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Sulfate attack is one of the main concerns of cement-based materials. In this research, the magnesium sulfate attack resistivity
of cement-based materials modified with nano silica (NS) and supplementary cementitious materials (SCMs) i.e., silica fume
(SF), fly ash (FA) and ground granulated blast-furnace slag (GGBS) was studied up to 500 days. The effects of the initial
curing time (7 and 28 days) on the mechanical property and volume stability of the cement mortars under magnesium
sulfate attack were studied. The results showed that the NS has a better capability of improving the magnesium sulfate
attack resistivity of the cement mortar compared with traditional supplementary materials, and a longer initial curing time
contributed to the higher resistivity. The higher pozzolanic reactivity of NS led to a denser structure of the cement mortar and
retarded the magnesium sulfate attack process. FA-added samples had poor resistance to magnesium sulfate attack due to
the low pozzolanic reactivity. The resistance of the GGBS-added samples to magnesium sulfate attack was moderate among

the samples.
INTRODUCTION

Cement-based materials are the most widely used
building materials in the world, and their durability
has a significant impact on the service life of concrete
structures. Sulfate attack, such as Na,SO, and MgSO,
attacks, is one of the most important factors affecting
the durability of concrete [1, 2]. Sulfate ions react with
the hydration products (CH, C—S—H gel) of the cement,
generating gypsum, or react with C3A or monosulfate
(AFm), forming ettringite (AFt), both of which will ge-
nerate expansion and even lead to micro/macro-cracks
[3, 4]. A MgSO, attack will also generate gypsum and
ettringite. Moreover, the magnesium ion can also react
with Ca(OH), to form Mg(OH),, or react with the C—S—H
gel to form M—S—H with no binding force, all of which
contribute to the deterioration of cement-based materials
[5-71.

To improve the sulfate attack resistivity of cement-
based materials, reducing the corrosive constituent, such
as the C;A content [8] or lowering the water-to-binder
ratio has been applied [9, 10]. Comparatively, the addi-
tion of supplementary cementitious materials (SCMs) is

broadly used. Haufe [10] and Bassuoni [11] found that
fly ash (FA) and granulated blast furnace slag (GGBS)
can reduce the porosity, as well as the pore size of
hardened cementitious materials by taking advantage of
their pozzolanic reactivity with calcium hydroxide from
cement hydration. Meanwhile, the content of C;A can
also be reduced due to the replacement of the cement,
all of which contribute to the improvement in the sulfate
attack resistivity. Other SCMs of various pozzolanic re-
activities, such as silica fume (SF) and metakaolin (MK),
showed similar effects on the sulfate attack resistivity due
to their effects on reducing the Ca(OH), and modifying
the physicochemical properties of the microstructures
[12-16].

However, the relatively low chemical reactivity of
SCMs compared to cement, especially at the early ages
[5, 17] contributes weakly to the development of the
properties. Thus, the relatively mature development of
the properties/microstructure of cementitious materials
before suffering a sulfate attack would be desired. In re-
cent years, some researchers have shown that nano silica
(NS) has a very high pozzolanic reactivity which will
significantly improve the microstructure and performan-
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ce of cement-based materials at the very early ages even
at small dosages [18-22]. The results showed that NS can
effectively improve the performance of cement-based
materials even after a short initial curing time [23-25],
which hinted at its potential of being used to improve the
sulfate attack resistivity of cementitious materials.

In this study, the effects of SCMs with different
reactivities (nano silica, silica fume, fly ash and ground
granulated blast furnace slag) on the sulfate attack re-
sistivity were investigated and compared to fill the gap
of understanding the differences in the sulfate attack
resistance performance under magnesium sulfate envi-
ronments (MgSO,) and maturity (7 and 28 days of ini-
tial curing) for the exploration of better sulfate attack
resistivity of cementitious materials.

EXPERIMENTAL

Materials

In this study, Portland cement (P-I 42.5, complying
to EU CEM 1 42.5 according to EN 197-1 (2000)), nano
silica (NS), silica fume (SF), ground granulated blast fur-
nace slag (GGBS), and class F fly ash (FA) were used.
The chemical compositions of the raw materials are
shown in Table 1.

