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Abstract

This paper presents data on engineering properties such as compressive strength, visual change and expansion of mortar specimens
incorporating limestone filler subjected to severe sulfate attack at ambient temperature. Specimens with four replacement levels of limestone filler
(0, 10, 20 and 30% of cement by mass) were immersed in sodium and magnesium sulfate solutions with 33,800 ppm of SO4

2− concentration. In
order to identify the products formed by sulfate attack, microstructural analyses such as XRD and SEM were also performed on the paste samples
with similar replacement levels of limestone filler.

The test results demonstrated that mortar and paste samples incorporating higher replacement levels of limestone filler were more susceptible to
sulfate attack irrespective of types of attacking sources. However, the deterioration modes were significantly dependent on the types of sulfate
solutions. Additionally, although the samples were exposed to sulfate solutions at 20±1 °C, the deterioration was strongly associated with
thaumasite formation in both sulfate solutions.

The deterioration mechanism and resistance to sulfate attack of cement matrix incorporating limestone filler at ambient temperature is
discussed in the light of the test results obtained.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Limestone has been increasingly used in concrete as a filler
or as a main cement constituent for many years [1]. It is applied
in high performance concrete as well as in normal or low
performance concrete [2–4]. Studies related to the mechanical
properties of concrete incorporating limestone were carried out
to achieve the reliability for increasing usage of limestone filler
or cement [3,5]. Moreover, there have been numerous studies on
durability of limestone concrete when exposed to aggressive
conditions. Most of these studies were focused on the effects of
limestone on concrete durability.
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In particular, it has been reported that the usage of large
volumes of limestone filler in concrete may lead to the increased
probability of sulfate attack, associated with thaumasite
formation. Commonly, thaumasite forms in the system when
concrete incorporating limestone is subjected to sulfate attack
typically to low temperature (b5 °C) in an environment with
high humidity [6–8]. Many researchers have also tried to reveal
the mechanism of thaumasite sulfate attack in paste, mortar or
concrete both in the field [9–13] and in the laboratory [6,14–
17]. However, recent studies have reported that thaumasite can
form at room temperature [15,16,18–20]. Although minor
thaumasite formation is not always associated with thaumasite
sulfate attack (TSA), TSA can be affected by the type of cations
accompanying the SO4

2− ion and the concentration of sulfate
solutions [6]. The effect of replacement level of limestone filler
on the sulfate deterioration of mortars was also reported [21].
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Table 1
Chemical composition and physical data for the cement and limestone filler

Chemical composition Cement1 Limestone2

SiO2, % 21.7 0.51
Al2O3, % 5.7 0.22
Fe2O3, % 3.2 0.09
CaO, % 63.1 54.4
MgO, % 2.8 0.62
SO3, % 2.2 –
LOI, % 1.3 43.44

Mineralogical compound (Bogue calculation)
C2S, % 20.8 –
C3S, % 42.8 –
C3A, % 9.7 –
C4AF, % 9.7 –
Mean diameter, mm – 3.11
Moisture content, % – 0.05
Whiteness, % – 96.5
Specific gravity 3.15 2.71
Fineness, m2/kg 328 2650

Data were supplied from the manufactures: 1. S cement company Ltd., 2. W
Chemicals Ltd.

Table 3
Details of mortar and paste mixtures

Code Cementitious materials w/cm

LS0 100% cement 0.45
LS10 90% cement+10% limestone filler 0.45
LS20 80% cement+20% limestone filler 0.45
LS30 70% cement+30% limestone filler 0.45
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In the present study, thus, the effect of replacement levels (0,
10, 20 and 30% by mass) of limestone filler on sodium and
magnesium sulfate attack at ambient temperature was investi-
gated. The experimental study was developed to obtain
conclusive data on negative or positive effects of limestone
filler in both sulfate solutions.

