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Abstract: The effects of the admixtures, erosion age, concentration of sulfate solution, and erosion
form of sulfate attack on the mechanical properties of mortar were investigated. Simultaneously,
the microstructure, pore characteristics, kinds and morphologies of erosion products of mortar before
and after sulfate attacks were performed by Mercury Intrusion Porosimetry (MIP), Environment
Scanning Electronic Microscope and Energy Dispersive Spectrometer (ESEM-EDS). In addition,
the crystal form and morphology characteristics of crystallization on mortar surfaces attacked by
partial immersion form were studied. The results showed that the compressive and flexural strengths
of mortar attacked by sulfate for four months decreased with the increase of the replacement of
cement with fly ash, and the corresponding strength of mortar containing slag first increased and
then decreased. The admixtures can improve the microstructure and mechanical properties of mortar
within the replacement ratio of 10%. Although the change laws of the mortar specimens containing
different admixtures were similar, the mortar containing slag had an excellent sulfate resistance under
the same condition. Compared with the complete immersion form, the strength variation of the
mortar containing fly ash attacked by semi-immersion form was less. The porosity and average pore
diameter of mortar attacked by sulfate for four months increased, and the percentage of micropore
with the pore diameter less than 200 nm increased. Plenty of rod-like and plate-like erosion products
were generated in mortar attacked by a sulfate solution with a high concentration. A larger number
of fibrous and flocculent crystallization covered the mortar’s surface containing fly ash, but it was a
granular and dense crystallization formed on the mortar’s surface containing slag. Much dendritic
erosion product was generated in the mortar attacked by semi-immersion form, and ESEM-EDS
analysis revealed that it may be scawtite, spurrite, and residue of the decomposed calcium silicate
hydrate (CSH) in the inner mortar; however, the crystallization sodium sulfate was crystallized on
mortar surface.

Keywords: degradation; mechanical properties; mechanisms; diffusion; material properties

1. Introduction

Concrete and mortar are the most commonly used construction materials in civil engineering [1–3].
Many environmental influencing factors affect the performance variation of concrete structures, and the
sulfate attack is one of the most important factors in the deterioration of concrete structures [4].
The performance deterioration of cement-based materials is not only because of the expansion effect of
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sulfate erosion products but also due to the sulfate attack, which causes a reduction in the adhesion forces
of the structure by destroying the major cementitious products of the hydrated cement, i.e., calcium
aluminate hydrate (CAH), calcium hydroxide (CH), and calcium silicate hydrate (CSH) [5,6]. Therefore,
the sulfate attack of cement-based materials is a complex physical and chemical process including
crystallization and reaction. The concrete can be treated as the combination of mortar and coarse
aggregates, so the performance variation of concrete can be indirectly characterized by the property
evolution of the mortar. Sulfate attack can affect the various performance of the mortar, such as
strength, length change, long-term behavior, and durability [7–11]. Therefore, it is very significant to
investigate the performance variation of the mortar under sulfate environment.