Table 1. Chemical compositions of the cement, NS, SF, FA and
GGBS (wt. %).

CaO SIOZ A1203 803 F6203 MgO LOI
P-1 64.65 21.88 449 244 345 236 0.73
SF 0.12  98.08 0.34 042 0.04 034 0.66
FA 4.00 50.04 3521 1.52 538 0.54 331
GGBS 30.20 32.78 17.55 230 145 636 936
NS - >98.0 - — — — —

Sample preparation and test methods

In this study, mortar samples were prepared at a w/b
ratio 0f0.35, and the mix proportions are shown in Table 2.
The mortar samples were prepared according to the
Chinese standard GB/T 17671-1999 [26] at a sand-to-ce-
ment ratio of 3:1. The NS was dispersed in water by ultra-

Table 2. Mix proportions of the mortars.

Samples Cement NS SF FA GGBS Superplasticizer

sonic dispersion for 10 min prior to being added into the
binders. After mixing for 4 min, the mortar was cast
into moulds with dimensions of 160 x 40 x 40 mm and
285 x 25 x 25 mm. The samples were moved into a stan-
dard curing room (20 + 3 °C, Relative Humidity (RH)
> 95 %) after being demoulded one day later and then
were cured for certain periods before the sulfate attack
experiment, i.e., moving into 5 wt. % MgSO, solutions
for 7, 28, 180, 500 days, respectively. During these pe-
riods, the solution was replaced every 30 days.

Test methods

Mechanical property measurements
and linear expansion

The mechanical properties and linear expansion of
the cement mortar were measured according to Chinese
standard GB/T 17671-1999 [26] and ASTM C1012 [27],
respectively.

Pozzolanic reactivity

The CH-consuming rate and capacities of 3 % NS,
30 wt.% FA, 10 wt.% SF and 30 wt.% GGBS were tes-
ted. The water-to-binder ratio was kept at 2.0. The NS
and SCMs were mixed with 10 g Ca(OH), for 5, 16 h, 1,
2, 3,7 days, and then these samples were transferred into
a N,-atmosphere glovebox and vacuum-oven dried at
50 °C for 48 h before measuring by Thermogravimetric
analysis (TGA, Mettler-1600HT, Sweden) to analyse the
CH-consuming capability of the NS and SCMs.

Scanning Transmission Microscopy (SEM)
and Micro-computed tomography (MicroCT)

Scanning Transmission Microscopy (SEM) images
were collected by a ZEISS EVOLSI1S5 equipped with
an Energy Dispersive Spectrometer (Oxford X-MaxN).
Micro-computed tomography (ZEISS Xradia 510 Versa)
was used to observe the SF agglomeration in the SF-blen-
ded cement paste exposed to 5 wt. % MgSO, solution
180 days into the test. The voltage and the power were
80 keV and 7 W, respectively.

RESULTS AND DISCUSSION

Pozzolanic reactivity

Figure 1 presents the Ca(OH),-consuming capabi-
lity of the nano silica (NS), silica fume (SF), fly ash (FA)
and granulated ground blast furnace slag (GGBS). The
NS per gram consumed more CH than SF, while the SF
also reacted more with the CH than the FA and GGBS,
illustrating the high pozzolanic reactivity of the NS and
silica fume.

(wt. %) (wt. % of binder)

C 100 - - - - 0.20
NS1 99 1 - - - 0.40
NS3 97 3 - - - 0.80
SF5 95 -5 - - 0.16
SF10 90 - 10 - - 0.14
FA10 90 - - 10 - 0.15
FA30 70 - - 30 - 0.10
GGBS10 90 - - - 10 0.17
GGBS30 70 - - - 30 0.15
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Figure 1. CH consuming capacity of per gram of the nano silica
(NS), silica fume (SF), fly ash (FA) and granulated ground blast
furnace slag (SLAG).

