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The external sulfate attack (ESA) of concrete is a disease related to expansive sulfate hydrate formation in
a hardened cement matrix. The aim of this research is to study how the choice of a concrete sample size
can impact on the kinetics of ESA, by exposing different types of specimen to constant immersion in a
solution dosed with 5% Na2SO4�10H2O. Monitoring involves mass, dynamic modulus and expansion mea-
surements. It is concluded that 4 � 8 cm concrete cylinders (cored from 11 � 22 cm concrete cylinders)
are more quickly damaged by ESA than usual sample types (11 � 22 cm concrete cylinders and
4 � 4 � 16 cm mortar prisms). For all sample types, damage is always limited to the periphery of the sam-
ple in the short run. The thickness of the damaged zone is in the region of the size of the largest aggre-
gates. For 4 � 8 cm concrete cylinders, this periphery corresponds to the entire sample because the
maximum aggregate size is of the order of the size of the specimen. In this situation, the percolating crack
network resulting from swelling is assumed to dramatically damage the cement matrix and to give sul-
fate solution access to the whole sample. Hence, by using this original type of cored samples, the concrete
resistance to sulfate attack can be studied under reliable conditions (concrete formulations and not mor-
tar ones, good sensitivity to ultrasonic tests) and advantage can be taken of the increased kinetics of
degradation.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Sulfate attack is due to the precipitation of secondary sulfate
products, potentially high expansion and a chemo-mechanical
deterioration [1]. Transport properties and strength are degraded
by large cracking which is mainly visible at the paste/aggregate
interfaces. This can lead to the destruction of the cementitious
material. The induction period depends on the attack (type of
aggressive agent, content and concentration of sulfates in contact)
and cement used (type and water/cement ratio) [2]. Internal sul-
fate attack, or delayed ettringite formation (DEF), involves sulfates
that are already present in the concrete. External sulfate attack
(ESA), which is the subject of our study, involves a sulfate-rich
external environment (i.e. presence of gypsum or pollution). The
action of sulfate ions from gypsum as a retarder, does not present
a danger to the concrete: as a matter of fact, the formed hydrate is
expansive but crystallizes in a fresh and plastic cement paste that
withstands the resulting deformations. However, if expansive hy-
drate formation occurs in a hardened matrix, the crystallization
is constrained by the porosity, and generates tensile stresses in
the matrix. With adequate liquid or gaseous intake, the sulfate
ll rights reserved.
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can react with some of the hydrated phases of the concrete (includ-
ing portlandite and hydrated calcium-mono-sulfo-aluminate AFm)
to produce gypsum and/or secondary ettringite [3,4]. Both sulfate-
related hydrates can contribute to the expansion and cracking of
concrete [5], but there is no linear relation between the amount
of hydrate formed and the resulting expansion [6]. In field con-
cretes, especially if limestone filler has been added (PLC or SCC),
thaumasite formation is sometimes associated with ESA [7–12].
However, Irassar [13] concluded that despite the fact that lime-
stone filler provides the required calcium carbonate for thaumasite
precipitation, this reaction is the last attack stage after gypsum
and/or ettringite formation.

Sulfate attack may take a long time to damage concrete, espe-
cially in low W/C concretes. In order to accelerate the damage in-
duced by sulfate attack, one solution is to apply an accelerated
protocol by submitting the samples to a more aggressive environ-
ment. In such cases, the risk is to diverge from normal testing or
from actual field conditions, and to promote irrelevant pathological
behavior. An alternative is to increase the sensitivity of the mate-
rial by changing the sample’s dimensions. The aim of this research
is to study how the choice of a concrete sample size can impact on
the kinetics of ESA. To achieve this goal, we tested the resistance of
different types of concrete and mortar samples to sulfate-rich envi-
ronments, by applying a protocol of constant immersion in a solu-
tion containing 5% Na2SO4�10H2O.

http://dx.doi.org/10.1016/j.cemconcomp.2011.08.014
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Fig. 1. Sample porosity in the unaltered state.
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Even if the experimental plan was exclusively applied to self
compacted concretes (SCC), the conclusions can be extended to or-
dinary concretes since the main concrete parameters that affect
ESA are the type of cement, the W/C ratio and mineral additives,
and not superplasticizer itself. However, since poorly compacted
concretes are particularly vulnerable to chemical attack [14], and
since SCC do not require compacting, the behavior of field SCC
may present less variability compared to compacted concretes.

