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Abstract: One of the most aggressive attacks to which cement-based materials can be exposed is
that produced by sulphate. During this attack, expansive products are formed, causing volumetric
strains in hardened materials, which brings microcracking and the reduction of their strength and
durability. The use of non-destructive techniques for characterizing the microstructure of
cement-based materials, and for following the development of deleterious processes which can
affect them, has become an important research field. Among them, non-linear ultrasonic (NLU)
techniques have shown to be useful for evaluating the material degradation. The aim of this work is
to study the possibility of using the NLU technique for the non-destructive evaluation of initial
development of internal sulphate attack in cement-based materials. Cement pastes were prepared
using ordinary Portland cement, to which an appropriate amount of calcium sulphate 2-hydrate
was added during the setting for producing an internal attack in the samples. Furthermore, its
effects in the microstructure have been followed with mercury intrusion porosimetry. The
expansion and linear ultrasonic pulse velocity were also determined. The preliminary results
indicate that the NLU technique could be useful for studying the development of sulphate attacks
in the short-term, complementing the information provided by other techniques.
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1. Introduction

One of the most harmful aggressive attacks to which cement-based materials can be exposed is
that produced by sulphate. The sulphate attack consists of a complex mechanism which involves
different chemical reactions between components of cement paste microstructure and sulphate ions
[1]. In this attack, expansive products are formed, causing volumetric strains in the hardened
material, which brings microcracking and a loss of pore refinement [2]. In addition to this, as a
consequence of those damages in the microstructure, there is a loss of strength and durability in the
cement-based materials exposed to the sulphate attack [3].

Nowadays, the use of non-destructive techniques for characterizing the microstructure and
service properties of cement-based materials has become an important research field. In particular,
these non-destructive techniques can also be useful for following the development of deleterious
processes produced during the attack of aggressive substances to these cement-based materials.
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Among them, non-linear ultrasonic (NLU) techniques have been shown to be useful for the
evaluation of material degradation, and there are recent studies in which they have been used for
detecting cracks due to steel corrosion in reinforced concrete structures [4,5].

In view of that, the objective of this work is to study the possibility of using the NLU technique for
the non-destructive evaluation of the initial stages of internal sulphate attack in cement-based
materials.

2. Materials and Methods

2.1. Materials and Sample Preparation

The tests were performed on cement pastes, which were prepared using ordinary Portland
cement CEM 142.5 R (Spanish and European standard UNE-EN 197-1). First of all, specimens subject
to internal sulphate attack were prepared according to the ASTM Standard C452-02. The test method
described in this standard consisted of making the specimens from a mixture of cement and gypsum
in such proportions that the mixture has a sulfur trioxide (SOs) context of 7% in mass [6]. Therefore,
for achieving that content of SOs, the samples subject to internal sulphate attack were made with a
binder consisting of 90.8% of CEM 142.5 R and 9.2% of calcium sulphate 2-hydrate, both percentages
in mass. These samples with gypsum were designated as “sulphate” in the description of the results.
Moreover, reference specimens without gypsum were also prepared, which were named as
“reference” in the presentation and discussion of results. The water to cement ratio was 0.5 for all the
cement pastes. For the setting of the samples, we followed the procedure described in the Spanish
and European standard UNE-EN 196-3.

Prismatic specimens were prepared with dimensions 25 mm x 25 mm x 285 mm. During the
first 24 h, all specimens were kept in a 95% RH chamber and 20 °C. Once finished that period, they
were de-moulded and they kept in the same optimum laboratory condition until the testing age.

2.2. Experimental Tecniques

The pore structure of the cement pastes was analyzed with mercury intrusion porosimetry. The
porosimeter used was a Poremaster-60 GT manufactured by Quantachrome Instruments (Boynton
Beach, FL, USA). The specimens were dried in an oven at 50°C for 48 h before the test. The
parameters studied in this work were total porosity, pore size distribution and mercury retained at
the end of the test. The testing ages were at 1, 28 and 100 hardening days. Two measurements were
made on each type of paste and the pieces tested were taken from specimens with dimensions 25
mm x 25 mm x 285 mm.

The possible expansion produced by the internal sulphate attack was followed according to the
prescriptions of ASTM Standard C452-02 [6] up to 100 hardening ages. Three samples with
dimensions 25 mm x 25 mm x 285 mm were used for this test.