2. Experimental procedure

The experimental study was carried out on mortar and paste
specimens with or without limestone filler. ASTM C 150 Type I
Portland cement was used as binder in all the mortar and paste
mixtures. The specific gravity and specific surface area of the
cement were 3.15 and 328 m2/kg, respectively. The chemical
composition and mineralogical compounds of the cement are
presented in Table 1. Four replacement levels (0, 10, 20, and
30% by mass) of limestone filler as a partial replacement of the
cement were chosen as the main variable. The limestone fillers
were produced by a company in South Korea. The chemical
composition and physical properties from the supplier are also
presented in Table 1.

River sand, with amaximum size of 5mm,was used as the fine
aggregate in the mortar mixtures. The physical properties and
grading of fine aggregate are indicated in Table 2. The sand/
cementitious material ratio and water/cementitious material ratio
(w/cm) were fixed at 2.0 and 0.45, respectively, in all the mortar
mixtures.

A polycarbonic acid-based superplasticizer was added at the
time of mixing to impart good workability to all the mortar
Table 2
Physical data and sieve analysis for the fine aggregate used in this study

Specific
gravity

Absorption,
%

F. M. Percentage of mass pas

5 mm 2.5 m

2.60 0.80 2.80 100 86
mixtures. It was added to the mixing water as 1.8% of mass of
cementitious materials.

Mortar and paste specimens were demoulded 24 h after
casting, and cured in tap water at room temperature for an
additional 6 days. Thereafter some of the specimens were
transferred to the sulfate solutions. The temperature of tap water
and sulfate solutions was maintained at 20±1 °C during the test
period. Table 3 shows the details of the mortar and paste
mixtures used in the tests.

Solution concentration was determined at 33,800 ppm as
SO4

2− for both sodium and magnesium sulfate solutions. The
solutions were refreshed every four weeks up to 1 year.

Compressive strength tests were carried out on 50 mm cube
mortar specimens, and performed after 0, 91, 180, 240 and
360 days of sulfate exposure. Strength loss was also investigated
by comparing with the compressive strength of mortar specimens
cured in tapwater. Before testing for compressive strength of cube
mortar specimens exposed to sulfate solutions, each specimen
was carefully examined to check any surface damage due to
sulfate attack. All significant changes at the surface of the speci-
mens were recorded.

Expansion tests on prismmortar specimens (25×25×285mm),
based on ASTM C 1012, were also carried out.

Microstructural observations such as XRD and SEM were
performed on paste samples exposed to both sulfate solutions.
XRD was conducted using the RINT D/max 2500 (Rigaku,
Japan) X-ray diffractometer. For the XRD tests, CuKα radiation
with a wavelength of 1.5405 Å at a voltage of 30 kV, scanning
speed of 2°/min. and current of 30mAwere used. Themicrostruc-
ture of the paste samples was investigated using an XL30ESEM
equipped with EDXA Falcon Energy System 60SEM. The
fractured surface sampleswere obtained from the deteriorated part
of the paste specimens. For the investigation by SEM and EDS,
the samples were dried in a desiccator for 24 h, and subsequently
gold coated.

3. Results

3.1. Compressive strength of mortars

The results for compressive strength development of 50 mm
cube specimens with a w/cm of 0.45 cured in tap water at the
sing through sieve, %

m 1.2 mm 0.6 mm 0.3 mm 150 mm

68 46 18 2



Table 4
Compressive strength values of mortar specimens cured in tap water

Compressive strength, MPa

3 days 7 days 28 days

LS0 29.9 41.9 49.7
LS10 27.6 38.4 46.8
LS20 23.0 32.5 41.1
LS30 19.9 27.7 36.2

Fig. 2. Compressive strength of LS10 mortar specimens.
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ages of 3, 7 and 28 days are summarized in Table 4. These
results clearly show the decreased values of compressive
strength with the increased replacement levels of limestone
filler. It is believed that these are also partially associated with
the change of water to Portland cement ratio with respect to the
hydration process.

After the pre-curing for 7 days, in order to characterize the
change of compressive strength of mortar specimens incorporat-
ing limestone filler due to sulfate attack, the compressive strength
values after storage in tap water and sulfate solutions were
measured up to 1 year of exposure. Fig. 1 shows the compressive
strength of control mortar specimens (LS0) without limestone
filler under both tap water and sulfate solutions. While the values
of compressive strength of the specimens in tap water increased
(or stabilized) with time, those of the specimens stored in sodium
and magnesium sulfate solutions decreased after an exposure of
91 days. In particular, the mortar specimens exposed to mag-
nesium sulfate solution showed lower compressive strength
values compared to those exposed to sodium sulfate solution,
irrespective of exposure period [22].

