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The deterioration characteristics of cement-limestone powder paste under compound erosion solution were studied in
this paper by determining the compressive and flexural strength of pastes, the hydration products and SEM micrographs.
The results indicate that H* and SO4% ions play major roles in compound erosion solution. Besides the neutralization
reaction between H* ions and Ca(OH)z, the reaction between Ca?* ions and SO4> ions generates CaSO4-2H20 and
results in expansion. The crystal hydration products of all pastes before erosion are Ca(OH)2 and some CaCOs from
unhydrated limestone powder. While after erosion, the content of CaCO3z and Ca(OH)2 decreases rapidly and more
gypsum forms. Limestone powder may improve the resistance to compound erosion sometimes. The resistance to
compound erosion solution of compressive strength becomes weaker with the increase of the dosage of limestone
powder (LP), while that of flexural strength becomes stronger. The compound erosion resistance is strong for the pastes
with fly ash (FA) and LP, which can accelerate the compressive and flexural strength over curing age.
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1. INTRODUCTION

Concrete, the main cement-based material, is currently
the most commonly used building material in the world,
and this trend seems to last for this century due to its
sufficient raw materials, low cost, ease of placement, and
low maintenance [1]. At present, in order to reduce the
consumption of Portland cement in engineering field,
which is energy-intensive and is responsible for large
quantities of CO, emissions [2, 3], more and more mineral
admixtures are used as supplementary cementitious
materials, such as ground granulated blast furnace slag
(GGBS), fly ash, and silica fume [4—8]. The storage of
traditional mineral admixtures reduces gradually and even
gets a shortage with quick development of base
infrastructures.  Therefore, some new cementitious
materials with large storage must be used to ease this
situation.

Limestone powder is made up of ground limestone,
which has easy access to. In concrete industry, limestone
powder with high filling effect has been gradually applied
into concrete due to its easily accessible, good quality and
low cost [9—14]. On one hand, the usage of limestone
powder from the exploitation of limestone can reduce the
usage of Portland cement clinker, which can ease the
shortage crisis of raw materials and contribute in sparing
resources. On the other hand, the development of the green
concrete will be promoted further. In Europe, it is very
common to use limestone powder as mineral admixture in
Portland cement, and the maximum limestone powder
content reaches to 35%. Meanwhile, the European
Standard (EN 197-1:2011) has also identified Portland
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limestone cements, which achieves various technical,
economic, and ecological benefits.

At the same time, water pollution of rivers and lakes in
China becomes more and more serious, and the erosion
irons in rainwater are common, which may lead to the
damage and destroy of concrete structures. Therefore, the
resistance to chemical attack of concrete structures is very
important to fit in with the change of environment. For a
long time, the destruction of cement-based materials
caused by chemical erosion has been a prevalent issue to
domestic and foreign scholars, even though some
achievements have been made regarding chemical erosion
over time. The most important one is the degradation
mechanisms of various single chemical erosion of cement-
based materials, such as sulfate attack, magnesium erosion,
carbonation, and acid erosion [15—20]. However, there is
less research on two or more chemical erosions of cement-
based materials. The compound chemical erosion is very
common in practice. By improving the compound erosion
mechanism of cement-based materials, the durability will
be enhanced, the service life will be prolonged and
accurately predicted.

It is necessary to understand the deterioration of the
cement-based materials under the compound chemical
erosion when combined with actual production. Therefore,
the deterioration characteristics of cement-limestone
powder paste under compound erosion solution are studied
in this paper.

2. EXPERIMENTAL

The chemical compositions of ordinary Portland
cement (C), which is complied with the Chinese National
Standard GB 175-2007, limestone powder (LP) and fly ash



Table 1. Chemical compositions of the ordinary Portland cement, limestone powder and fly ash (mass, %)

Compositions SiO2 Al20s3 Ca0O Fe20s3 MgO SOs K20 Na20 TiO2 MnO P20s LOSS
C 28.25 4.46 58.77 3.24 0.4 336 | 1.12 0.26 0.33 0.04 0.17 2.78
LP 2.50 0.60 54.03 0.36 0.54 0.01 | 0.10 0.08 0.05 0.54 - 41.59
FA 61.30 24.10 2.20 3.79 1.43 1.39 | 3.00 0.42 0.87 0.05 0.15 1.30
Table 2. Mix proportions of the pastes
Samples Water to binder ratio Water Cement Limestone powder Fly ash
J-1 0.30 0.231 0.615 0.154 -
J-2 0.30 0.231 0.462 0.308 -
J-3 0.30 0.231 0.462 0.154 0.154

(FA), which is conformed to the requirements of the
secondary ash of the Chinese National Standard DL/T
5055-2007, determined by X-ray fluorescence (XRF) are
listed in Table 1.

