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Abstract

Experimental studies on cement paste exposed to external sulfate attack (ESA),

delayed ettringite formation (DEF), and the coupling effect of both reactions

are presented in this paper. The objective is to compare the degraded state of

specimens, the length and mass variations, and the pore size distribution (PSD)

obtained by mercury intrusion porosimetry (MIP) of cement paste submitted

to these different exposure conditions. By comparing the PSD of specimens

before and after the sulfate attacks, a global expansion mechanism is proposed:

ettringite first precipitates in the biggest pores without inducing obvious expan-

sion, and then penetrates into capillary and gel pores leading to an accelerated

swelling. In addition, the coupling effect of ESA and DEF is found to be the

most damaging expansion, which raises a high durability problem for cement-

based materials.
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1. Introduction

Sulfate ions, commonly present in sulfate-containing environments (marine

environment or groundwater) or construction materials, are critical agents in the

engineering field. The origin of sulfate ions leads to a distinction between Exter-

nal Sulfate Attack (ESA) and Internal Sulfate Attack (ISA). Delayed Ettringite5

Formation (DEF), as a form of ISA, is observed in cementitious materials which

experienced elevated temperatures during curing, either from a heating treat-

ment or from an internal high temperature due to the heat released by hydration

in massive concrete.

Separate studies intending to understand the damage mechanisms of ESA10

and DEF have been reported in the literature. In the case of ESA, ettringite pre-

cipitates from sodium sulfate solution, forming three distinct zones [1]: a cracked

and deteriorated surface zone, followed by a zone of ettringite deposited in the

paste, and an interiorly cracked zone which is chemically unaltered. A tensile

force is created in the last zone due to the formation of expansive products in the15

second zone, which leads to cracks in the interior of the mortar. In the former

two degraded zones, ettringite is supposed to be formed in large pores which

does not lead to an expansion, and then precipitated in smaller pores which

contributes to expansions, until all the free aluminates are consumed [2]. Then,

the sulfate concentration increases to a critical level which provides a driving20

force for the precipitation of ettringite crystals in small pores within the C-S-H.

The onset of the expansion starts when the material cannot resist the pressure

resulting from the interaction between the ettringite and the surrounding ma-

trix of cement paste, namely the crystallization pressure [2, 3]. The mechanism

proposed in [1] is influenced by surface leaching in a limited way since the ex-25

ternal solution (with a pH lower than the one of the cementitious material) is

not renewed during the test [4]. In the field, the surface leaching due to the

external low pH condition is much higher and has a significant influence on the

degradation process. In the case of DEF, a high temperature above about 65

◦C can decompose the primary ettringite in hydrated calcium monosulphoa-30
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luminate, releasing sulfates to the pore solution [5, 6, 7]. Part of sulfate and

aluminate ions may be adsorbed on C-S-H [8, 9], which will be released later to

trigger ettringite crystallization at ambient temperature. Therefore, the ettrin-

gite is postulated to initially occur in C-S-H gel and then in cracks and voids

[8]. Ettringite crystallization in the C-S-H gel is believed to be the reason for35

expansion of the paste. This idea is further confirmed by Yang [10].

DEF not only occurs in preheated cementitious materials, but also in mas-

sive concrete structures [11, 12]. All concretes generate heat as cements hydrate.

In thin items, the hydration heat dissipates almost as quickly as it is generated,

while heat dissipates more slowly if it is generated in mass concrete. Therefore,40

the heat generated by the hydration of cement raises the temperature of con-

crete, leading to a significant temperature difference between the interior and

the outside surface of the structures. The temperature induced by hydration

in mass concrete may reach above 70 ◦C [12], which is high enough to induce

DEF. If massive concrete structures are buried in a sulfate rich environment,45

for instance, in the saline soils and sea water which have a complex chemistry

including magnesium, sulfate, sodium, chloride and dissolved CO2 species [13],

the coupling effect of ESA and DEF may occur.

ESA and DEF share some common aspects. The material mix has simi-

lar impact on ESA and DEF, for example, the high content of C3A and C3S50

contributes to the ettringite formation [14, 15]; a higher w/c ratio leads to a

higher porosity and a higher permeability: on the one hand the latter leads to a

faster ions transportation, such as SO2−
4 ions from external solution under ESA

condition, and on the other hand the former eases ettringite accommodation.

Moreover, the most common degradation observation of cement-based materials55

are expansion and cracking. In both situations, the expansion is attributed to

the formation of ettringite [16], though the gypsum is considered as the reason of

ESA by some authors [17, 18, 19]. However, this hypothesis was not confirmed

by the observation of gypsum precipitation after the cracks occur [18, 20].