Many studies on sulfate attack of mortar have been conducted which mainly focus on the
concentration and kinds of sulfate solution [12,13], mechanical properties and microstructure of
mortar [14–16], material composition, and exposure conditions [17]. For example, Aziez et al. [18]
investigated the effect of temperature and type of sand on the magnesium sulfate attack in
sulfate-resisting cement mortars, and the results indicated that high temperature improved some
physical and mechanical properties. Ghafoori et al. [19] discussed the effects of the fineness and
tricalcium aluminate (C3A) content on the sulfate resistance of mortars, and the results showed that
microsilica increased sulfate resistance more effectively than nanosilica and increasing cement fineness
proved beneficial in combination with either pozzolan regardless of the cement’s C3A content. Kim and
Baek [20] studied the weight and strength of cement mortars under sulfate attack, and their results
showed that the cement mortar using crushed sand had a good resistance against sulfate compared
with river sand. Akpinar and Casanova [21] conducted a combined study of the length-change,
tensile strength evolution, and durability of high- and low-C3A Portland cements, and they proposed
a novel approach to assess the performance under severe and moderate sulfate attack. In general,
the effective way for protecting mortar from damage of sulfate attacks is to reduce the mortar’s
permeability or to use mineral admixtures to reduce the amount of CH formed during the cement
hydration [22]. Many studies regarding the replacement of mineral admixtures to an amount of cement
have been carried out [23–25]. Simultaneously, the effects of mineral admixtures including fly ash,
slag, limestone, silica fume, ground bagasse ash, micro-particle additives on the mechanical properties
of mortars were investigated [1,26,27]. For example, Ryou et al. [28] represented the relationship of
the replacement ratio and limestone on durability of mortar, and the results demonstrated that both
the high fineness level and the replacement ratio had a negative effect in resisting sodium sulfate
attacks. Chindaprasirt et al. [29] discussed the effect of fly ash fineness on strength, drying shrinkage,
and sulfate resistance; they presented that the fly ashes can have a significant improvement in drying
shrinkage and resistance to sulfuric acid attack. Marvila et al. [30] studied the replacement of the
hydrated lime by kaolinitic clay in mortars, and their results showed that with up to 50 wt.% of the
hydrated lime replacement, it was perfectly feasible to fulfil with technological parameters of standards.
Markssuel et al. [31] evaluated the durability of mortars with external coating containing incorporation
of 0%, 1.5%, 3.0%, and 5% of fiber, the durability results proved that the mortars with 1.5% fiber showed
a better behavior than the reference mortar in all situations, including in salt spray attack. Tosun and
Kim et al. [32,33] investigated the influence of the admixtures’ contents on resistance to sulfate attack,
and the results indicated that the low temperature and limestone replacement ratio played a little effect
on the sulfate resistance of cement mortars. Lee and Kim [34,35] represented the effects of admixtures
including limestone and alpha-calcium sulfate hemihydrate on variation of the setting time, strength,
and strain of mortar; their results indicated that the samples incorporating higher replacement levels
of limestone filler were more susceptible to sulfate attacks. However, the deterioration modes were
significantly dependent on the types of sulfate solutions. Plenty of other studies also showed that
nano-silica replacement in the production of cement-based materials results in outstanding performance
in terms of improved mechanical properties and durability [36]. In addition, Marvila et al. [37–39]
carried out many works on mortar such as preparation of gypsum plaster mortar, eco-friendly mortars,
and paper mortar. Although a larger number of the existing achievements regarding influence of partial
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replacement of cement by admixtures on the mortars’ performance were carried out [40], the coupled
effects of concentration of sulfate solution, types and contents of admixtures, erosion age and form on
the microstructure and mechanical property have not been discussed in detail.

The aim of this study was to evaluate the resistance to sulfate attacks of the mortars with
different replacements of cement by admixtures. The effects of concentration of sulfate solution,
kinds and contents of admixtures, and erosion age and form of sulfate attack on the mechanical
properties of mortars were investigated. In addition, the microstructure, pore characteristic, type,
and morphology of erosion products were also studied. The results of this study will be useful in the
efficient selection of the admixtures that provide a positive effect on sulfate resistance in mortars and
can also provide a theoretical support for the durability assessment of structural engineering under
sulfate attack environment.

2. Experimental Procedure

2.1. Raw Materials

Portland cement (PC) of grade P·O 32.5 was purchased from Pingtang Cement Plant of Hunan.
Class I fly ash and S95 slag were provided by Hunan Xiangtan power plant and Hunan Lianyuan
Steel Group Co., Ltd., respectively. The fineness modulus of ISO standard sand is 3 (Xiamen Aisiou
Standard Sand Co., Ltd., Xiamen, China). In addition, the industrial grade sodium sulfate with a purity
of 99% was purchased from a local market. Table 1 lists the chemical compositions of the cementitious
materials, and Table 2 lists the physical properties of cementitious materials.

Table 1. Chemical compositions of cementitious materials/%.

Items CaO SiO2 Al2O3 P2O5 Fe2O3 MgO K2O Na2O Loss

Portland cement 65.61 19.89 4.73 2.88 1.45 2.01 1.14 0.21 1.98
Fly ash 2.52 54.63 26.81 - 6.11 1.12 1.05 0.38 2.53

Slag 35.52 32.41 12.22 0.15 - - - - 1.27

Table 2. Physical properties of cementitious materials.