Compressive strength
vs. flexural strength

In this work, mortar specimens were standard-cu-
red for 7-days/28-days and then immersed in a 5 wt.%
magnesium sulfate solution for 7, 28, 180 and 500 days
respectively. Mortar cured in a saturated Ca(OH), solu-
tion (CH-C) was also used for the control samples to
understand the effects of the NS and SCMs on magnesium
sulfate attack resistivity.

The development of the flexural strength of the ce-
ment mortars is shown in Figure 2. The flexural strength
of the CH-C specimens was slightly higher than those of
the cement mortars cured in standard curing conditions

20

(20 £3 °C, RH = 95 %) up to 500 days in the MgSO,
immersion, indicating that a beneficial contribution to the
strength from the formation of hydration products under
sulfate attack continued into this period, and similar
results have been obtained by Wee T.H. et. al [28]. This
was attributed to the fact that not enough examples of
sulfate attack products (e.g., ettringite and gypsum) had
been produced to cause damage to the mortar. Moreover,
in the early stages of magnesium sulfate attack, the pro-
ducts filled the pores or cracks, making the mortar more
structurally dense, thus showing an increase in strength.
On the other hand, the sulfate solution promoted the hyd-
ration of the cement [29], which might also have a po-
sitive effect on the increase in the mortar strength.

Asthe immersion time increased to 180 days, the fle-
xural strength of the NS-blended specimens was lower
than that of the SF-blend ones. NS made the structure
of the mortar denser, making it difficult for the sulfate
to enter the interior of the hardened mortar. Consequent-
ly, fewer sulfate attack products were formed, and the
strength growth rate was reduced due to the filling effect
of the products in the sulfate environment. The strength
of the SF-blended mortar specimens was higher than
that of the NS, although SF and NS have similar silica
content. The dosage of the SF was higher than that of the
NS, resulting in a higher strength development. The FA-
blended specimens had a greater increase in the flexural
strength under the sulfate attack due to the lower early
activity of the FA.

The structure of the mortar specimens maintained
for 7 days was not sufficiently mature to withstand the
sulfate attack in a sulfate environment, forming more
sulfate products and a denser structure with increased
strength. At the same time, the sulfate had an activation

EBCH-C BC H NS1 W SF5

H FA10 0O GGBS10

15

101
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Figure 2. Flexural strength of the cement mortar samples cured in standard conditions for 7 days and then cured in a saturated

Ca(OH), solution and a 5 wt.% Mg,SO, solution up to 500 days.
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effect on the reaction of the fly ash in the cement hydration
system [29]. In addition, the sulfate attack is an outward
to inward process, with the outer layer being the first
to have undergone the sulfate reaction and, therefore,
having a more pronounced effect in terms of the flexural
strength. The higher the FA used, the higher the rate
of the strength development under the sulfate reaction.
However, the GGBS-blended mortars had less growth
in the flexural strength under the sulfate attack. GGBS
is more reactive than FA, which effectively reacted to
densify the cement mortar structure in the early stages of
hydration and reduced the sulfate intrusion. Meanwhile,
the large amount of GGBS replaced part of the cement,
reducing the amount of the hydration products sensitive
to the sulfate attack, such as CH, AFm and unhydrated
C3A [12]. The reduction in the flexural strength of all
the specimens by 500 days indicated that the number of
sulfate products generated had damaged the structure
of the cement mortar, resulting in a reduction in the
mechanical properties.

The results of the compressive strength are shown
in Figure 3, which was consistent with the pattern of the
flexural strength in Figure 2, the compressive strength gra-
dually increased with an increase in the exposition time
in the early stage, and the strength showed a decreasing
trend when the time reached 500 days. At the same time,
the NS group of specimens showed a certain strength
decrease. It was inferred [9] that NS makes the mortar
denser, causing an increase in the crystallisation pressure
generated by the erosion products, which were prone to
cracking and strength deterioration.