Furthermore, several hypotheses were proposed to explain the expansion60

resulting from ettringite formation, including the volume increase theory [21],
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colloidal expansion theory [22, 23], topochemical reaction theory [24], and the

crystallization pressure theory [2, 3, 25] which is more recent and popular. With

these similarities, a global expansion mechanism is investigated to explain the

behavior of specimens under different sulfate attack conditions.65

In this paper, with the aim of understanding the expansion mechanism, an

experimental study on cement pastes exposed to three different sulfate attack

conditions (ESA, DEF, and Coup) will be conducted, including the length and

mass measurements, and the variation of PSD before and after sulfate attacks.

2. Materials, casting and curing70

A cement CEM I 52.5 R CE CP2 NF [26] was used, the chemical com-

positions of which is presented in [27]. Six sets of small cement paste prisms

(2 × 2 × 12 cm3) and one set of big cement paste prisms (11 × 11 × 22 cm3)

were fabricated, with a water to cement ratio of 0.55, as shown in Table 1. The

2×2×12 cm3 prisms were subjected to three different sulfate attack conditions75

(ESA, DEF and the coupling effect of both reactions) and were tested at two

states, initial and final states. The initial state is defined as the moment after

the 28 days curing, right before exposing the specimens to their respective aging

conditions. The final state for the specimens exposed to ESA and ESA+DEF

is the time when the specimens are seriously degraded and show an expansion80

of around 1%. Different to ESA and Coup, the sigmoid expansion curve is the

most typical kind in DEF, which includes a latent period, an accelerated in-

creasing phase and a plateau part. The final state for DEF is the plateau phase.

The 11×11×22 cm3 prism samples were designed to be subjected only to DEF,

and were fabricated to characterize the pore size distribution (PSD) at different85

states: the initial state (after the 28-day curing), the latent period, and two

different final states. The former two specimens were fabricated with slightly

different fabrication procedures compared to two final specimens. Indeed, spec-

imens designed to be tested at initial and latent period were cast with a specific

mortar mixer while two final specimens were cast with a 30-liters concrete mixer;90

4



moreover, for each set of specimens, a different mixing procedure was followed.

The samples are named by type of exposure condition (ESA, DEF, and Coup for

the coupled sulfate attack), the expansion state of the specimen (Initial, latent,

and final state), and geometry (Table 1).

Table 1: Design of the samples.

Specimens Size (cm3) Expansion state

ESA-Ini

2 × 2 × 12

Initial

ESA-Fin Final

DEF-Ini Initial

DEF-Fin Final

Coup-Ini Initial

Coup-Fin Final

DEF-Ini

11 × 11 × 22

Initial

DEF-Lat Latent - expansion of 0.03%

DEF-Fin1 Plateau - expansion of 1.49%

DEF-Fin2 Plateau - expansion of 1.22%

Figure 1: Heating treatment for samples subjected to DEF and Coup.

All the specimens were protected during their moist cure with a curing textile95

on the top surfaces after casting to prevent excessive leaching. For the specimens
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dedicated to the DEF and the coupling effect tests, a heat treatment (Fig. 1)

was applied in a tank containing water, with the temperature controlled by

the heating device and following the same preheating procedure adopted in

[7, 28]. The total duration of the heating process was 1 week. After casting, the100

formwork with the specimens was set aside for 2h (pre-curing time), and then

the heat treatment started. The first step was to increase the temperature to

81 ◦C after 24 hours with a maximum rate of about 10 ◦C/h. Then, a constant

temperature of 81 ◦C followed and was kept for 72 h. The heat treatment

was completed by a cooling phase. The cooling rate was fixed at -1 ◦C/h105

to avoid a cracking of the bulk induced by a thermal effect. In the end, the

heating was stopped at 25 ◦C. The objective of this temperature profile was

to be representative of the curing conditions in the core of a massive structure

[7]. For the specimens dedicated to the ESA tests, an ambient temperature

(around 20 ◦C) curing in tap water (to keep the same moist environment as110

DEF) was applied, with a water to solid ratio (volume of storage water / volume

of specimens) of around 26.

One week after the casting, specimens were demolded, namely after the heat-

ing treatment for DEF and Coup specimens. Then, the large prisms were kept

under aluminium sealing for 28 days to keep the moisture constant in the spec-115

imens for a continuous hydration and to limit the effect of leaching. The small

prisms were stored in tap water with a water to solid ratio (volume of stored

water / volume of specimens) of around 26 until the end of the curing period

(28 days) due to a high probability of losing moisture in small-size specimens.