Items
Average
Diameter,

µm

Specific
Surface Area,

(m2/kg)

Bulk
Density,
(g/cm3)

Initial
Setting

Time, min

Final
Setting

Time, min

Water
Requirement
for Standard

Consistency, %

Portland cement 34.6 345.2 1.35 172 251 28
Fly ash 41.3 332.7 0.78 - - -

Slag 31.7 432.5 1.18 - - -

2.2. Experimental Process

According to Chinese standard (GB/T 17671-1999, Method of Testing Cements-Determination of
Strength), the mortar specimens of 40 mm × 40 mm × 160 mm were prepared with water:cement:sand
ratio of 0.5:1:3 by weight [41]. Fly ash and slag were used as admixture to replace the cement with
replacement ratios of 5%, 10%, 15%, 20%, and 30% by weight. The specimens were cured at a temperature
of 20 ± 1 ◦C and a relative humidity of 95% ± 3%. Subsequently, all specimens were demolded after 24 h
and cured in saturated lime water for 28 d at a temperature of 20 ± 1 ◦C. Without special instructions,
the control sample (KB) in this study was defined as the mortar specimen cured in a standard condition
(i.e., temperature of 20 ◦C and a relative humidity of 95%) for the same curing age without sulfate
attack. Simultaneously, the blank sample was the mortar specimen cured in a standard condition
(i.e., temperature of 20 ◦C and a relative humidity of 95%) for the same curing age without admixtures,
termed as KB.
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The experimental process of complete immersion form of the mortar attacked by sulfate was
conducted as follows. Firstly, the sulfate solutions with different concentrations (i.e., 1%, 5%, 10%,
and saturated solution) were prepared. The mortar specimens were immersed in sulfate solution.
The distance of mortar specimens was set to be no less than 2 cm to ensure the uniformity of sulfate
solution. Secondly, the sulfate solution boxes were all covered with plastic film to prevent the water
from evaporation. Moreover, in order to ensure identical concentration, the sulfate solution should be
changed once a week. Then, the mortar specimens were taken out from the sulfate solution and placed
in air for 3 d at room temperature, when the sulfate erosion age reached the erosion ages of two and
four months. Finally, the mechanical properties of mortar were tested. The experimental process of the
sulfate attack of the mortar with semi-immersion form was as follow: a half of the mortar specimen
was vertically immersed into the sulfate solution, and another half part of the mortar specimen was
exposed to air. In order to study the salt crystallization on specimen surface, the specimens attacked by
partial immersion form were carried out, that is, the mortar specimen of 1/5 length was immersed into
sulfate solution, and the other part of the mortar specimen was exposed to air.

The preparations process of mortar sample for micro properties test was as follows. Firstly,
the specimens were broken into particles with sizes of 2~5 mm. Secondly, the broken particles were
immersed in alcohol for 24 h to terminate reaction. Then, the broken particles were dried at 60 ◦C
for 48 h. Finally, the processed particles were stored in the dryer. The broken particles were sprayed
with gold for Environment Scanning Electronic Microscope and Energy Dispersive Spectrometer
(ESEM-EDS) analysis. The samples particles of 3~5 g were weighted and put into sample cells for the
Mercury Intrusion Porosimetry (MIP) analysis.

The Quanta-200 Environment Scanning Electronic Microscope and Energy Dispersive Spectrometer
(ESEM-EDS) produced by FTI Company from the Czech Republic was used to measure the
microstructure. The Autopore-9500 Mercury Intrusion Porosimetry was produced by Microtrac
Inc. of USA. Moreover, the YAW-300D produced by Jinan Kesheng Test Equipment Co. Ltd. of China
was used to measure the strength of mortar specimens.

