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Abstract. The present work reports the results of an expartal campaign started two years ago
and still ongoing, aimed to assess the behavioditlérent cementitious materials subject to
external sulfate attack. To this purpose prismafiecimens of cement paste and specimens of
mortar and concrete produced with the same Porttamdent, were immersed in demineralized
water and in different solutions containing 5% at@Po sodium sulfates. The expansion was
monitored in time by direct length measurementstaeddegradation of the stiffness was indirectly
obtained through non-destructive ultrasound wavepagation tests. XRD tests and SEM
observations evidenced the presence of secondpsugyin the outer part of the specimens were
sulfates penetrated. An increase of the materiagiy was also measured in this region.

I ntroduction

Concrete durability depends not only on the mateoanposition and on the resulting porosity, but
also on the environmental conditions. In particul@hen a concrete structure is in contact with
sulfate-rich waters or soils, a series of comple&nsical reactions can occur between the sulfates
diffusing within the material and the aluminatedtté cement paste, leading to leaching, secondary
gypsum and ettringite formation, overall expansamial degradation of concrete. These phenomena
are gathered within the general term of sulfatachtt[1], [2]. Many works are devoted to the
description of sulfate attack both from the expemtal [3-6] and from the modeling [7-10] points
of view. Several experimental campaigns on cemastep[3], mortar [4] and concrete specimens
[5], [6], are reported in the literature, howevee results are strongly dependent on the speesic t
conditions and the results on these three matexialtherefore difficult to compare.

In the present work, we report the experimentallte®btained on prismatic specimens partially
immersed and fully immersed in sodium sulfate sohg and we introduce initial results on a more
recent campaign, still ongoing, on cement pasteis@sns and mortar specimens prepared with the
same cement and the same aggregates, with smaliémom aggregate size. The final aim of this
experimental program still in progress is to highti the role of the aggregate size on the
phenomenon.

The tests on concrete prisms, partially immersedhin0% sodium sulfates solution, were
numerically simulated, using the multi-phase dantageel proposed in [9-10]. A good agreement
is found both in terms of the overall expansion ahthe degradation pattern.

Experimental program

The experimental campaign, started 20 months agoonducted on prismatic concrete specimens
of dimensions 8x8x16 cm. More recently also priscnatortar and cement paste specimens of
dimensions 4x4x16 cm were included in the expertalegprogram. For all specimens a Portland



cement type CEM | 52.5R and siliceous aggregatesused, with maximum size of 16 mm for
concrete and 4 mm for mortar. The chemical comjpwsif the cement is given in Table 1.

Table 1 — Chemical composition of cement

Cement CsA C.,AF SOs
CEM 1 52.5R 4.22% 5.16% 3.61%

Studs for subsequent length measurements weretlgitaserted during casting in the smaller
specimens (see Fig. 1a) while they were glued enwo bases and on the lateral faces of the larger
specimens (see Fig. 1b).

The specimens were cured for 28 days in a clincdtamber at temperature T=20°C and relative
humidity RH=90%. After curing, the samples haverbseored in different conditions: concrete
specimens have been fully immersed or partially @rsed in pure water or in a solution with 10%
NaSOQw concentration; mortar and cement paste specimaves lbeen fully immersed in pure water
and 5% and 10% sodium sulfate solutions.

The specimens are periodically extracted from thiet®ns, to measure the weight and length
variations. The elastic modulus is also evaluateough non-destructive ultrasonic tests.

Figure 1- (a) Mortar sample with the stu, ) same artially immersed.