After the curing period, the ESA and Coup specimens were immersed in a120

sodium sulfate solution Na2SO4, with a concentration of 15g/L (the solution was

renewed each week during the first month, and then every two weeks after), and

the DEF specimens were kept in tap water without any renewal. To summarize,

four types of curing and exposure conditions were used in this study, see Table

2.125
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Table 2: Curing and storage conditions for specimens

Specimens Curing conditions Storage conditions

ESA 2 × 2 × 12 cm3 Water Na2SO4 solution

DEF 2 × 2 × 12 cm3
Heat treatment and

Water
subsequent in water

Coup 2 × 2 × 12 cm3
Heat treatment and

Na2SO4 solution
subsequent in water

DEF 11 × 11 × 22 cm3
Heat treatment and

Water
subsequent in aluminium sealing

3. Experimental techniques

3.1. Mass and length monitoring

3.1.1. Instrumentation and slicing of specimens

All the specimens subjected to sulfate attacks were mass and length mea-

sured during degradation. In order to ensure the monitoring of the axial di-130

mension, specimens were equipped with stainless steel pins after demolding (1

week after casting) on surfaces. Only three faces (see Fig. 2) were equipped

with stainless steel pins, because the fourth face (the non-formed face) was not

smooth enough due to the curing textile (shown in Fig. 3 (b)).

Figure 2: Slicing scheme for specimens
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Figure 3: Instrumentation of the specimens

When the specimens were ready for the characterization of PSD, they were135

wet sawed, sliced, and prepared to be lyophilized (to remove the moisture and

stop the hydration). As shown in Fig. 2, the small specimens were sliced from

the top surface to bottom, and only the top two layers were selected. In order to

limit the effect of leaching, since specimens were stored in a moist environment,

which is most serious on the surface layer, the big specimens were studied only140

on the core layer (with a depth of 4.95-5.50 cm), see Fig. 2.

3.1.2. Data post-processing

The measured strain illustrates that the strain on the top face (face 2 in

Fig. 2) is quite different compared to the other two side faces, especially in the

case of ESA, see Fig. 4. The reason will be explained in the following section145

4.3.2. Therefore, for 2 × 2 × 12 cm3 specimens, the expansion value on top face

is not considered when calculating the average expansion of specimens (in other

words, the expansion curves presented hereafter correspond to the mean value of

expansion of faces 1 and 3); indeed, since the strain measurement on the fourth

face is not available, there is no balance of the singular measurement of face150

2. However, the big prisms had pins on four surfaces (their bigger dimensions

allowed a better surface preparation to glue the pins), and the mean value of all

4 faces is presented.
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Figure 4: Strain of ESA 2× 2× 12 cm3 specimens on each measured face.

3.2. Mercury Intrusion Porosimetry – MIP

The instrument used in this study is a Micromeritics’ AutoPore IV 9500155

series Porosimeter that is capable of exerting a maximum pressure of up to

414 MPa. The pore size range that could be investigated is between 3.7 nm

and 400 µm. For each MIP test, about 1.0 g sample after lyophilization was

selected. The low-pressure intrusion was performed first, followed by a high-

pressure intrusion. All the pores are assumed to be fully accessible for mercury160

penetration from the surface of the specimen. However, in reality, the pores

consist of large pores connected by smaller throats. This technique measures

the largest entrance towards a pore, but not the actual inner size of a pore.

Obviously, it can not be used to analyze closed pores either, since the mercury

has no way of entering.165

Although MIP has several limitations, the pore structures determined by

this technique have been related to the factors that control the characterization

of materials [29], such as total porosity, and PSD. Furthermore, MIP may be

closer to the actual values than the other techniques even if mercury pressures

can collapse the small pores or break through to the isolated pores [30]. MIP170

is useful in comparative studies of similar materials [31]; for example, this tech-

nique is found to illustrate the same shift in pore sizes as compared to image
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analyses [32]. The characterization and the comparison of the PSD is one of

the main objectives of the present study, which means that MIP is an appro-

priate technique. The MIP technique has practical limits and the measurement175

of the real pore geometry suffers distortion since this method measures actually

the pore entry radius. However, this technique is precise and reproducible as

a qualitative analysis method. It showed a relative variability of porosity mea-

surements of 2% on two sets of samples (each conducted three times) [33]. The

maximum relative difference between the highest and lowest total porosity for180

a given cement paste was 4% with an average standard error of 0.6% in [34],

based on the measurement of 30 sets of specimens. The measured PSD curves

showed good consistency as well. As a conclusion, distortion inherent to the

MIP technique was assumed to affect the initial and damaged microstructure in

the same way, so that a comparison between the state of microstructure during185

the degradation process is made possible.

4. Results and discussions

4.1. Observations

The specimens were monitored during the different sulfate attacks. Fig. 5

illustrates a visual monitoring conducted on the specimens. First, in the case190

of ESA, a slight crack appeared at the bottom surface after only two months

of contact with the sodium sulfate solution, and this crack extended to the side

faces later. After around 7 months of testing, the specimens were so damaged

that they even could break when measuring the length variations. At that

moment, it was supposed that the cement pastes had lost all cohesion and that195

the damage was total. Furthermore, the bending of the specimen started with

the appearance of cracks. This suggested that significant tensile stress was the

cause of this degradation.