3. Results and Discussion

3.1. Effects of Admixture and Erosion Age on Strength of Mortar Attacked by Sulfate

The effects admixtures, concentration of sulfate solution, and erosion age on the strength of the
mortar attacked by sulfate were investigated. The compressive and flexural strength of the mortar
attacked by the complete immersion form for two months was tested. Figure 1 shows the variation
curves of mortar strength with the replacement of cement by fly ash.
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As seen from Figure 1, the flexural strength of the control sample decreased with the increase of
the replacement ratio of cement by fly ash. However, the flexural strength of the mortar specimens
containing fly ash attacked by different concentrations of sulfate solutions first increased and then
decreased with replacement ratios of cement by fly ash. The compressive strength of the control sample
first increased and then decreased, and there existed a maximum value of compressive strength with
the replacement ratio of 10%. Although the change laws of the flexural strength of the mortar specimens
attacked by different concentrations of sulfate solution were similar, the variation of compressive
strengths differed. At a low concentration of sulfate solution (i.e., less than 10%), the compressive
and flexural strength of mortar specimens containing fly ash first increased and then decreased with
the increase of the replacement ratio. However, the compressive strength of the mortar specimens
attacked by saturated sulfate solution first decreased and then increased, and its corresponding value
was less than that of the control sample. Hence, the mechanical properties of the mortar reduced
with the increase of the replacement ratio. When the fly ash was used as admixture to replace a
certain amount of cement in mortars, the effects of fly ash enhancing sulfate the resistance of the
mortar were in terms of replacement, pozzolanic, shape, and tiny aggregate [1]. The fly ash was
composed of active compositions, such as amorphous silicon oxide and aluminum oxide, which can
react with calcium hydroxide (CH) and generate cementitious substances. As a result, the cement
matrix became denser, and the mechanical properties of the mortar were enhanced. If there is an
overly excessive replacement of cement by fly ash, the fly ash cannot completely react with CH. Thus,
the amount of the hydrated products formed by fly ash is less. Therefore, a proper amount of fly ash to
cement can improve the microstructure and mechanical properties of mortar specimens. However,
the quantity of cementitious hydration products generated in mortar decreases when the cement in
mortar was replaced by abundant of fly ash. In general, the main erosion products of sulfate attack
were ettringite (AFt), monosulfoaluminate (AFm), gypsum, and salt crystal [42] which have double
effects on mortar performance, i.e., positive and negative effects. On the one hand, the expansive
erosion products fill in the micropores, reduce the crystallization and orientation of CH, improve the
microstructure, and decrease the porosity; so, the sulfate attack had a positive effect on the performance
of the mortar. On the other hand, the sulfate attack consumed the amount of CH, reduced the pH
value, and decomposed the cementitious hydration products which induced the generation of coarse
expansive erosion products and results in the generation of the micro damage and cracks, so it plays a
negative effect on the performance of mortar. The variation of the mechanical properties of the mortar
exposed to sulfate is a comprehensive result under the coupled effects of sulfate attack and admixture.
If there exists a positive effect on the performance of mortar, the mechanical properties and sulfate
resistance of mortar are enhanced. Conversely, the various performances of the mortar are reduced.

To discuss the effect of sulfate solution concentration on mechanical properties of the mortar
containing fly ash, the strength of mortars attacked by sulfate solution for two months was measured
as shown in Figure 2.

Crystals 2020, 10, x FOR PEER REVIEW 5 of 17 

 

sample first increased and then decreased, and there existed a maximum value of compressive 
strength with the replacement ratio of 10%. Although the change laws of the flexural strength of the 
mortar specimens attacked by different concentrations of sulfate solution were similar, the variation 
of compressive strengths differed. At a low concentration of sulfate solution (i.e., less than 10%), the 
compressive and flexural strength of mortar specimens containing fly ash first increased and then 
decreased with the increase of the replacement ratio. However, the compressive strength of the 
mortar specimens attacked by saturated sulfate solution first decreased and then increased, and its 
corresponding value was less than that of the control sample. Hence, the mechanical properties of 
the mortar reduced with the increase of the replacement ratio. When the fly ash was used as 
admixture to replace a certain amount of cement in mortars, the effects of fly ash enhancing sulfate 
the resistance of the mortar were in terms of replacement, pozzolanic, shape, and tiny aggregate [1]. 
The fly ash was composed of active compositions, such as amorphous silicon oxide and aluminum 
oxide, which can react with calcium hydroxide (CH) and generate cementitious substances. As a 
result, the cement matrix became denser, and the mechanical properties of the mortar were enhanced. 
If there is an overly excessive replacement of cement by fly ash, the fly ash cannot completely react 
with CH. Thus, the amount of the hydrated products formed by fly ash is less. Therefore, a proper 
amount of fly ash to cement can improve the microstructure and mechanical properties of mortar 
specimens. However, the quantity of cementitious hydration products generated in mortar decreases 
when the cement in mortar was replaced by abundant of fly ash. In general, the main erosion products 
of sulfate attack were ettringite (AFt), monosulfoaluminate (AFm), gypsum, and salt crystal [42] 
which have double effects on mortar performance, i.e., positive and negative effects. On the one hand, 
the expansive erosion products fill in the micropores, reduce the crystallization and orientation of 
CH, improve the microstructure, and decrease the porosity; so, the sulfate attack had a positive effect 
on the performance of the mortar. On the other hand, the sulfate attack consumed the amount of CH, 
reduced the pH value, and decomposed the cementitious hydration products which induced the 
generation of coarse expansive erosion products and results in the generation of the micro damage 
and cracks, so it plays a negative effect on the performance of mortar. The variation of the mechanical 
properties of the mortar exposed to sulfate is a comprehensive result under the coupled effects of 
sulfate attack and admixture. If there exists a positive effect on the performance of mortar, the 
mechanical properties and sulfate resistance of mortar are enhanced. Conversely, the various 
performances of the mortar are reduced. 