The compressive strength values of mortar specimens with
limestone filler of 10, 20 and 30% replacement levels in tap
water and sulfate solutions are plotted in Figs. 2, 3 and 4,
respectively. Similarly the compressive strength of mortar spe-
cimens incorporating limestone filler exposed to sulfate
solutions gradually decreased after 91 days. As the replacement
level of limestone filler increased, the extent of reduction in
compressive strength was more in both sodium and magnesium
sulfate solution, as shown in Figs. 2, 3 and 4, respectively. After
Fig. 1. Compressive strength of LS0 mortar specimens.
an exposure of 360 days in sodium sulfate solution, while the
compressive strength of LS0 mortar specimen without lime-
stone filler were 44.6 MPa, the LS10, LS20 and LS30 mortar
specimens were only 36.2, 25.5 and 15.5 MPa, respectively.
Under magnesium sulfate attack, the 1-year compressive
strength values of mortar mixtures for LS0, LS10, LS20 and
LS30 were 35.3, 24.3, 15.5 and 5.6 MPa, respectively.

Figs. 5 and 6 show the compressive strength of the mortar
specimens under sodium and magnesium sulfate attack, relative
to the compressive strength of the mortar specimens in tap
water. These results also emphasize that the incorporation of
limestone filler leads to increased strength loss compared with
that of LS0 mortar specimen, regardless of sulfate solutions.
Further, it is confirmed that the values of strength loss greatly
depend on the replacement levels of limestone filler, especially
at later exposure periods.

These results imply the negative effect of limestone filler on
the characteristic of compressive strength of mortar specimen
under sulfate attack orienting from sodium and magnesium sul-
fate solutions, and are in agreement with those reported elsewhere
[21,23].
Fig. 3. Compressive strength of LS20 mortar specimens.



Fig. 4. Compressive strength of LS30 mortar specimens. Fig. 6. Strength loss of mortar specimens exposed to magnesium sulfate
solution.
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3.2. Visual inspection of mortars

A visual inspection was carried out to evaluate the visible
signs of surface deterioration such as spalling, cracking and
softening in mortar specimens exposed to sulfate attack.

Figs. 7 and 8 show examples of surface deterioration of
mortar cubes exposed to sulfate attack after 360 days of
immersion in both sulfate solutions. Regardless of exposure
solutions and replacement levels of limestone filler, the first
sign of sulfate attack was the deterioration of the corners of the
mortar samples followed by damage at the edges and the faces.

In sodium sulfate solution, it is clearly observed that the
degree of surface deterioration is different with the replacement
levels of limestone filler as shown in Fig. 7. The extent of
surface deterioration after 360 days of exposure has a tendency
to increase with the increased replacement level of limestone
filler. In other words, the LS30 mortar sample displayed many
wide cracks, spalling and substantial material loss at the faces as
well as at the corners and edges, while the LS0 mortar sample
only exhibited cracks around corners and edges.

In magnesium sulfate solution, as shown in Fig. 8, the
negative effect of the higher replacement level of limestone
Fig. 5. Strength loss of mortar specimens exposed to sodium sulfate solution.
filler was observed more remarkably. While slight spalling was
observed at the corners of the LS0 mortar sample, the LS30
mortar sample (Fig. 8(d)) showed severe surface deterioration
like onion skin peeling due to the extensive spalling and
cracking at all the surfaces of the specimen. The results of visual
inspection are in good agreement with those of compressive
strength and strength loss shown in Figs. 1–6. More
importantly, it could be concluded that the sulfate deterioration
modes of mortar specimen incorporating limestone filler are
greatly associated with the types of exposure solutions.