During the monitoring of the DEF specimens, a rancid odor similar to the

smell of sulfur was first detected when the specimens were removed from the200

bath. Then, cracks were observed, but their appearance was much delayed in
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Figure 5: Observations of (a) ESA specimens after 7 months; (b) DEF specimens after 2 years;

and (c) Coup specimens after 2.5 months on faces 1, 2 and 4.

time, with a lower degree of deterioration compared to ESA. After an immersion

in water for up to 2 years, the monitoring of the DEF specimen was stopped due

to the limited time of the experiment. The DEF specimens had an expansion

around 0.5%, with slight cracks on the top and side surfaces. Finally, some205

whitish powdery material was observed coated on the surfaces of the specimens

(not shown in the figure). The occurrence of the powder may be induced by

leaching of lime compounds, which leads to the formation of calcium carbonate

or calcium sulfate on the surface of the specimens. It may also be caused by

sulfate efflorescence. A similar observation was found in the case of ESA with210

thaumasite formation [35], and the component of the powder was analyzed as

either calcium and potassium sulfates or thenardite (Na2SO4).

For specimens exposed to the coupling effect of ESA and DEF, the time

interval of degradation was short and the kinetic of swelling was fast compared

to cases where ESA and DEF act separately. The first cracking appeared after215

approximately 1 month on the top surface. After an immersion in a sulfate

solution during 2.5 months, the cement paste was totally damaged and the

top surface of the specimens was separated into several sections because of the

cracks. At the end of the monitoring, crystals could be clearly seen in the

material, especially in the cracks. Apart from ettringite, this crystal formed in220

the cracks may also be gypsum [2]. From observations, specimens subjected to

the coupling effect of ESA and DEF showed a more aggressive degradation.
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4.2. Length and mass variations

Figure 6: Length variations of the specimens exposed to ESA, DEF and Coupling.

Fig. 6 shows the average longitudinal strain of 2×2×12 cm3 specimens under

different cases of sulfate attacks. In the case of ESA and Coup, they represent225

the average values of the three specimens belonging to the same set. The error

bars correspond to plus/minus the standard deviation. For DEF, strain of

one specimen is presented, due to the destructive measurements on the other

two specimens during monitoring. The Coup specimens show a large standard

deviation compared to the other ones, especially at high expansion level, which230

is the result of the variable response of materials to damage. Moreover, the

high bending of the specimens, which happens at the late stage of degradation,

induces errors in the measurement, the linear displacement between the stainless

steel studs corresponding to only a part of the real deformation of the specimen.

The coupling specimens show the highest expansion of around 2.7% after 2.5235

months, and the DEF specimen shows the smallest expansion of 0.5%, which

means that the specimen is in the accelerated stage. This order is consistent

with the qualitative degree of cracking observed. These differences in kinetics
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and amplitudes can originate from a greater source of SO2−
4 for the coupling

effect.240

Figure 7: Mass variations of the specimens.

As shown in Fig. 7, the mass increases with time, and this could be explained

by the penetration of SO2−
4 , forming ettringite for ESA and coupling specimens,

in addition to water ingress happening for all attack cases considered in this

work. The water penetrates in the pore solution on the one hand, and it interacts

chemically to form new products on the other (e.g. a molecule of ettringite245

contains 32 water molecules).

The evolution of the strain as a function of the weight increase is presented in

Fig. 8. It shows that the two variables are linked by a positive correlation. Below

a strain threshold of 0.08%, the correlation showed a similar linear relationship

with a slope of around 0.06 for three cases, when materials were in the elastic250

stage. However, in the following period, this relationship was affected by the

type of sulfate attacks. DEF and ESA specimens followed the same route, and

Coup specimens seem to be increased with a higher rate. As specimens are

sensitive to the tensile stress during the damaged range, the content of the

sulfate ions has a significant effect on the damage behavior of specimens.255
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Figure 8: Evolution of the strain as a function of the weight gain.

Figure 9: Strain of 11× 11× 22 cm3 specimens.

The longitudinal strain of the 11× 11× 22 cm3 DEF specimens is presented

in Fig. 9. After a 200-day immersion in water, the specimen DEF-Lat shows

an expansion of 0.03 %. The specimen DEF-Fin1 presents an expansion of

1.49% after 660 days, and DEF-Fin2 approaches to a swelling plateau of ap-
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proximately 1.22% after 950 days. The latter two specimens showed a different260

swelling kinetic from DEF-Lat, which may be caused by slightly different cast-

ing procedures (see section 2) even though the materials and w/c were exactly

the same. The slightly different fabrication procedures possibly led to differ-

ent microstructures of the materials and resulted in a different response to the

swelling.265

4.3. Pore size distribution measured by MIP

4.3.1. Effect of possible processes on PSD

In Portland cement, the main hydrate phases are portlandite and C-S-H.

