFt formation in early exposure even increases the vapour diffusivity due to the synthetic effect from406

AFm/CH dissolution. The AFt crystallization in the pore-neck part of micropores would be the direct source for pore407

pressure generation and material expansion. The specimen expansion is closely related to the evolution of measured408

AFt content. The linear expansion stage is well captured by the classical promechanics and the lower expansion with409

chlorides is addressed by the depressed AFt supersaturation.410
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