2. Experimental method

2.1. Specimens

We conducted our study on four types of SCC and their equiva-
lent mortars with two types of cements (CEM II/A 42.5 and CEM I
42.5 PM-ES sulfate-resistant) and two different W/C ratios (0.49
and 0.59), all made with crushed calcareous aggregates. Concretes
made out of CEM I PM-ES (Type V cement according to ASTM C
150) were used as the reference as they cannot react with sul-
fate-rich environments. Mortars were obtained from concrete for-
mulation by limiting the aggregate size to 2 mm. Details on the
formulations are given in Table 1. The compressive strength mea-
sured on 11 � 22 cm concrete cylinders and 4 � 4 � 16 cm mortar
prisms, and their porosity, are given in Table 2.

While both cements are in the same class (42.5), the compres-
sive strength of the concrete made with CEM I was higher than
the compressive strength of the concrete made with CEM II.
Different porosities can partly explain the difference in mechanical
performance (see Fig. 1). Mortars were far more porous than con-
cretes; which was expected from a visibly high content of trapped
air. We chose to apply the aging protocol on concrete cylinders
whose size was less than 11 � 22 cm. The choice of this unusual
size was initially motivated by the fact that smaller samples allow
lighter handling, a saving in materials and offering more rapid
drying and water saturation. For this purpose, 4 � 8 cm cylinders
were collected by coring from 11 � 22 cm cylinders (see Fig. 2)
after 28 days of curing in water. We checked that the compressive
strengths of the 11 � 22 cm cylinders were identical to those of the
4 � 8 cm cylinders.
Table 1
Formulation of the different SCC.

SCC SCC01: CEM II/59 SCC02: CE

C (350 kg/m3) CEM II/A 42.5 CEM I 42.
sulfate-re

Sand 0/5 (kg/m3) 922 922
Agg. 5/8 (kg/m3) 262 262
Agg. 8/15 (kg/m3) 602 602
Superplasticizer 1.4% 1.1%
Colloidal agent 0.05% 0.05%
Water/cement 0.59 0.59
Slump flow (cm) 58 60

Table 2
Mechanical performance and porosity of the different SCC and mortars

SCC SCC01: CEM II/59 SCC02: CEM I/

Rc7 (MPa) 15.6 24
Rc28 (MPa) 18.8 27.9

Mortars M1: CEM II/59 M2: CEM I/59
Rf7 (MPa) 1.4 1.9
Rf28 (MPa) 1.7 2.5
Rc7 (MPa) 16.8 26.0
Rc28 (MPa) 21.4 28.3

Rc = compressive strength; Rf = flexural strength.
2.2. Aging protocol and specimen monitoring

Construction on wet gypsy soils or the immersion of the infra-
structure in water polluted by sulfates allows the development of
external sulfate attack [15–17]. The protocol applied in this study
was a constant immersion in saline solution dosed with 5% Na2-
SO4�10H2O, renewed every 30 days. This protocol is most common
in Ref. [18]; it typically simulates the case of concrete being at-
tacked by sulfates through soil pollution such as gypsy soils.

Each specimen was monitored once per week:

� The mass change resulted in a gradual weight gain, while a loss
of material caused by local ruptures greatly decreased the mass.
� The speed of propagation of non-destructive ultrasound evalu-

ated the evolution of mechanical properties of the concrete
since the velocity is correlated with the dynamic modulus. A
drop in dynamic modulus reflects overall damage to the
concrete.
� Linear expansion, only measured on mortar specimens, quanti-

fies the swelling.
� A visual inspection of cracking assessed the degree of damage to

the tested sample, and can be used in the diagnosis of the
degradation.
M I/59 SCC03: CEM II/49 SCC04: CEM I/49

5
sistant

CEM II/A 42.5 CEM I 42.5
sulfate-resistant

971 971
275 275
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/ /
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Fig. 2. Coring of 4 � 8 cm cylinders from 11 � 22 cm cylindrical concrete
specimens.

Fig. 3. Visual inspection of CEM II/59 11 � 22 cm cylinders after 5 months.
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Fig. 4. Mass change of 11 � 22 cm concrete cylinders.
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Non-destructive testing was realized through the measurement
of the time of flight of ultrasound, performed with a Pundit+ which
uses transducers at 83 kHz. The speed of propagation of ultrasound
is calculated by dividing the length of the sample by the measured
time of flight. The dynamic modulus is estimated by the velocity of
the ultrasound using the following approximate relationship:
Edyn = V2�q where Edyn is the dynamic modulus in N/m2, V is
the velocity in m/s and q is the density in kg/m3.