Portlandite may be present as thin elongated platelets of 10-100 nm in thick-

ness [36, 37], and as large CH domains of high geometrical complexity of tens270

of micrometers in size [36, 38, 39], which highly depends on the curing condi-

tions (air or wet) and hydration degrees [38]. The pores in hardened cement

paste are divided into gel pores (less than 10 nm) and capillary pores (10 nm –

several µm) [40]. The change of pore structure of cementitious materials due to

leaching has been already studied. The effect of leaching on porosity is mainly275

on capillary pores with a range between 0.1-10 µm for one sample and 0.04-

0.2 µm for another [41]. The pore volume increases due to the dissolution of

CH has been found in [42]. The increased volume with a diameter of less than

100 nm is believed to be caused by the dissolution of C-S-H gel and that of

pores larger than a few µm are due to the dissolution of CH. In [43], it was280

determined that, in dissolution tests of alite hydrate, the volume of pores with

a size of around 1 µm increased along with the progress of the dissolution of

the portlandite. Therefore, [43] assumed that pores of 0.2 µm or smaller were

attributable mainly to the dissolution of C-S-H, while those larger than 0.2 µm

were attributable mainly to the portlandite dissolution. While questioning the285

reliability of this classification, [43] asserted that there was a good correlation

between the dissolution of portlandite and an increase in the volume of pores

larger than 200 nm in leaching examinations of alite hydrate. However, [44]

pointed out that the increase of pore volume in the range of 50 to 500 nm in

15



diameter can also be due to the dissolution of CH. The pore ranges derived290

from CH or C-S-H are not identified by scholars. However, the change in PSD

caused by the dissolution of portlandite can be distinguished from the one in

C-S-H. Therefore, it is assumed that the increase of pore volume with respect

to pores between 10 nm and 1 µm is due to the dissolution of CH, and that the

increase of pores with diameters less than 10 nm is related to the decalcification295

of C-S-H [41, 42, 43, 44].

In addition to the hydration process, the evolution of the PSD involves

several processes, such as crystal formation, the dissolution of CH, the decalcifi-

cation of C-S-H, and the growth of cracks. The resulting pore volume variation

is thus determined by the kinetics/balance of these processes. For example, if300

the increased pore volume (δV1) induced by cracks or hydrates dissolution is

higher than the absolutely decreased one (δV2) due to ettringite formation, the

accumulated pore volume (δV1 − δV2) shows an increase, which means that the

total pore volume in this range increases. Conversely, the pore volume in a given

range decreases if (δV2) is higher than (δV1). This is an important point that305

will be taken into account when analyzing the variation of PSD in the following

sections.

4.3.2. 2 × 2 × 12 cm3 specimens

Fig. 10(a) presents the PSD of the 2 × 2 × 12 cm3 specimens exposed

to ESA. First of all, the initial sample shows similar pore characteristics at310

different layers, which indicates a homogeneous material after the curing. Then,

this figure shows that the pore volume with entry diameters between 3.7 and

50 nm decreases after the ESA. The ettringite which leads to expansion was

found to form in the pores less than 0.1 µm in the literature [2]. This results

in a decrease of pore volume which is consistent with the results illustrated in315

figure 10. Therefore, it is supposed that the main generated crystal is ettringite

[18, 20, 45] which forms in the gel and capillary pores during the ESA. The

decrease of pore volume with entry diameters between 3.7 and 50 nm is observed

in the surface layer, and a smaller decrease with respect to pores in the range

16



Figure 10: MIP-based PSD of 2× 2× 12 cm3 specimens submitted to (a) ESA; (b) DEF; and

(c) Coupling.

of 3.7-13 nm and 27-51 nm at the core layer. It is due to the fact that more320

sulfate ions penetrated from the external solution and results in the formation

of more ettringite in the surface layer. Almost all the AFm was transformed

into ettringite at the surface layer, while the core layer was not sulfate attacked

(specimen size 40 × 40 × 160 mm3) [2]. Furthermore, in the present work, an

increase of pore volume at pores of approximately 100 nm is observed. On the325
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one hand, this can be explained by the dissolution of CH, which provides a high

source of calcium during the ESA [46]. On the other hand, this is due to the

formation of microcracks, the smallest size of which is around 0.1-0.25 µm [47].

The precipitation of ettringite in the capillary pores may lead to fractures in the

portlandite phase, which is considered as the weakest part in hardened cement330

paste and responsible for the microcrack initiation and growth [48].

Fig. 10(b) presents the PSD of the 2×2×12 cm3 specimens exposed to DEF.