Experimental results

Expansion and stiffness of concrete prisms. Figure 2 shows the mean time evolutions of the
longitudinal strains for the concrete specimensestan different conditions. Initially all specimen
expand due to water imbibition: the expansion ghar for the specimens fully immersed (lines
yellow and light blue in Fig. 2) and is independf&otn the presence of MaQu. After about three
months of exposure, the expansion of the specinmenster, both in fully and partially immersed
conditions, stabilizes, while the specimens in godsulfate solutions continue to expand due to the
chemical reactions (yellow and red curves in F)g. 2

The longitudinal elastic modulus was indirectly sw@@d by ultrasonic wave propagation tests at
regular intervals between 400 and 600 days of irsimerfor concrete prisms stored in water and in
sodium sulfate solution. The mean value of the dynaelastic modulus is computed from the
measured wave velocity by assuming a fixed valuthefPoisson’s coefficient, then the empirical
reduction of 17% is applied to compute the stadici®.
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Figure 2 — Evolution in time of the longitudinatah of concrete specimens in different storing
conditions: fully immersed (FI) and partially imnsed (PI) in water and in 10% sodium sulfate
solution.

The results are shown in Fig 3, were also the watitained for a specimen in air are plotted for
reference. The presence of water causes an indreése wave speed and therefore an increase of
the apparent stiffness of the specimen in wateh waspect to the one in air. The sulfate attack
damages the specimen stored the sulfate solutiaohwéxhibits a decrease of stiffness in the
considered period.
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Figure 3 — Evolution in time of the longitudinabstic modulus of concrete specimens in
different storing conditions: in air, in water amdl0% sodium sulfate solution.

Visual, porosimetry, SEM and XRD analyses of concrete after 400 days of immersion. The
concrete specimens after 400 days of immersiohérstlfate solution are significantly degradated.
Macro-cracks are clearly visible on the externat pathe prisms, see e,g. Fig. 4.

In order to characterize the effect of the sultdtack, porosimetry measurements, XRD analyses
and SEM observations were performed. To this p@paspecimen stored in water and one stored
in sodium sulfate solution were cut and differemrtar samples were extracted. Samples A and B
were taken respectively from the surface and frobeinternal part of the prism stored in water,
samples C and D were taken respectively from thiacel and from the internal part of the prism
stored in the sulfate solution.

The porosity of the samples was obtained througWia@omeritics AutoPore IV 9500 series
mercury intrusion porosimeter (MIP). A measuringgsure from 1.5 to 33000 psia was applied to
the mortar samples, of dimensions 15mmx15mmx20mgur& 5 shows the values of the porosity
and of the mass density of the samples A, B, Gk to the sulfate attack occurred in the external



part of the specimen stored in sodium sulfate gmiuthe porosity of sample C is higher than in the
other samples and the mass density is lower.

Figure 4 — Cracks pattern on a concrete specinten40 days of immersion in a 10%JS&y

solution
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Figure 5 - Porosity (left axis) and mass densighfraxis) of mortar samples taken from concrete
prisms immersed in water and in sulfate solutiardfa0 days.

Figure 6 compares the pore size distribution of @anb, taken form the intact core of the
specimen, blue curve, with that of sample C affiédig the reaction, orange curve. It appears that
the increase in total porosity of sample C is duthé formation of additional cracks and pores of a
size above 10 micron, bigger than that typicahdg taterial.

The cumulative pore radius distribution of the feamples is displayed in Fig. 7. While the two
samples from the specimen stored in water haves#ime distribution, there is a significant
difference between the pore distribution in theecand at the surface of the specimen sored in the

aggressive solution. As already observed the éiffiee is mainly due to the presence of pores of
large size.
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Figure 6 - Incremental pore radius distributioomartar samples taken from the core (D) and the
external part (C) of a concrete prism immersedilfate solution.
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Figure 7 — Cumulative pore radius distribution iartar samples taken from concrete prisms
immersed in water (blue and light blue lines) amdulfate solution (orange and red lines).

SEM observations and EDS spectra on samples ta@anthe outer part of the specimen stored
in the sulfate solution (sample C) showed the faionaof big crystals of gypsum, see Fig. 8. This
result is in agreement with that reported in [lthe formation of gypsum predominates at high
concentration of sodium sulfate, as the one usédsnvork, while secondary ettringite formation is
predominant at low concentration of sodium sulfate.