Further analyses were performed to assess in greater detail the
initial state of the samples or changes in their exposure to the
aggressive environments. The total porosity was determined for
all samples after complete drying at 60 �C and imbibition under
vacuum conditions. SEM observations were performed on fracture
fragments corresponding to the core of the samples. The fracture
surface to be analyzed is fixed on a plot using a conductive adhe-
sive and then brushed with silver paint on the sides prior to its car-
bon metallization. The samples were then observed using
secondary electrons (SE), with an accelerating voltage of 5 kV.
3. Experimental results

3.1. 11 � 22 cm concrete cylinders

Cylinders (11 � 22 cm) subjected to complete immersion
showed no sign of degradation until the 5th month. From the 6th
month, CEM II/59 and CEM II/49 samples underwent significant
cracking along their circular ridge. For the same CEM II/A cement,
the cracking of CEM II/59 (i.e. W/C = 0.59) was more pronounced
compared to those of CEM II/49 (i.e. W/C = 0.49). Cracking was al-
ways located near the edges (see Fig. 3). The 11 � 22 cm cylinders
of the concretes made with CEM I 42.5 PM-ES cement remained in-
tact, regardless of the W/C, and no cracking was observed.

From Figs. 4 and 5, it can be seen there was a significant in-
crease in mass and decrease in dynamic modulus for the
11 � 22 cm cylinders of CEM II/59. We also noted a slight mass in-
crease, nonetheless significant for the samples of CEM II/49 con-
crete, which was only detectable from the 5th month. The mass
and dynamic modulus of the specimens of CEM I/59 and CEM I/
49 concrete did not undergo any significant variation.
3.2. 4x � 8 cm concrete cylinders

Fig. 6 shows the macroscopic consequences of immersion ap-
plied to the 4 � 8 cm cylinders of CEM II/59 concrete. From the
third month, the visual aspect of the samples of CEM II/59 concrete
revealed surface cracking corresponding to large cracks at the
paste/aggregate interfaces, with particular swelling located at
the ends of the samples, which is the most exposed area. The
4 � 8 cm cylinders of CEM II/49 concrete also suffered cracks, but
in a less pronounced manner. For CEM II/49 specimens, 5 months
were required to obtain the same level of degradation as with
CEM II/59 specimens at 3 months.

Samples of CEM II/59 and II/49 were damaged until rupture,
while samples of CEM I/59 and I/49 remained intact. For CEM II
specimens, there was a significant decrease in the dynamic modu-
lus with a significant increase in the mass and a visible swelling of
the most exposed surface of the samples (Figs. 7 and 8). These
symptoms were similar to those involved in a swelling reaction
[1]. As aggregates are exclusively limestone, we could not deter-
mine any alkali-aggregate reaction (AAR).
3.3. 4 � 4 � 16 cm prismatic mortars

The mortars that were damaged by immersion were also the
CEM II/49 and CEM II/59 specimens. The damage started at
the 4th month for the CEM II/59 mortar and the 5th month for
the CEM I/49 mortar (see Fig. 9).

Changes in mass and expansion (see Figs. 10 and 11) confirmed
that there was a weight increase and a significant expansion for
both mortars made from CEM II, particularly that with a high
W/C (i.e. CEM II/59). The sharp falls of material were a bit smaller
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Fig. 5. Dynamic modulus of 11 � 22 cm concrete cylinders.
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for mortars than for the 4 � 8 cm cylinders of concrete. We also
noted a significant fall in the dynamic modulus for CEM II mortars
(Fig. 12). This effect started at about 150 days for the CEM II/59
mortar, when expansion reached about 0.1%, which is consistent
with previous studies [2]. For CEM I/59 and CEM I/49 mortars, no
degradation was diagnosed.

3.4. SEM observations

SEM observations were conducted on the core of the 4 � 8 cm
concrete cylinders (Fig. 13a, c, e) and the 4 � 4 � 16 cm mortar
prisms (Fig. 13b, d, f) in order to compare the resulting microstruc-
tures after exposure to constant immersion in sulfate solution.

The micrographs of CEM II/59 4 � 8 cm cylinders showed the
specific form of the ettringite rods, and high density stacking crys-
tals at the paste/aggregate interface (see the center of Fig. 13a). In
the case of CEM II/49 4 � 8 cm cylinders (Fig. 13c), the formation of
ettringite is prevalent in the paste, and shows dense and massive
crystallization. In both cases, no portlandite can be found in the
vacuoles or in the ITZ. These microstructure changes prove that
CEM II/59 and CEM II/49 4 � 8 cm concretes exposed to immersion
were damaged by ESA to the core. CEM I/59 cm cylinders (Fig. 13e)
exposed to immersion showed well-defined small ettringite depos-
its in vacuoles, and portlandite. These results confirm that the use
of this CEM I PM-ES sulfate-resistant cement prevents the forma-
tion of deleterious sulfate-related hydrated products.