First of all, the comparison of the initial PSD at different layers shows that the

curves are similar but the core layer shows a higher pore volume at the range

of 40-100 nm. The pore volume in this range corresponds to the spaces where335

hydration products (mainly CH) exist [49]. Thereby, the higher pore volume

at the core layer may be attributed to a lower degree of hydration. Further, a

decrease of pore volume in the pore range of 9.7-100 nm is found in the surface

and core layers. It means that the pore volume filled by the generated crystals is

larger than the one that may be created by the dissolution of CH. This indicates340

the formation of crystals in the pores between 9.7-100 nm. The crystals may

form in smaller pores as well, while the corresponding decreased pore volume

is balanced by the increased pore volume due to the decalcification of C-S-H

for example. As ettringite is believed to be the reason for the expansion, then

the precipitated crystal is supposed to be ettringite. However, the ettringite345

was postulated to initially precipitate in C-S-H gel corresponding to a pore size

less than 10 nm and then in cracks and voids [5, 8, 9], which is not consistent

with the results obtained in this study. The results presented in Fig. 10(b)

come from a 2 × 2 × 12 cm3 DEF specimen which has an expansion of 0.5%.

Consequently, a question remains: will ettringite continue to form in smaller350

pores when the expansion becomes higher? This question will be answered in

the next section while analyzing the experimental results of 11 × 11 × 22 cm3

DEF specimens. An increase of pore volume between 3.7 and 9.7 nm is observed

in this figure as well. This should be attributed to the decalcification of C-S-H,

as demonstrated in section 4.3.1. In addition, the surface layer shows an increase355

of pore volume between 100 nm and 1 µm, which is due to the dissolution of
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CH and to microcracks, as explained in the case of ESA.

Fig. 10(c) presents the PSD of 2×2×12 cm3 specimens exposed to coupling

effect of ESA and DEF. The initial state of the material shows a similar PSD

at different layers except for a pore range between 40 and 100 nm. The core360

layer shows a larger pore volume around 100 nm, which could be attributed

to a smaller degree of hydration. From the comparison of PSD before and

after degradation, it can be concluded that pore volume between 5.3 and 80 nm

decreases. A huge space is released in pores with diameter larger than 80 nm. It

is due to the dissolution of CH and the occurrence of microcracks, which is also365

seen in the pores of less than 5.3 nm induced by the decalcification of C-S-H.

Compared to the other two cases, a much higher pore space is freed in the pores

larger than 1 µm. This is related to the occurrence of cracks which results from

a worst degradation. After the degradation, the coupling samples show a more

homogeneous PSD at different layers, which is attributed to the high diffusion370

of ions [29] after a high degree of deteriorations.

The comparison of PSD of samples among different exposure conditions are

presented in Fig. 11. First, in Fig. 11(a), the initial PSD of DEF and Coup

specimens show a larger pore volume between 5-19 nm at the surface layer and

between 5-22 nm at the core layer compared to ESA specimens. One reason is375

that the decomposition of primary ettringite during the preheating treatment

[5, 6, 7] results in an increase of pore volume. Another reason is that the high

temperature helps mineral ions (e.g. Al and Fe) to migrate from the reaction

sites of anhydrous phases into the inner product in the C-S-H [50] chemically

or physically, which further enhances the porosity in this range.380

Table 3: Porosity of initial 2× 2× 12 cm3 at surface and core layers

ESA-Ini DEF-Ini Coup-Ini

Surface layer 25.9% 28.2% 25.5%

Core layer 23.4% 29.6% 26.4%

In addition, the porosity of initial 2×2×12 cm3 specimens (after curing) at
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Figure 11: Comparison of PSD of samples from MIP.

the surface and core layers are summarized in Table 3. A porosity difference is

found along the depths, even though in different trend whether the specimens

were preheated or not. After the heating treatment, a lower porosity is observed

at the surface layer (DEF-Ini), which was in contact with the bottom of the385

moulds during the heating treatment. A porosity gradient from the upper-water

face to the lower face was reported in [51], which was explained to be due to the

higher effective w/c ratio at the upper-water surface and the vertical vibration

process. Conversely, ESA-Ini shows a higher porosity at the surface layer. A

low porosity has a positive effect to resist sulfate attack from the aspects of390

low diffusion of aggressive ions from external solution and strong mechanical

properties, and meanwhile a negative effect due to low space to accommodate

expansive products. In this study, the low porosity presents a negative effect

consistently in the case of Coupling effect and ESA. This explains the observed
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bending of specimens (see section 4.1), and the different gradients of porosity395

in ESA and Coup lead to the downward and upward bending, respectively.

However, the bending did not happen in the case of DEF, which is probably

due to a limited expansion of 0.5%.