3.3. Expansion of mortars

The expansion data of mortar specimens incorporating
limestone filler are summarized in Tables 5 and 6, respectively.
The expansion values presented in Table 5 relate to mortar
specimens with partially replaced limestone filler at replace-
ment levels of 0, 10, 20 and 30% under sodium sulfate
environment. The results indicate a significant increase in
expansion of the mortar specimens with increased replacement
levels of limestone filler. For LS0 mortar specimens without
limestone filler, the expansion values were relatively low
compared with those of mortar specimens incorporating
limestone filler. As well, LS20 and LS30 mortar specimens,
which had limestone filler of 20 and 30% replacement level of
cement by mass, were disintegrated after 360 days of exposure.

The expansion data also indicate that the expansion of mortar
specimens exposed to sodium sulfate solution was higher than
those of mortar specimens exposed to magnesium sulfate
solution with similar solution concentration of sulfate ions. This
may be due to the difference in stability of sulfate products
formed between sodium and magnesium sulfate attack [22].

3.4. Microstructural observations of pastes

XRD and SEM observations on paste samples with or
without limestone filler were carried out to identify the products
formed by sulfate attack.



Fig. 7. Cube mortar specimens exposed to sodium sulfate solution (360 days).
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Paste specimens incorporating limestone filler were exam-
ined by XRD after 360 days of immersion in sodium and
magnesium sulfate solution at 20±1 °C. Fig. 9 shows the XRD
patterns for the powdered samples from the paste specimens
exposed to sodium sulfate solution. As expected, the relatively
strong calcite peaks were detected in LS10, LS20 and LS30
paste samples due to the replacement of cement by limestone
filler. The peak intensities for portlandite were observed in XRD
patterns for all paste samples, and their relative intensity is
largely dependent on the replacement level of limestone filler.

Another important observation is the absence or negligible
level of gypsum formation in the XRD traces for LS20 and
LS30 paste samples, while the XRD pattern for the LS0 paste
sample showed relatively strong intensity peaks for gypsum
formation at around 11.7 and 20.7° 2θ. For the LS30 paste
samples, the thaumasite peaks were very intense compared with
those in the LS0 paste sample. This suggests that, in case of
cement systems incorporating high levels of limestone filler
under sodium sulfate environment, one of primary causes for
sulfate damage may be thaumasite formation, but not gypsum
formation.

Compared with the XRD results of paste samples exposed to
sodium sulfate solution, a different trend on gypsum formation
is present in XRD patterns of the powdered samples drawn from
paste specimens exposed to magnesium sulfate solution, as
shown in Fig. 10. After the exposure of 360 days, the gypsum
peaks were very strong, especially in the LS30 paste sample,
compared with peaks of other products formed. Additionally,
there were very weak peaks for portlandite in XRD patterns of
the LS20 and LS30 paste samples. This indicates that the
Fig. 8. Cube mortar specimens exposed to
samples were suffering severely from magnesium sulfate attack.
Also, it was observed that the intensity of peaks for thaumasite
at around 9.1 and 16.0° 2θ increased with the increased
replacement levels of limestone filler. It was, therefore, found
that the peak intensity of gypsum and thaumasite has a good
relationship with surface damage by magnesium sulfate attack,
as already shown in Fig. 8.

SEM observations were used to identify products formed by
sulfate attack. Examined samples had been immersed in sodium
or magnesium sulfate solution for 360 days.

Fig. 11 shows the SEM image on the surface of the LS30 paste
sample exposed to sodium sulfate solution and indicates the
presence of numerous crystals. Examination at higher magnifi-
cation was performed on the open square in the image as pre-
sented in Fig. 12. It was observed that the crystals were very fine
(below 0.5 μm in thickness) and up to 10 μm in length. EDS
analysis indicated, as shown in Fig. 12, that these crystals consist
of the elements of calcium, sulfur, oxygen, aluminum, silicon as
well as a small amount of carbon. This suggests that there was a
possible presence of a mixture of thaumasite and ettringite in the
paste sample exposed to sodium sulfate solution. Similar to the
XRD results, there was no evidence of the presence of gypsum on
the surface of the sample by SEM and EDS analysis.