Regarding the non-linear ultrasonic (NLU) technique, two transducers were used to
simultaneously supply two pure tones (fo = 20 kHz and fi = 200 kHz). The high-frequency probe
signal was emitted with a signal generator (SONY AFG310) at an amplitude of 5 V. A 16-bit ADC
resolution I/O device NI-USB 6361 was used for the generation of the low-frequency pump and the
acquisition of the frequency modulated signal with a sampling frequency of 2 MHz. The pump wave
signal was fed through an amplifier FS WMA-100 and then transmitted through a Langevin
transducer. The input voltage was set to 140 V (after amplification). Two broadband ultrasonic
transducers IDK09 were used for emitting and receiving the high-frequency signal. White soft
paraffin (Acofarma) was used as a coupling agent. The signal registered was transformed to the
frequency domain through the Fast Fourier Transform algorithm. Then, the amplitudes of the probe,
the expected first harmonics and the intermodulation frequencies were used to evaluate the
nonlinear parameter DIFA. In this work, the results of this parameter DIFA were presented [5].
Three samples for each one of paste types with dimensions 25 mm x 25 mm x 285 mm were tested up
to 100 hardening age.
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Finally, the linear ultrasonic pulse velocity was also determined in the same samples used for
NLU technique. The equipment used was a Pundit Lab manufactured by Proceq (Schwerzenbach,
Switzerland) and the measurement was made using direct transmission according to the Spanish
and European standard UNE-EN 12504-4.

3. Results and Discussion

Regarding the results obtained through the mercury intrusion porosimetry technique, the total
porosities are depicted in Figure 1a. This parameter was higher for reference specimens compared to
sulphate ones at one day of age. This could be due to the effect produced by the higher content of
gypsum in the samples subject to sulphate attack, which would accelerate the hardening process at
initial stages. At later stages, it has been observed a decrease of the total porosity, reaching lower
values at 28 and 90 days for reference samples in comparison with sulphate ones.

The pore size distributions for the analyzed pastes can be observed in Figure 1b. At one
hardening day, the microstructure was more refined for reference specimens, although the relative
volume of pores with diameters smaller than 10 nm was higher for sulphate samples, which could
be explained in relation to abovementioned influence of gypsum in the hardening of the samples in
the very short-term. From 1 to 28 days, the reference pastes showed an important pore refinement,
highlighting the rise of percentage of pores with sizes lower than 100 nm (pore ranges <10 nm and
10-100 nm), and since then until 100 hardening ages, the pore structure of these pastes became
slightly less refined. This could be due to the microstructure development due to the hydration of
clinker [7,8], which would progressively close the finer pores, reducing the porosity and the relative
volume of pores of the smaller diameter ranges.
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Figure 1. (a) Total porosity results for the studied cement pastes; (b) Pore size distributions for the
analyzed samples.

In relation to the evolution of the pore size distribution of cement pastes exposed to internal
sulphate attack, it gradually became more refined with time. However, at 28 and 100 hardening
days, their pore network showed less refinement compared to references pastes. On one hand, the
progressive closing of the microstructure of sulphate samples could be related to the development of
clinker hydration and the consequent formation of solid phases [8], as has been previously explained
for reference pastes. In addition to this, the initial stages of the sulphate attack entail the formation of
products which also fill the existing pores [3], which would contribute to refine the pore network,
until the pore is completely silted up, since when the attack would start damaging the
microstructure. Nevertheless, the fact that the microstructure was less refined at 28 and 90 days
compared to the reference ones could be indicative that, simultaneously to silting of part of the pores
due to clinker hydration and formation of initial products of sulphate attack, it would have pores



Proceedings 2020, 67, 19 40f7

already filled, in which this attack would be starting to produce microcracking and breaking of the
microstructure. Despite that, the deleterious effects of internal sulphate attack were not generalized
yet, and during the studied time period, a pore refinement has been globally reported. Therefore, it
would be expected that at later hardening ages, in further stages of the attack, the loss of pore
refinement was more notable, at least for being detected with mercury intrusion porosimetry test [3].

The results of percentage of mercury retained in the specimen at the end of the test are
represented in Figure 2a. This parameter is related to the tortuosity of the pore network. At one day,
this parameter was higher for pastes subject to sulphate attack than for reference ones. This would
show the abovementioned effect of gypsum in the first stages of hardening process, as already
explained. After 28 and 100 days, the Hg retained was greater for reference pastes, and the scarce
decrease of this parameter noted for them between the abovementioned ages would be in keeping
with the slight loss of refinement observed in their pore size distributions. In relation to the sulphate
specimens, their lower Hg retained would show a lower tortuosity of the pore structure, which
would coincide with their less pore refinement compared to reference pastes. The reduction of the
Hg retained from 28 to 100 days for pastes exposed to internal sulphate attack would indicate a
reduction of the tortuosity of the pore microstructure. This could be produced by the silting of pores
due to clinker hydration and the formation of initial products of sulphate, or it could also be due to
the cracking produced by sulphate attack in already filled pores. A combination of both processes
could be also suitable. Finally, the results of Hg retained were overall in agreement with other
obtained with mercury intrusion porosimetry.