Secondly, the final PSD of specimens are affected by exposure conditions. In

the pore range of 3.7-50 nm at the surface layer and between 3.7-20 nm at the400

core layer, ESA samples show more reduced pore volume than the other two

cases, and the coupling samples show a similar PSD as DEF samples in these

ranges, respectively. Although provided with more sulfate ions from the aggres-

sive solution in the case of coupling effect, ettringite preferentially precipitates

in the cracks that appeared soon after the immersion, which leads to a further405

degradation. A similar situation was found in the case of ESA, [52] found that

the ettringite existed in cracks after being stored in the sodium sulfate solu-

tion. It appeared to have been deposited after the crack had been formed. In

addition, this crystal formed in the cracks may also be gypsum [2].

The variations of the pore volume in different pore ranges at the core layer are410

summarized in Fig. 12. The pores are categorized according to the variation

of pore volume after the attacks. First, the figure illustrates the pore range

where the pore volume is decreased. For example, the decreased pore volume

distributes between 3.7 and 50 nm for ESA-Core, and 9.7-100 nm in the case

of DEF-Core. For Coup-Core, the occupied pores are between 5.3 and 80 nm.415

These pore ranges are consistently within the capillary and gel pores. Then,

the figure illustrates increased pore volumes mainly above 80 nm, which are

the results of the dissolution of portlandite and the occurrence of microcracks.

Furthermore, the pore volume after degradation is predicted by adding the

initial porosity (measured by MIP) to the pore volume of cracks, which is equal420

to 3 times the macroscopic measured expansion ε based on the assumption that

expansion only leads to the formation of cracks. The predictions for ESA and

DEF specimens show a higher value compared to the one measured by MIP,

that can be explained by the fact that part of the generated cracks are filled

with crystals. Moreover, a relatively lower prediction for Coup specimen may425
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be due to an underestimation of strain caused by bending.

Figure 12: Pore volume variation of 2 × 2 × 12 cm3 specimens in the core layer (the pore

volume of cracks is calculated as volumetric space, which is equal to 3 times the macroscopic

measured expansion ε).

A conclusion can be drawn according to the results of 2 × 2 × 12 cm3 speci-

mens: Ettringite is found to be formed in capillary and gel pores both

in the case of ESA and Coup, while mainly in capillary pores for

DEF with the limited expansion of 0.5% investigated in this study.430

Then two questions can be raised for DEF: will the generated crystals continue

to form in smaller pores if the expansion is higher than 0.5%? And how does

the PSD evolve during sulfate attacks? These will be analysed in the following

section.

4.3.3. 11 × 11 × 22 cm3 specimens435

The evolution of the PSD of the DEF samples in the core layer is presented

in Fig. 13(a). This layer has been selected because of the limited effect of

calcium leaching in the core of the 11×11×22 cm3 specimens. The comparison

of the DEF-Ini-Core and DEF-Lat-Core (expansion of 0.03%) shows that pores

between 100 nm and 1 µm are filled (thus, even if voids have been created in this440

range, the volume of ettringite formed was higher), while pores between 10 and

100 nm are released after a 200-day immersion in water (thus, even if crystals

22



have precipitated in this range, the volume of pores formed was higher). When

the specimen DEF-Fin1 reaches an expansion degree of 1.49%, pores between

4 and 80 nm are occupied after the latent state, and pores larger than 80 nm445

are released. In parallel, when the specimen DEF-Fin2 reaches an expansion

degree of 1.22%, pore volume between 3.7-20 nm and 45-75 nm is decreased

after the latent state, and increased with pores larger than 75 nm. If specimen

DEF-Fin2 is compared to DEF-Ini, the conclusion would be that after DEF, the

pore volume of pores between 4-20 nm and 100 nm - 1 µm is decreased, while450

pore volume between 20-100 nm is increased. During DEF, the pore volume

in pores between 4-20 nm tends to decrease while pore volume evolution with

respect to pores larger than 20 nm is variable. The latter phenomenon depends

on complicated processes, including the dissolution of CH, ettringite formation

and the occurrence of cracks.455

To easily and better understand the evolution of the pore structure of 11 ×

11 × 22 cm3 DEF specimens, the pores are categorized into different ranges:

3.7-20 nm, 20-100 nm, and 100 nm - 400 µm based on the variations of PSD

which have been discussed above (Fig. 13(b)). First, compared to DEF-Ini-

Core, DEF-Lat-Core shows an obvious decrease of pore volume in the range of460

100 nm - 400 µm and an increase of pore volume in the range of 20-100 nm, with

the total porosity decreasing from 31.9% to 28.0%. It could be explained by the

fact that calcium released from the dissolution of CH and the decalcification

of C-S-H in the range of 3.7-100 nm reacts with the available aluminium and

sulfate ions to form ettringite, which forms in the range of 100 nm - 400 µm.465

However, the generated crystals in these voids do not lead to a major expansion

based on the macroscopic expansion measurements. Then, a decrease of pore

volume in the pores 3.7-20 nm, an increase of pore volume in the range of 100

nm - 400 µm, and a constant pore volume in the range of 20-100 nm are observed

in the sample DEF-Fin1-Core. The constant pore volume in red part does not470

mean that no crystals are generated, but a balanced process occurs between the

dissolution of CH and the precipitation of the generated crystals. In addition

to a decrease of pore volume in blue part, it is concluded that the generated
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Figure 13: Pore size distribution (a) and pore volume variation (b) of DEF 11× 11× 22 cm3

specimens from MIP in the core layer.