LP is rich in CaO and less SiO, while FA is rich in
SiO; and less CaO, both of which are different from those
of C. The mix proportions of the pastes are shown in
Table 2. 40 mm x 40 mm x 160 mm cuboid cement pastes
used in this paper are prepared by the paste mixer with
water to binder ratio of 0.30. All these paste samples are
cured in normal environment with relative humidity (RH)
higher than 90 % and temperature of 20 +2 °C till the
stipulated age of 180 days and then the flexural and
compressive strength of the samples are tested respectively
by anti-rupture test machine and compressive testing
machine with battery solution type WAY-2000. Specific
test procedure is referred to GB/T 17671-2005: Method of
Testing Cement-Determination of Strength.

Then samples were divided into two groups. One
group is soaked in the compound erosion solution, which is
the experimental group. The other group soaked in
saturated calcium hydroxide solution is the control group.
The compound erosion solution is the mixture of HCI and
MgSO. with MgSO4 mass fraction 2 %. The initial pH
value of the solution is 2, and then changes the solution to
new till the pH value up to 8. In addition, whether in
compound erosion solution or in saturated calcium
hydroxide solution, all samples are required to below the
liquid level 15 cm. The flexural and compressive strength
in erosion time 3, 7, 28, 60 and 90 days are tested and
contrasted with the initial value. Then, the samples are
broken and the small central parts of the samples are
selected to be soaked in anhydrous ethanol to terminate the
hydration for microstructure test SEM. The rest of sample
central pieces are ground in the agate mortar and dried in
60 °C for 2 hours to reduce carbonization for XRD test and
dried in vacuum condition for TG-DTA at respective ages.

The XRF experiments were done on Axios advanced
X-ray fluorescence instrument, in voltage range from 30 to
60 kV, with approximately 5g of sample. XRD
experiments were measured by X-ray Diffraction Analyzer
with D/MAX-RB models of target X-ray diffraction, using
copper target and continuous scan, produced by RIGAKU,
a Japanese company. The TG-DTA experiments were
measured on the Diamond TG/DTA analyzer, produced by
Perkin Elmer Instruments Plant (Shanghai), in the
temperature range from 20 to 1.000 °C, using platinum
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crucibles with approximately 0.004 g of sample, under
dynamic N. atmosphere (50 mL/min). Morphology of all
products were investigated using a scanning electron
microscopy with JSM-5610LV models.

3. RESULTS AND DISCUSSION
3.1. Strength

Fig. 1 clearly indicates the compressive and flexural
strength development trends of all pastes at each erosion
time. Both the compressive and flexural strength of the
control group under the condition of saturated calcium
hydroxide solution at every erosion time have no obvious
fluctuation, while the changes of experimental group under
the condition of compound erosion solution are distinct.

Fig.1a and b show the compressive and flexural
strength of paste sample J-1 with 20 % LP and J-2 with
40 % LP replaced of cement under the compound erosion
and saturated calcium hydroxide solutions respectively.

Before the erosion time of 28 days, the compressive
strength of samples J-1and J-2 reduces, and then increases
at later. It tends to be stable up to 60 days, which is higher
than that of control group as well as the initial value. The
compressive strength change range of sample J-2 is smaller
than that of J-1, which means that the more LP content, the
less influence on compressive strength. As the erosion time
increases, flexural strength increases prior to 60 days, and
falls sharply after 60 days. Up to 90 days, flexural strength
is lower than that of control group, is also lower than the
initial value.

Fig. 1 ¢ shows the compressive and flexural strength of
paste sample J-3 with 20 % LP and 20 % FA replaced of
cement under the compound erosion and saturated calcium
hydroxide solutions. Its compressive strength increases and
stabilizes after 60 days, while the later strength is always
higher than that of control group and the initial value. The
flexural strength increases fast before 28 days, then gets
stable and reduces after 60 days, and the strength is lower
than the initial value up until 90 days.