SEM observations of the mortar differed from those made on
the 4 � 8 cm cylindrical specimens. For mortars containing CEM
II, the observations showed the presence of a relatively large quan-
tity of ettringite in the numerous vacuoles and the presence of a
few altered portlandite crystals (see Fig. 13b for CEM II/59 mortars
and Fig. 13d for CEMII/49 mortars). These observations might be
seen as signs of sulfate-related activity, rather than a diagnosis of
significant ESA-related pathology. These numerous vacuoles
Fig. 6. Visual inspection of CEM II/59 4 � 8
stemmed from the large amount of trapped air in the mortars, as
demonstrated by the high porosity of the mortar with respect to
concrete (see Fig. 1). Samples observed by SEM were extracted
from core fragments. These observations prove that the core of
these mortar specimens remained broadly unaltered. Macroscopic
observations (Fig. 9) show that mortars were mainly damaged in
the two millimeter thick periphery, which is the size of the largest
aggregate. Micrographs of CEM I/59 mortars showed no significant
sign of sulfate activity: little quantity of well-defined ettringite
crystals and a large quantity of portlandite (Fig. 13f).
4. Discussion

Concrete cylinders (11 � 22 cm) corresponded to the most
common dimensions for concrete specimens. When submitted
to immersion in sulfate solution, these specimens showed
cm concrete cylinders after 3 months.



Fig. 9. Visual inspection of CEM II/49 mortar at the 4th month (a) and CEM II/49 mortar at the 5th month (b).

-1

-0,5

0

0,5

1

1,5

2

2,5

3

3,5

4

0 50 100 150 200

M
as

s 
ch

an
ge

 (%
)

Time (days)

CEM II/59 CEM I/59
CEM II/49 CEM I/49

Fig. 10. Mass change of the 4 � 4 � 16 cm prismatic mortars.

-0,05

0

0,05

0,1

0,15

0,2

0,25

0,3

20 70 120 170

Le
ng

th
 c

ha
ng

e 
(%

)

Time (days)

CEM II/59 CEM I/59
CEM II/49 CEM I/49

Fig. 11. Length change of the 4 � 4 � 16 cm prismatic mortars.

0E+00

1E+10

2E+10

3E+10

4E+10

5E+10

6E+10

7E+10

8E+10

9E+10

0 50 100 150 200

D
yn

am
ic

 m
od

ul
us

 (P
a)

Time (days)

CEM II/59 CEM I/59
CEM II/49 CEM I/49

Fig. 12. Dynamic modulus of the 4 � 4 � 16 cm prismatic mortars.

374 X. Brunetaud et al. / Cement & Concrete Composites 34 (2012) 370–376
macroscopic evidence of degradation after the 6th month on the
more porous and less resistant samples (W/C = 0.59). Monitoring of
W/C = 0.49 11 � 22 cm cylindrical specimens was pursued to ensure
that they also became damaged, but this occurred later. For this type
of specimen, dynamic modulus measurements were not particularly
relevant since the core of the 11 � 22 cm cylindrical sample
remained largely unaltered.

Mortar prisms (4 � 4 � 16 cm) corresponded to the most com-
mon dimensions for mortar specimens. When submitted to sul-
fates, these specimens showed macroscopic signs of ESA after
4 months for W/C = 0.59 specimens and 5 months for W/C = 0.49
specimens. As evidenced by SEM observation, the degradation
was limited to the periphery of the sample, which represented,
however, a larger fraction than in the context of the 11 � 22 cm
concrete cylinders. This damage was concluded with a sudden drop
in mass by surface fragmentation. The large amount of entrapped
air in the mortars might have contributed to improve its resistance
to sulfate attack. For this type of specimen, the use of measurement
pins allowed monitoring the expansion of the sample, which corre-
sponded to the most relevant criterion for judging the existence of
a swelling reaction. For this geometry, dynamic modulus measure-
ments were moderately sensitive since the core of the 4 � 4 �
16 cm prismatic sample was not as damaged as the surface.

Concrete cylinders (4 � 8 cm), obtained by coring into 11 � 22
concrete cylinders, were an original sample type. When submitted
to the sulfate, the specimens showed macroscopic signs of ESA al-
most immediately for W/C = 0.59 and after 2–3 months for W/
C = 0.49. This type of specimen was not equipped with measure-
ment pins, it was not possible to simply and rigorously measure
the expansion, only visual assessment was used to estimate swell-
ing of around 10% located at the ends of the samples. Dynamic
modulus measurements were very sensitive since the core of the
4 � 8 cm cylindrical sample quickly became damaged.