crystal is penetrating through the pores between 100 nm - 400 µm into smaller

pores compared to DEF-Lat-Core, which corresponds to expansion. A similar475

phenomenon of decrease in blue part can be observed for specimen DEF-Fin2-

Core, while in the red part, the pore volume released by the dissolution of CH

is higher than the one occupied by generated crystals. Among these generated

crystals, some may form without generating any expansion. Even though it is
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difficult to separate the expansive crystals from the harmless ones, it is sure that480

at least part of the generated crystals are the reason for expansion. Moreover,

the increased pore volume with respect to pores between 100 nm - 400 µm could

be attributed to the dissolution of CH and the occurrence of microcracks. In

addition, the generated crystals may precipitate in these pores as well, but with

a weak ability to stop the pore volume increasing. The difference on expansion485

degree between these two final specimens may come from the different total

porosity (35.2% for DEF-Fin1 and 29.6% for DEF-Fin2), if the initial porosity

is assumed to be the same. To be more specific, a relatively lower occupation

of generated crystals in the pores between 20-100 nm leads to less expansion in

DEF-Fin2-Core, which shows a lower pore volume in the pore range of 100 nm490

- 400 µm. This further confirms that crystal precipitation in the capillary and

gel pores is the reason for expansion, and results in cracks in the pores between

100 nm - 400 µm.

A damage mechanism can be suggested from the above analyses. The gen-

erated crystals form in the biggest pores without generating an ob-495

vious expansion during the latent period, and then penetrate into

smaller capillary and gel pores from which the expansion starts to

increase rapidly. The crystallization through macro to nano pores can be ex-

plained by the fact that large crystals are more energetically favored than small

ones [53]. As discussed at the beginning of this section, it could not be deter-500

mined neither the generated crystals are ettringite or all the generated crystals

lead to an expansion. Nevertheless, based on the studies in the literature, it can

be qualitatively concluded that the generated crystals have a high possibility to

be ettringite, then the formation of ettringite in the capillary and gel pores is

the reason for expansion.505

5. Conclusions and discussions

Specimens exposed to ESA, DEF and the coupling effect of both were mon-

itored during the degradation process. The greatest degree of degradation has
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been found with coupling specimens, while the DEF specimen shows the small-

est degree after around 700 days of monitoring (DEF degradations were however510

not finished). This order is consistent with the length variations. At the begin-

ning stage, the increase of length shows a unique linear relationship with the

increase of mass whatever the exposure conditions.

The variations of the PSD were measured by MIP. It is assumed that expan-

sion is due to precipitation of crystals which are assumed to be ettringite. By515

analyzing the PSD change of 2 × 2 × 12 cm3 specimens subjected to ESA and

Coupling effect, it is concluded that ettringite forms both in the capillary and

gel pores. For the 2 × 2 × 12 cm3 specimens subjected to DEF, the presence of

ettringite is confirmed mainly in the capillary pores with a limited expansion

of 0.5%. Meanwhile, the ettringite tends to precipitate in the newly generated520

large voids, for example, microcracks. It further confirms that the ettringite

formed in the cracks is not the reason for the expansion [1], but that it could

nonetheless lead to a greater level of degradation where it already happened.

Then the PSD of the 11 × 11 × 22 cm3 DEF specimens confirm that the

ettringite forms in smaller gel pores when the expansion increases from 0.5%525

to more than 1.0%. Moreover, a modification of the PSD during the attack

is observed and a damage mechanism is proposed: the generated crystals tend

to precipitate in the big pores without inducing obvious expansion, and then

penetrate into capillary and gel pores, which leads to swelling.

The measured results of PSD variations presented above indeed include a530

combination of several phenomena, for instance, the dissolution of CH, the de-

calcification of C-S-H, and ettringite formation. Hence, the measured pore vol-

ume in a pore range cannot distinguish the different phenomena. However,

this method provides a way to qualitatively understand the variation of the

microstructure of specimens during the sulfate attack process.535

In order to better understand the variation of the pore structure, it would be

interesting to extend this study with chemical analyses, in particular to distin-

guish the effect of calcium leaching and crystals precipitation on the variation of

pore volume. This would provide a quantitative analysis, which would allow a
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better understanding of the consequences of each process. Additionally, extend-540

ing the current study on cement paste to studies on mortar and concrete will

be interesting and useful, which could be applied in the industrial engineering

field.
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