Fig. 13 shows SEM image on the surface region of the LS30
paste after immersion in magnesium sulfate solution. As
expected, it was found that a layer of brucite had developed
in the system. Further investigation around a crack, which
can be seen in the center of the image, at higher magnification
was carried out, as shown in Fig. 14 and obviously indicated
the presence of gypsum and thaumasite as confirmed by EDS
magnesium sulfate solution (360 days).



Table 5
Expansion of mortar specimens exposed to sodium sulfate solution

Exposure
period, days

Expansion, %

LS0 LS10 LS20 LS30

180 0.086 0.057 0.291 0.414
240 0.261 0.274 0.595 0.692
360 0.446 0.549 Disintegration Disintegration

Fig. 9. XRD patterns of paste samples exposed to sodium sulfate solution
for 360 days (note: E = ettringite, T = thaumasite, P = portlandite, G = gypsum,
C = calcite).
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analysis. It was found that the tabular gypsum crystals were
surrounded by a mass of clusters of thaumasite [16].

4. Discussion

Sulfate attack has often been discussed in terms of the reaction
between the cement hydrates and dissolved compounds in the
attacking solution [24]. There have been many studies related to
sulfate deterioration products such as ettringite, gypsum,M–S–H
and brucite in the field of sulfate attack [24–26]. Moreover, as
stated earlier, many researchers [1,8,18,20,21] have reported that
the sulfate deterioration in cement system incorporating signif-
icant levels of limestone filler at ambient temperature as well as
low temperature is associated with the formation of thaumasite. It
must be noted that this has not been found for the 3–5% levels of
limestone commonly added to many Portland cements. Adverse-
ly, Torres et al. [17] have reported that the thaumasite was formed
in cement mortars containing 5% limestone replacement, as well
as in a higher replacement of limestone (15 to 30%), especially
when those mortars were exposed to magnesium sulfate solution
at a low temperature (5 °C).

Generally in order to form thaumasite, decomposition of
C–S–H by sulfate attack could be the source of silica available in
pore solution that reacts with the calcium carbonate from
limestone filler [18].

The overall aim of the present study is to establish the
material durability of mortar and paste specimens incorporating
limestone filler form 10% up to 30% of cement by mass,
particularly when they are continually exposed to severe sulfate
environments at ambient temperature.

The one year data on compressive strength, visual inspection
and expansion described above make it clear that the use of
limestone filler in the cement system leads to a poor resistance
to both sodium and magnesium sulfate attack. Furthermore,
higher replacement levels showed substantial strength loss and
expansion on mortar specimens exposed to sulfate environ-
ments when compared with the performance of the control
mortar specimen without limestone filler.
Table 6
Expansion of mortar specimens exposed to magnesium sulfate solution

Exposure
period, days

Expansion, %

LS0 LS10 LS20 LS30

180 0.056 0.064 0.164 0.220
240 0.072 0.205 0.321 0.468
360 0.244 0.332 Disintegration Disintegration

Fig. 10. XRD patterns of paste samples exposed to magnesium sulfate solution
for 360 days (note: E = ettringite, T = thaumasite, P = portlandite, C = calcite,
G = gypsum, B = brucite).



Fig. 11. SEM image of LS30 paste sample exposed to sodium sulfate solution
for 360 days (ettringite+ thaumasite).

Fig. 13. SEM image of LS30 paste sample exposed to magnesium sulfate
solution for 360 days (B: brucite).
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The compressive strength data shown in Figs. 1–4 emphasize
the more pronounced negative effect of magnesium sulfate
attack compared to that of sodium sulfate attack in mortar sys-
tems incorporating limestone filler. The results of strength loss
(Figs. 5 and 6) clearly support this trend.Moreover, mineralogical
Fig. 12. SEM image (higher magnification of Fig. 11) and EDS profile (A) of
LS30 paste sample exposed to sodium sulfate solution for 360 days.
analyses based on XRD suggest that the primary cause for
deterioration due tomagnesium sulfate attackmay be attributed to
gypsum formation as well as thaumasite formation. These results
are in agreement with those reported by Hartshorn et al. [16]
which showed that the formation of gypsumand thaumasite play a
dominant role in aggravating cement systemswith limestone filler
due to magnesium sulfate attack.