The length change due to expansion obtained for the studied pastes are represented in Figure
2b. As can be observed in that figure, an expansion has been observed for pastes subject to internal
sulphate attack. This would confirm the hypothesis explained in the discussion of mercury intrusion
porosimetry results about the presence of pores already silted in which a possible formation of
microcracks due to expansion could be produced, in spite of existing other pores with still enough
space for containing the expansive products of sulphate attack, where it would not be happening the
cracking phenomenon yet.
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Figure 2. (a) Results of percentage of mercury retained at the end of porosimetry test; (b) Evolution
of the expansion length change for the studied kinds of cement pastes.

With respect to the NLU technique, the evolution of the parameter DIFA can be observed in
Figure 3a. For reference samples, this parameter decreased in the short term and increased later,
showing small changes during the studied time period in any case. On the other hand, the parameter
DIFA continuously decreased with age for samples exposed to sulphate attack. This would mean
that the system gradually turned less linear, which could indicate the beginning of deleterious
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effects produced by internal sulphate attack, with the formation of microcracks due to formation of
expansive products. It is important to highlight that these trends described for parameter DIFA in
both reference and sulphate pastes would be overall in keeping with the results of the length change
due to expansion (see Figure 2b), which showed scarce changes for reference pastes and a
progressive expansion for sulphate ones. Therefore, in view of these preliminary results, it seems
that the NLU technique could be useful for providing information about the deleterious processes
due to internal sulphate attack.

The variation with time of linear ultrasonic pulse velocity for the studied samples is represented
in Figure 3b. As can be observed, reference pastes showed the highest values of this parameter and
they increased with time. This would indicate a lower global volume of voids in these samples and a
higher proportion of pores of smaller sizes, which could coincide with the lower total porosity and
the greater pore refinement of these reference pastes observed using mercury intrusion porosimetry.
With respect to pastes subject to internal sulphate attack, the values of ultrasonic pulse velocity also
showed a rising tendency with time, although they were lower in comparison to reference
specimens. This result would suggest that sulphate pastes presented a higher volume of voids and a
lower percentage of pores with smaller diameters. Again, this would be in agreement with the
greater total porosity and the lower pore refinement noted for these sulphate samples using mercury
porosimetry, compared to reference ones. Furthermore, the gradual growth of ultrasonic pulse
velocity observed for sulphate pastes would show a reduction of the voids in these samples, which
would also agree with the progressive microstructure refinement with age deduced from pore size
distribution obtained with mercury intrusion porosimetry. Regarding the internal sulphate attack and
the possible microcracking produced by the formation of expansive products, its effects in the linear
ultrasonic pulse velocity results have not been observed, at least during the time period studied.
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Figure 3. (a) Evolution of parameter DIFA also determined from NLU technique; (b) Linear
ultrasonic pulse velocity results noted for the studied pastes.

4. Conclusions

The main conclusions to be drawn from the results previously discussed can be summarized as
follows:

e  The reference pastes showed an important pore refinement at 28 hardening days. This could be
due to the microstructure development due to the hydration of clinker, which would
progressively close the finer pores, reducing the porosity and the relative volume of pores of the
smaller diameter ranges.

e The pore size distribution of cements pastes exposed to internal sulphate attack gradually
became more refined with time, but this refinement was lower compared to reference pastes.
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This would suggest that simultaneously to the silting of part of the pores due to clinker
hydration and formation of initial products of sulphate attack, it would have pores already
filled in which this attack would be starting to produce microcracking of microstructure.
Despite that, the deleterious effects of internal sulphate attack were not generalized yet, so a
pore refinement during the studied time period has been globally reported. Therefore, it would
be expected that at later hardening ages, in further stages of the attack, the loss of pore
refinement was more notable, at least for being detected with mercury intrusion porosimetry.

e A continuous expansion has been observed for pastes subject to internal sulphate attack. This
would confirm the possible presence of pores already silted in which a possible formation of
microcracks due to expansion could be produced.

e  The tendencies observed for the NLU parameter DIFA were overall in keeping with the results
of the length change due to expansion.

¢  Regarding linear ultrasonic pulse velocity, their results suggest a progressive reduction of voids
with age in the studied samples, and effects of sulphate attack in this parameter have not been
observed.

e In view of these preliminary results, it seems that NLU technique could be useful for providing
information about the deleterious processes due to internal sulphate attack in cement-based
materials. Although more research would be needed for confirming this.
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