The presence of secondary gypsum in the outeropdine specimen affected by sulfate attack is
confirmed by X-Ray diffraction measurements. Fig@rshows the results on this sample (sample
C), while Fig. 10 reports the result of XRD on anpde taken from the central part of the specimen
(sample D). In the first sample besides the minefahe aggregates (quartz, calcite, kyanite) also
gypsum is present and it is reported in the tableoastituents. The sample of the internal part of
the specimen is not affected by the sulfate attak no significant quantities of gypsum are found
(see Fig. 10).
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Figure 8 — SEM image of sample C with crystalsygfsmm formed due to sulfate attack and
corresponding EDS.
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Figure 9 — XRD of mortar powder of the externaltfdithe specimen after 400 days of
immersion in 10% sodium sulfate solution.
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Figure 10 — XRD of mortar powder of the internattps the specimen after 400 days of
immersion in 10% sodium sulfate solution.

Expansion of mortar and cement prisms. The prisms of mortar and cement paste were
produced more recently and they have been immersesdater, 5% and 10% sodium sulfate
solutions about three months ago, therefore tharesipns, even in water, are not stabilized yet.
Figure 11 shows the mean expansions curves togeitlierthe standard deviation of mortar
specimens in different solutions: a similar evalatiis observed up to now since the reaction
probably is not yet occurred.
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Figure 11 — Evolution in time of the longitudirsdtain of mortar specimens in different storing
conditions: water, 5% and 10% sodium sulfate sohgi

Figure 12 shows a preliminary comparison of theaaspn in the three different materials, but
the campaign should be pursued to draw any comeiusi
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Figure 12 - Longitudinal strain of prisms of cortetanortar and cement paste immersed in 10%
NaSQO; solution

Numerical simulations

The sulfate attack on the concrete specimens has $imulated using the multi-phase damage
model proposed in [9] and further developed in [18] this model, concrete is described as a
multiphase material made of a solid skeleton, adflphase including water and air and an
expanding phase, which exerts a pressure on thd skéleton. The degree of saturation is
computed through a simplified diffusion model ahdrt a reactive-diffusion model allows for the
computation of the expansive products of the reacticcurring between the aluminates of the
cement paste and the incoming sulfate ions. Firaligechanical analysis allows to compute the
expansion and the degradation of the specimens. dammage variable are introduced accounting
for both chemical and mechanical damage. It shbeldemarked that, even though in [9-10] the
expansive product considered is secondary ettentjie model is here tuned and employed as a
first approximation, to simulate the mechanicakeffof the sulfate attack also in the presence
predominant gypsum formation.
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Figure 13 - Longitudinal and transversal straipiagms of concrete, partially immersed in 10%
NaSQO; solution: experimental points and numerical preolic

Figure 13 displays the comparison between the noaigredictions and the experimental data
of strain evolution in partially immersed concrgiesms; the transversal strain in the immersed
portion of the specimens continuously grows in tiche to the reaction development, while the



transversal strain of the portion in air initialyows due to the capillary rise of water and then
stabilizes, the longitudinal strain has an interiadgrowth. The numerical prediction is in good
agreement with the real expansion.

The numerical analyses predict the developmenttif bhemical damage, which starts from the
outer skin of lower half of the specimen, and meate damage which localizes inside the
specimen near the corner, see Fig 14. The highhyada zone corresponds qualitatively to the zone
of crack formation experimentally observed, as shbwthe picture on the same figure.
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Figure 14 — Chemical, mechanical and total danpadgters after 250 and 500 days of patrtial
immersion in in 10% N&Qs solution (only half specimen is displayed).

Conclusions
The experimental results obtained in this work onarete specimens showed that the sulfate attack
after 15 months of immersion produc&dan increase in porosity, in particular and increzggore
of large sizeji) a significant crack formation mainly in the circleréntial directioniii) an overall



expansion. XRD and SEM observations have shown tti@tpredominant expansive product is

secondary gypsum. The mortar samples seem to eahllgthavior similar to concrete while the

cement paste showed a higher strain, but the cgmshiould be pursued to have a clear view on
this point.
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