Generally, it has been reported that the presence of thaumasite
is often preceded by the formation of ettringite [20]. However,
although the final stage of deterioration in cement system is
characterized by the presence of thaumasite, especially in the
outer surface, it should also be noted that there is a possibility of
co-existence of thaumasite and ettringite due to solid-solution
effect. In other words, the conversion of both phases can be
occurred in the region related to ingress of sulfate ions induced
from external sulfate sources.

With respect to the strength loss of mortar specimens, the
worst performance was observed in the LS30 mortar specimen
exposed to magnesium sulfate solution compared to same
mortar specimen exposed to sodium sulfate solution. However,
sodium sulfate attack led to more expansion in mortar spe-
cimens than magnesium sulfate attack. These phenomena are
largely related to the kinds of products formed by sulfate attack.
Fig. 14. SEM image of LS30 paste sample exposed to magnesium sulfate
solution for 360 days (G: gypsum, T: thaumasite).
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Under magnesium sulfate attack, decalcification of C–S–H,
which results from the progressive decrease in C/S ratio within
the C–S–H, contributes to pH drops to low levels (b10) [28].
Even if ettringite succeeds in forming during magnesium sulfate
attack, the product is prone to be unstable in the low alkalinity
provided by the brucite formation [22]. On the contrary, in case
of sodium sulfate attack, the sodium hydroxide formed com-
pensates for the loss of alkalinity caused by the consumption of
calcium hydroxide. Ettringite formed can be stable, and finally
leads to an excessive expansion in the cement matrix. Moreover,
it has been reported in the literature [26,27,29] that gypsum rather
than ettringite would tend to form in magnesium sulfate envi-
ronment because of locally reduced pH and the limited local
availability of aluminum. Recently, however, some researchers
suggested the possibility of expansion due to gypsum formation
[19,30]. In the present study, it is thought that a great amount of
the gypsum formation in LS20 and LS30 prismmortar specimens
may be partly responsible for the disintegration in magnesium
sulfate solution after 1 year of exposure (Tables 5 and 6). How-
ever, the possibility of expansion due to thaumasite formation is
still unclear.

It was found that there was an excellent correspondence
between mechanical properties and visible damage on surfaces of
mortar specimens exposed to sulfate solutions. However,
deterioration modes of the mortar specimens were dependent on
the attacking sources. In other words, while sodium sulfate attack
causes the surface damage, showing wide cracks due to ex-
pansion, softening and delamination are the primary deterioration
phenomena for the mortar specimen exposed to magnesium
sulfate attack [29].

XRD analyses presented in Figs. 9 and 10 indicate that
cement matrices with limestone filler under magnesium sulfate
attack behave very differently from those exposed to sodium
sulfate attack with respect to the mode of deterioration. More
importantly, the peaks for gypsum are absent or negligible in the
paste samples with higher replacement levels of limestone filler
(LS20 and LS30) exposed to sodium sulfate solution.

5. Conclusions

In this study, the test results emphasized the negative effect
of 10 to 30% limestone filler replacement of non-sulfate
resistant Type I cement on the resistance of mortar specimens
when they are subject to sodium and magnesium sulfate attack
at ambient temperature. Especially it was clearly observed from
the visual inspection that the mortar specimens with higher
replacement levels of limestone filler suffered more pronounced
deterioration in both sulfate solutions, when compared to those
without limestone filler. Additionally, based on XRD analysis, it
was confirmed that the main cause of deterioration for the LS30
paste sample exposed to sodium sulfate solution is thaumasite
formation. On the contrary, gypsum formation as well as
thaumasite formation is primarily responsible for the deterioration
of cement systems incorporating higher replacement levels of
limestone filler under magnesium sulfate attack.

However, it should be noted that all specimens used in this
study were tested after curing and exposure at an environment
of around 20±1 °C. Comparison with the test results performed
at low temperature should be considered. It should also be noted
that the Portland cement used was not sulfate resistant, and no
tests were performed using the 3 to 5% limestone levels com-
monly found in Portland cements.
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