Compressive strength of the samples containing LP
only reduces before the erosion time of 28 days, while
increases at later, which indicates that the resistance to
compound erosion at later can be improved by adding LP,
which has the same result that there is not significant
damage in any of mortars during being immersed in
Na,SO4, MgSO. and NaCl solutions [21]. Flexural strength
increases at early, while decreases sharply at later.
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Fig. 1. Compressive and flexural strength over erosion time:

a-J-1;b-J-2;¢c-J-3

Samples with high LP dosages can resist the
compound erosion. At the early erosion time, there is little
increase in compressive and flexural strength, but flexural
strength decreases at later. The more LP content, the less
the strength changes, which means that more LP dosage
can stable the paste compressive strength at the level of
control group. When the dosage of limestone powder
replaced cement is 15 %, it can increase the durability of

concretes submerged in magnesium sulphate solutions [22].

Compound erosion solution has great influence on flexural
strength of the sample with LP and FA. At early, the
flexural strength increases, and then decreases at later,
while compressive strength continues to increase over
time.

As shown in Fig. 2, when comparing sample J-2 with
J-1, the compressive strength is lower all the time and the
difference gradually increases after 60 days. Flexural
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strength decreases with the increase of LP content at early
erosion time, especially for the J-2 sample with more LP
content at 7 days. When comparing samples J-3 and J-2,
FA can increase compressive strength over erosion time,
but it has little effect on flexural strength. The decreasing
range of flexural strength is very high up to the erosion
time of 90 days. The higher the LP dosage, the weaker the
resistance to the compound erosion for the compressive
strength and the stronger the erosion resistance for the
flexural strength. FA and LP can improve the resistance of
compound erosion, accelerates the increase of compressive
and flexural strength, which is the same with the research
that strength loss were not observed of samples containing
FA after erosion [21].
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Fig. 2. Strength comparison of all pastes in compound erosion
solution: a—compressive strength of all pastes;
b —flexural strength of all pastes

3.2. Hydration products

Fig. 3 shows the hydration products of all samples
before compound erosion and at the erosion time of 28 and
90 days.

The crystal hydration products of sample J-1 (Fig. 3 a)
before erosion are CaCO3 and Ca(OH)2, which means that
there is still same LP exist and the main products are
Ca(OH), after 180 days standard curing, and C-S-H gels
which cannot be found in XRD analysis. After 28 days
compound erosion, there is no diffraction peak of Ca(OH);
and a very weak diffraction peak of CaCOs;, while the
diffraction peak of CaS04-2H.O is very strong. In
comparison to sample J-1, the diffraction peak intensity of
CaCO3 and Ca(OH), in samples J-2 and J-3 are slightly
stronger and the diffraction peak of CaSO4-2H,0 appears.
It’s hard to find the diffraction peaks of Ca(OH), and


javascript:void(0);

CaCO;3 at 90 days erosion, while the diffraction peak
intensity of CaS04-2H,0 becomes stronger.
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Fig. 3. XRD analysis of all samples at different erosion time:
a—XRD analysis of J-1; b— XRD analysis of J-2; c— XRD
analysis of J-3

At early erosion time, neutralization happens between
the hydration product Ca(OH); and the large amount of H*
ions in the erosion solution, resulting in excessive
consumption of Ca(OH).. Identically, some CaCOs; from
LP combines with H* ions, too. Large amounts of f-Ca?*
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ions are released by these two chemical reactions, which
can combine SO,% ions in cement paste and generate
dehydrate gypsum crystals. There is a small amount of
CaCOs3 subsequent to the 28 days’ erosion, while after
90 days, more dehydrate gypsum crystals replace Ca(OH);
and CaCOs. Some exist in the sample void, and large parts
separate out of the sample surface.Fig.4 shows the TG-
DTA curves of all samples at different erosion time. There
are two distinct endothermic peaks in DTA curves before
erosion. One appears between 400 and 500 °C, another
appears between 700 and 800 °C. According to some
researches [11, 14,23], decomposition reaction of
hydration product Ca(OH), causes the endothermic peak
between 400 and 500 °C, which can lose coordinated
water. During the same temperature range in the TG curve,
the water loss and the chemical reaction formula is as
follows,

Ca(OH),—CaO+H;01 1)

Endothermic peak between 700 and 800 °C is due to
the decomposition reaction of hydration product CaCOs.
During the same temperature range in the TG curve, the
water loss and the chemical reaction formula is as follows:

CaC03;—Ca0+COz? @)