To discuss the effect of sulfate solution concentration on mechanical properties of the mortar 
containing fly ash, the strength of mortars attacked by sulfate solution for two months was measured 
as shown in Figure 2. 

0 5 10 15 20 25 30
2

4

6

8

10

Concentraion /%

 0
 5%
 10%
 15%
 20%
 30%

Fl
ex

ur
al

 st
re

ng
th

 /M
Pa

 

0 5 10 15 20 25 30
30

40

50

60

Concentration /%

 0
 5%
 10%
 15%
 20%
 30%

C
om

pr
es

siv
e 

str
en

gt
h 

/M
Pa

 
(a) Flexural strength (b) Compressive strength 

Figure 2. Strength variation of the mortar containing fly ash with sulfate solution concentrations. 

With an increase in the concentration of the sulfate solution, the compressive and flexural 
strength of the mortar with the replacement ratio less than 15% decreased, but the corresponding 
strength of the mortar with a high replacement increased. The strength of the mortar containing more 

Figure 2. Strength variation of the mortar containing fly ash with sulfate solution concentrations.



Crystals 2020, 10, 774 6 of 18

With an increase in the concentration of the sulfate solution, the compressive and flexural strength
of the mortar with the replacement ratio less than 15% decreased, but the corresponding strength of
the mortar with a high replacement increased. The strength of the mortar containing more fly ash
attacked by a high concentration of sulfate solution was larger than that of the control sample. This was
due to the fact that the active composites of fly ash were activated by a sulfate attack and formed
into plenty of expansive products which reduced the porosity and improved the microstructure of
the mortar; so, the sulfate attack had a positive effect on the performance of the mortar specimens.
Moreover, the filling effect of fly ash can also improve the microstructure of mortar which was proved
by Reference [37]. Macroscopically, it expresses as the increase of compressive and flexural strength of
mortar. Taking a mortar specimen with a replacement ratio of 30% fly ash as an example, it can be seen
that the mechanical properties of the mortar first decreased and then increased with an increase of the
concentration of the sulfate solution. The reasons may be as follows. On the one hand, the quantity of
cementitious hydration products generated in mortar was reduced when more cement was replaced by
fly ash. On the other hand, the sulfate ions of sulfate solution concentration less than 5% reacted with
CH and reduced the pH value, which induced the decomposition of hydration products in mortar.
Therefore, the mechanical properties of the mortar decreased. With the increase of concentration of
the sulfate solution (i.e., 10%), the active compositions of fly ash are activated and generated into
hydration products. Simultaneously, more expansive products, such as AFt, AFm, and gypsum are
generated in mortar, which can improve the microstructure and consistency of mortar [43]. The sulfate
attack and fly ash play a positive role on performance of the mortar, so the corresponding strength of
the mortar specimens containing more content of fly ash attacked by a high concentration of sulfate
solution increases. In addition, the mortar with a low content of fly ash attacked by low concentration
of sulfate solution increases, which is due to the positive coupled effects of sulfate attack.

The erosion age also plays a significant effect on variation of the mortar strength. Taking the
mortar specimens containing fly ash attacked by sulfate for four months as an example, the variation
of compressive and flexural strength of the mortar with replacement ratio was investigated as shown
in Figure 3.
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The compressive and flexural strength of the specimens attacked by sulfate for four months
decreased with the increase of the replacement of cement by fly ash, and the corresponding values were
less than that of the control sample. With the same replacement of cement by fly ash, the mechanical
properties of mortar reduced with increase of concentration of the sulfate solution. Compared with
Figure 1, it can be seen that the regularity of strength variation of mortar attacked by sulfate for four
months becomes more significant. Although the change laws of the mechanical properties of the mortar
are similar, the corresponding percentages and variations are different. Compared with Figures 1 and 3,
a conclusion can be drawn that the variation of mortars containing fly ash attacked by sulfate for four
months are more significant. This is due to the fact that more and more sulfate ions intrude into mortar
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with erosion age. Therefore, more expansive products are generated, and plenty of hydration products
are decomposed, which result in the damage and micro-cracks in the mortar.