The strength of the SF-blended specimens showed
a decreasing trend at 180 days due to the insufficient dis-
persion of the silica fume and agglomeration within the

80

hydration system, and the erosion process caused the
disintegration of the agglomerated silica fume and a de-
crease in the strength, as can be seen in Figure 4. The spe-
cimens blended with GGBS also showed a reduction in

AP 2 s ;‘/—"" Ry
b) SEM image of the SF-added samples

Figure 4. Images of the agglomerated silica fume and disin-
tegration under the sulfate attack.
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Figure 3. Compressive strength of the cement mortar samples cured in standard conditions for 7 days and then cured in a saturated
Ca(OH), solution and a 5 wt. % Mg,SO, solution up to 500 days.
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strength at 180 days, due to the weak interface bonding  ducts [25]. The SEM images and EDS results in Figure 5
between the unhydrated GGBS and hydrated products, show the ettringite and gypsum are formed after the
as well as the crystallisation pressure of the erosion pro-  sulfate attack.
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Figure 5. SEM images of the cement paste cured in a 5 wt. % Mg,SOy, solution up to 180 days.
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Figure 6. Flexural strength (a) of the cement mortar samples cured in standard conditions for 7 days and then cured in a saturated
Ca(OH), solution and a 5 wt. % Mg,SO, solution up to 500 days. (Continue on next page)

Ceramics — Silikdty 65 (3) 207-214 (2021) 211



Wang Y, Ge Y., Wang X., Chen X., Li Q., Zhang Y.

ECH-C @C H NS1

ECH-C BC

Compressive strength (MPa)

28 180 500 7 28 180 500 7

28

W SF5 M FA10 0 GGBS10

|

O GGBS30
1]
180 500 7 ' 28 180 500 7 ' 28 180 500

Immersed time (days)

b)

Figure 6. Compressive strength (b) of the cement mortar samples cured in standard conditions for 7 days and then cured in a
saturated Ca(OH), solution and a 5 wt. % Mg,SO, solution up to 500 days.

The flexural and compressive strengths of the ce-
ment mortar exposed to a 5 wt. % magnesium sulfate so-
lution after 28 days of initial curing are shown in Figure 6.
Unlike the specimens initially cured for 7 days, the flexu-
ral strength of the Group C mortar specimens under the
sulfate attack showed a significant increase compared to
the specimens cured in the saturated lime water, but the
compressive strength showed a decrease. This might be
related to the fracture failure mechanism of the flexural
and compressive strengths. The sulfate products, calcium
alumina and gypsum, may have had a positive effect on
the flexural strength before the specimens were severely
damaged.

As the corroding material was continuously under
a MgSO, attack, the flexural strength of NS-blended
specimens showed a decreasing trend, then an increasing
one and then a decreasing one. The sulfate products
formed during the attack process first filled the pores and
reached a certain level of micro-crack damage, resulting
in a decrease in the strength. When the amount of sulfate
attack products continued to increase, these products
filled the pores enhancing the strength, and the sulfate
attack products reached a certain level of damage again.
The SF-blended specimens showed a gradual decrease
in the flexural strength because the agglomerated SF
particles tended to depolymerise under erosion [25], to
aggravate the extension of the cracks and the defects and
then to make the flexural strength decrease. The strength
of the FA-blended specimens showed a continuous in-
crease because the FA reaction activity was low and the
structure was loose, which provided a larger space for
the generation of sulfate products. Therefore, the mag-
nesium sulfate attack products during the curing had

enough space to grow and the resulting crystallisation
pressure was not enough to destroy the matrix, but the
filling played a strengthening role [25].

Length change of cement mortars

The length change of the cement mortar immersed
in a 5 wt. % magnesium sulfate solution after 7 days of
initial curing is shown in Figure 7. All the specimens
showed expansion at 180 days of immersion. The NS-
blended specimens showed greater expansion due to the
ultrahigh activity of nano-silica [24, 25] and the higher
crystallisation pressure within the denser structure [25].

0.06
—=—C  —&FA10

005 |——NS1 -2 FA30
-~ NS3 GGBS10
—e— SF5 GGBS30

0.047 1 65— sF10 o

Length change (%)

T T T
200 300 400
Age (days)

T
100

500

Figure 7. Length change of the cement mortar samples with the
initial curing time of 7 days and then cured ina 5 wt. % Mg,SO,
solution.