The accelerating effect of the 4 � 8 cm cylinders with respect to
the 11 � 22 cylinders can be apportioned to the higher surface to
volume ratio, since this ratio is twice as high for 4 � 8 cm as com-
pared to 11 � 22 cm cylinders. Beyond this general effect, an inter-
esting point is to take into account the actual surface in contact
between the external sulfate solution and the cement matrix.
Although calcareous aggregates are slightly porous (5%) and may
contribute to the transport of sulfate solution, they do not react
with sulfates and could be considered as non-reactive surfaces.
The volumetric fraction of the calcareous aggregates (including
sand) is about 67%. The resulting surface fraction of the cored
specimens related to aggregate is quite high (see Fig. 6). As a
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consequence, the actual reactive surface to volume ratio may not
be higher for cored specimens compared to usual 11 � 22 cm
cylinders.

The accelerating effect may be assigned to a size effect related
to the ratio of the smaller sample size to the size of the largest
aggregates. This ratio is about 7.3 for 11 � 22 cylinders and 2.7
for 4 � 8 cylinders. This size effect hypothesis can also be applied
to the comparison between 4 � 8 cm concretes and 4 � 4 � 16 cm
mortars. The reaction proceeded faster in concrete than in mortar,
when the smaller sample size is 4 cm in both cases, whereas the
surface to volume ratio is higher for 4 � 4 � 16 cm mortars than
for 4 � 8 cm concretes. For 4 � 4 � 16 cm mortars, the ratio of
the smaller sample size to the size of the largest aggregates is
40 as opposed to 2.7 for 4 � 8 cm cylinders. The phenomenon of
swelling successive to sulfate attack (internal or external) is inti-
mately linked with the size of the largest aggregates. Homoge-
neous swelling of the paste causes cracking at the paste/
aggregate interfaces, which begins with the largest aggregates.
As shown in recent modeling of cracking induced by sulfate attack
[19], the first cracks are expected in the peripheral part of the
sample, around the largest aggregates. When the sample size be-
came similar in magnitude to the largest aggregate, there was
no longer any robust area that could handle the tensile stresses
and thus contain the swelling of the affected area. Moreover, the
resulting percolating crack network provides external sulfate solu-
tion direct access to the depth of the sample, not only the periph-
eral part. This contributes to accelerating the ingress of sulfate
ions.
5. Conclusions

The various results confirmed that concretes and mortars made
using CEM I 42.5 PM-ES sulfate-resistant cement remained non
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sensitive to ESA. These materials were used as a reference in our
study. They confirm that the negative effects of exposure to sul-
fates results from the interaction between sulfates and phases re-
lated to the type of cement.

CEM II/59 and CEM II/49 concrete and mortar specimens
showed clear signs of ESA. For these specimens, we observed sur-
face cracking whose mesh is proportional to the size of the larg-
est aggregates; an increase in mass with a simultaneous
expansion of the material, until a sudden drop in mass due to
fragmentation; and a fall in the dynamic modulus, which is sig-
nificant since expansion the reaches 0.1%. Moreover, core-af-
fected specimens showed that ettringite precipitates in a very
specific form corresponding to large massive deposits with a con-
strained aspect.

The concrete with the lowest resistance to sulfates was CEM II/
59, when compared to CEM II/49. Both are made out of the same
cement but the difference in W/C changes their behavior. Samples
with a W/C = 0.59 degraded faster and further than those of W/
C = 0.49, which is due to the decrease in strength and resistance
to the ingress of sulfate by diffusion [20–22]. Reducing the W/C
from 0.59 to 0.49 significantly slowed down the kinetics of degra-
dation, without avoiding it.

The most significant effect resulted from the sample size. For
cored 4 � 8 cm cylindrical specimens, whose sample size is in the
order of magnitude of the largest aggregate, the first macroscopic
effect of swelling directly results in the creation of a percolating
crack network. This global cracking is assumed to dramatically
damage the hydrated cement matrix, and to provide external
sulfate solution access to the whole sample. As a consequence,
these 4 � 8 cm cored specimens are much more sensitive to
sulfate attack compared to 11 � 22 cm concrete cylinders and
4 � 4 � 16 cm mortar prisms. This new sample type may be used
to study the behavior of concretes by taking advantage of
relevant non-destructive testing and increased sulfate attack
sensitivity.
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