To deeply investigate the effect of sulfate solution concentration on the mechanical properties
of the mortar, taking mortar containing fly ash as an example, the variation of the compressive and
flexural strength of mortar attacked by sulfate solution for four months was investigated as shown in
Figure 4.
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Figure 4. Strength variation of the mortar containing fly ash attacked by different concentrations of
sulfate solution for four months.

As seen from Figure 4, the compressive and flexural strength of the mortar specimens attacked
by sulfate for four months decreased with an increase in the replacement ratio of cement by fly ash.
The larger the content of fly ash, the more significant the variation in the strength of the mortar.
In comparison with compressive strength, the effect of the sulfate solution concentration on the flexural
strength of mortar is more obvious. The compressive strength of the mortar attacked by sulfate was
basically the same when the replacement of the cement by fly ash was no more than 15%. Compared
with the compressive strength, the variation of the flexural strength of the mortar was more significant.
Moreover, the strength of the mortar with a replacement of 5% was better than that of the blank
sample. This was due to the fact that the active compositions of fly ash can be activated by CH in the
mortar, resulting in the reduction of porosity and improvement of microstructure. Compared with
Figure 2, the compressive and flexural strength of the mortar attacked by sulfate for four months
obviously decreased, and its regularity of strength variation became more remarkable. That may be
related with the coupled effects of sulfate attack and fly ash. When their coupled effects are positive,
the compressive and flexural strength of the mortar specimens increase. Conversely, the corresponding
strength of mortar decreases.

Moreover, the effects of solution concentration, slag content, and erosion age on the strength of
mortar were also investigated. Taking the mortar attacked by sulfate for two months as an example,
the variation curves of compressive and flexural strength of the mortar with the replacement ratio of
cement by slag were plotted in Figure 5. Figure 6 shows the corresponding strength variation curves of
the mortar with the concentration of the sulfate solution.

Figure 5 shows that the strength of the control sample decreased with the increase in the
replacement of cement by slag. However, the variations of the strength of the mortar attacked by sulfate
for two months differed from each other, as follows. The strength of the mortar increased with the
increase of slag when the sulfate solution concentration was no more than 5%. Conversely, it decreased
when the concentration of sulfate solution was more than 10%. Compared with Figure 1, the mortar had
a higher strength and little variation, which revealed the mortar containing slag had an excellent sulfate
resistance. The active compositions of slag were mainly calcareous and silicious ingredient, which can
be easily activated by CH and generated into cementitious products. Those products can fill in the
pores, reduce the porosity, and improve the microstructure of the mortar. Therefore, the strength of the
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mortar containing slag increased with the increase of slag content. The sulfate ions intrude into mortar
and react with CH, which results in the generation of expansive products in the mortar. When the
sulfate attack plays a positive effect on properties of mortar, the macro-characteristics of strength of the
mortar increases. Conversely, the mechanical properties of the mortar decrease. In addition, there exist
significant differences in the strength of the mortar specimens containing different replacement ratios
of cement by slag or attacked by different concentrations of sulfate solution. That may be due to the
fact that the sulfate attacks and slag content have the coupled effects on the performance of the mortar.
The above discussion can be verified by the variation curves of strength of the mortar with different
concentrations of sulfate solution for two months as shown in Figure 6.
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Figure 5. Variation curves of the strength of the mortars with replacement ratios of cement by slag.
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Figure 6. Variation curves of the strength of mortars containing slag attacked by sulfate solutions for 
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Figure 6. Variation curves of the strength of mortars containing slag attacked by sulfate solutions for
two months.