212

Ceramics — Silikaty 65 (3) 207-214 (2021)



Magnesium sulfate attack resistance of SCM-modified cement-based materials

The GGBS was slightly more reactive than the FA in
Figure 2. The pozzolanic reaction of GGBS consumed
more CH required for the erosion product generation
and, therefore the length change under erosion was
slightly lower than that of Group C. For the SF-blended
specimens, the length change was higher than that of
the FA specimens and lower than that of the GGBS.
Interestingly, the length change of the FA-blended spe-
cimens was the lowest, since the lower pozzolanic reac-
tivity of the FA made the cement mortar looser and then
had a higher capability of suffering from the expansion
of these erosion products, generating less crystallisation
pressure and, therefore, less expansion [25]. Atimmersion
for 430 days, the length change of the specimens with
the SF, FA, GGBS30 and C groups decreased sharply,
while the length change of the specimens with the NS
and GGBS10 remained in the process of increasing. This
was because the specimens in the SF, FA and C groups
had already been damaged by the 430 days of immersion
in the sulfate attack, with internal cracking occurring,
releasing some of the crystallisation pressure of the
products and, therefore, reducing the expansion rate [25].
The NS-blended specimens were still in an expansive
state, indicating that no damage had occurred and that
the matrix was still able to withstand the crystallisation
pressure, so it could be concluded that the NS-doping
improved the resistance of the cement mortar to the
crystallisation pressure of the sulfate attack products and
that this improved performance could be attributed to its
modification with the cement hydration products and the
microstructure.

Unlike the specimens at 7 days of initial curing,
the specimens with 28 days initial curing firstly showed
shrinkage at the early stage of erosion and then gradual
expansion at the later stage, as can be seen in Figure 8.
The greatest expansion of the specimens in group C was
observed up to 430 days due to the generation of more

—=—C —a— FA10
0.025 —e— NS1 --£--FA30
1]--<--NS3 GGBS10
0.020+ | —e— SF5 GGBS30
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~0.015+
RN
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c
2
S 0.005-
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0] 0+
— |
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Figure 8. Length change of the cement mortar samples with the
initial curing time of 28 days and then cured in a 5 wt. %
Mg,SO, solution.

sulfate attack products and the higher crystallisation
pressure [25]. This shrinkage was probably caused by the
sulfate-inspired hydration of the SCM blended system
and the pozzolanic reaction, where the generated sulfate
attack produced less crystalline pressure and the cement
hydrated to produce shrinkage, the expansion was not
sufficient to compensate for the shrinkage. The specimens
in group C remained expansive. The specimens initially
cured for 7 days had a lower maturity in the structural de-
velopment than the specimens initially cured for 28 days,
so that sulfate ingress was easier and more products were
produced, to compensate for the shrinkage caused by the
sulfate-initiated hydration and showed expansion. For the
28-day initial curing samples, all the specimens still exhi-
bited an expansive state by 430 days of curing. The
length change of the NS-blended specimens was lower
than that of the C-blended specimens and higher than
that of the SF and FA-blended specimens. The lowest ex-
pansion of the SF-blended specimens was related to the
disintegration of the SF enrichment during the erosion
process and the pozzolanic reaction, which released some
of the crystallisation pressure and reduces expansion.

CONCLUSIONS

In this study, the attack resistivity of mortar samples
with different amounts of NS, SF, FA, and GGBS was
studied by testing the mechanical properties and volume
stability of the cement mortars after 7 days and 28 days
initial curing time which suffered a MgSO, attack. The
results obtained are as follows:

e The sulfate attack resistivity of the mortar samples
mixed with NS or SCMs were improved to varying
degrees. The initially 28-day cured samples showed
the slightest change in length.

e The pozzolanic reactivity of the SCMs significantly
affected the sulfate attack resistivity of the cement
mortar. A higher pozzolanic reactivity led to a higher
sulfate attack resistivity. More sulfate attack products
were produced in the samples prepared with the FA
due to the pozzolanic reactivity which was low.

e The higher resistance to crystallisation pressure caused
by the sulfate attack was the result of the NS-added
samples as no strength loss was observed.
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