After 28 days erosion, there is no endothermic peak
between 400 and 500 °C in DTA curves for all samples,
which indicates that no Ca(OH). exists. In compound
erosion solution, a lot of H* exist, which can react with
Ca(OH); and release Ca?*. Between 700 and 800 °C, a very
weak endothermic peak appears in the TG curve, which
means little amounts of CaCOs; from LP exist. After
90 days erosion, there is no obvious endothermic peaks of
sample J-1 during these two temperature ranges. It contains
no Ca(OH), and CaCOs, which all participate in the
reactions. Endothermic peak happens between 100 and
200 °C when the erosion time is up to 28 and 90 days in
DTA curves [11, 14, 23], which are caused by dehydration
of gypsum, therefore gypsum crystals must exist, as shown
in Fig. 3. Comparing to sample J-1, the endothermic peak
between 700 and 800 °C in DTA curve of sample J-2 with
more LP is weaker after 28 days erosion, and is the
weakest after 90 days erosion. Endothermic peak happens
between 100 and 200 °C when erosion age is up to 28 and
90 days in DTA curves, which is caused by dehydration of
gypsum, just like sample J-1. After 28 and 90 days erosion,
there is no endothermic peak between 700 and 800 °C in
DTA curves, which makes it clear that there is no existence
of CaCOs; in sample J-3. Endothermic peaks appear in
DTA curves between 100 and 200 °C, the intensity after
90 days erosion is higher than that at 28 days.

The dehydration decompose of Ca(OH). is between
400 and 500 °C, endothermic reaction to release CO; is
between 700 and 800 °C, and both two chemical reactions
can be expressed as for quality loss. So according to the
weight loss in TG curves, the content of Ca(OH). and
CaCOs can be calculated. The results are shown in Table 3.
As the LP dosage increases, the content of Ca(OH).
decreases while CaCOs increases before the compound
erosion. The content of both Ca(OH), and CaCOs;
decreases with LP and FA at the same time. The content of
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Fig. 4. TG-DTA curves of all samples at different erosion time:
a—TG-DTA curves of J-1; b—TG-DTA curves of J-2;
¢—TG-DTA curves of J-3

Table 3. The content of CH-Ca(OH)2 and CC-CaCOs of samples
at every erosion time

Fig. 5 is the SEM micrographs of sample J-1 after
90 days soaked in different solutions. A large number of
fibrous C-S-H gel can be found in Fig. 5 a, as well as the
CaCOs3 cubes around them. It is hard to observe Ca(OH);
and CaCOj3; from Fig. 5 b, while some columnar dehydrate
gypsum can be found.

. After 28 days After 90 days
Before erosion - ;
Samples| erosion erosion
CH,% | CC,% | CH,% | CC,% | CH,% | CC, %
J-1 11.10 | 15.96 0 0 0 0
J-2 10.44 | 30.01 0 13.52 0 8.33
J-3 8.34 16.75 0 0 0 0
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Fig. 5. SEM images of sample J-1 soaked in: a-—saturated
calcium hydroxide solution; b-compound erosion
solution

Fig. 6 is the SEM micrographs of sample J-2 after
90 days soaked in different solutions. In Fig. 6 a, a large
number of mesh C-S-H gel and many CaCOs cubes can be
found. From Fig. 6 b, the structure is relatively loose and
some columnar dehydrate gypsum can be observed.

Fig. 6. SEM images of sample J-2 soaked in: a-—saturated

calcium hydroxide solution;
solution

b—compound erosion



Fig. 7 is the SEM micrographs of sample J-3 after

90 days soaked in different solutions. In Fig. 7 a, a large
number of fibrous C-S-H gel and layered structure
Ca(OH); can be found. From Fig. 7 b, C-S-H gel and some
columnar dehydrate gypsum only can be observed.

Fig. 7. SEM images of sample J-3 soaked in: a-—saturated

calcium hydroxide solution; erosion

solution

b —compound

4. CONCLUSIONS

1.

H* and SO4* ions play major roles in compound
erosion solution, first is the neutralization reaction
between H* ions and Ca(OH)2, which consumes large
Ca(OH), and release lot of Ca?*; second is the
combination of Ca?* ions and SO, ions to generate
CaS04-2H0.

The crystal hydration products of all pastes before
erosion are Ca(OH); and some CaCOs; from LP. While
after erosion, the content of CaCOz; and Ca(OH),
decreases rapidly and more gypsum increases.

LP can reduce the compressive strength loss under
compound erosion, and thus improve the erosion
resistance.
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