The flexural strength of the blank sample decreased with the increase in the concentration of
the sulfate solution, but the corresponding compressive strength first increased and then decreased.
The flexural strength of the mortar containing slag decreased with the increase in the concentration of
the sulfate solution. Moreover, Figure 6 also indicates that there exists a close relationship between
compressive strength and slag content in the mortar attacked by sulfate solution. In addition,
the compressive strength of the mortar specimen attacked by 5% sulfate solution differed from
others. This was due to the coupled effects of sulfate attack and existence of slag. Compared with
Figures 2 and 6, it can be seen that the compressive strength of the mortar containing slag attacked
by sulfate for two months was higher which was due to the different active compositions and their
sulfate resistance. In general, the slag contains more high-active substances than fly ash. Therefore,
the change in the strength of the mortar containing slag was more significant.
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To discuss the effect of erosion age on mechanical properties of the mortar containing slag
well, the variations of mechanical properties of the mortar attacked by sulfate for four months were
investigated as shown in Figure 7.
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As seen from Figure 7, the compressive and flexural strength of the mortar attacked by sulfate
for four months first increased and then decreased with the increase of the replacement ratio, and the
corresponding strength values were less than that of the control sample. The variation of the flexural
strength of the mortar attacked by sulfate was more sensitive. Although the change laws of the strength
of the mortar attacked by sulfate were similar, the corresponding variations of the strength were
different. There exists a maximum value of the strength of the mortar with a replacement ratio ranging
from 5% to 15%. The above results indicate the sulfate solution concentration has a significant effect on
the variation of the mortar’s mechanical properties. In comparison with Figure 6, it can be seen that
the variation of the strength of the mortar attacked by sulfate for four months was more significant
and its regularity was better. This may be due to the fact that the sulfate attack plays a negative effect
on the performance of the mortar. Compared with the strength variation of the mortar containing fly
ash in Figure 3, the corresponding strength of the mortar containing slag was higher. Simultaneously,
there exists a difference in the strength of the mortar specimens containing different replacement
ratios of cement by slag. The above results indicate that the kinds and content of admixtures have a
significant effect on the sulfate resistance of the mortar. Especially, the slag has better sulfate resistance
performance than fly ash.

In order to reveal the effect of sulfate solution concentration on strength of the mortar, the variations
of the compressive and flexural strengths of the mortar containing slag with concentrations of sulfate
solution was investigated. Figure 8 shows the variation curves of the strength of mortar attacked by
sulfate for four months.

The flexural strength of the mortar containing slag attacked by sulfate decreased with the increase
in the concentration of the sulfate solution, but its compressive strength first decreased and then
increased. The solution concentration of 5% had a significant effect on the compressive strength of the
mortar specimen containing slag, but the variation of the flexural strength was not obvious. The flexural
strength of the mortar specimens was more than that of the blank sample, when the replacement ratio
of cement by slag was no more than 10%. The flexural strength variation of mortar became more
significant under a high concentration of the sulfate solution. The corresponding compressive strength
of mortar was larger than that of the blank sample when the sulfate solution concentration is larger
than 10%. The variation of the compressive strength of the mortar becomes more significant with an
increase of the sulfate solution concentration. Compared with two months, the strength of the mortar
specimens attacked by sulfate for four months decreased obviously. In comparison with the strength
variation of mortar containing fly ash in Figure 4, the strength of the mortar containing slag was higher
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with the same replacement ratio and sulfate solution concentration. The above results imply that the
slag had an excellent sulfate resistance which was due to the active composition.
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Figure 8. Variation curves of the strength of mortar attacked by sulfate for four months with
concentrations of sulfate solution.

3.2. Effect of Erosion Form of Sulfate Attack on the Strength of the Mortar

The variation of the compressive and flexural strength of the mortar containing different admixtures
attacked by semi-immersion form for four months was investigated, and 10% and saturated sulfate
solution were used, respectively, to conduct the sulfate attack test. Figures 9 and 10 show the
variation curves of the compressive and flexural strength of the mortar with the contents of fly ash
and slag, respectively. The code numbers for the specimens mentioned below are explained as follow.
Taken B10-F10 in Figure 9a as an example, the front part of letter and number stand for the immersion
form (i.e., B is the semi-immersion form, C is the complete immersion from) and concentration of
sulfate solution (i.e., the number stands for percentage, S is the saturated sulfate solution). The latter
part of letter and number stand for the admixture and its substitute amount (i.e., F is the fly ash, S is
the slag). Therefore, B10-F10 means the specimen containing 10% fly ash is attacked by 10% sulfate
solution with semi-immersion form.
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Figure 9. Variation curves of the compressive and flexural strengths of mortar with the replacement 
of cement with fly ash. 

As seen from Figure 9, the flexural strength of the control sample decreased with the increase of 
the replacement of cement by fly ash, but the compressive strength first increased and then decreased. 
However, the flexural strength of mortar attacked by semi-immersion form for four months first 
increased and then decreased. There exists a maximum value of strength of the mortar containing fly 
ash, when the replacement ratio was of 10%. The change laws of the strength of the mortar attacked 
by different concentrations of sulfate solution were similar, but there also existed differences in terms 
of variations and percentages. The compressive and flexural strength of the mortar attacked by semi-
immersion form were lower than the control sample. Compared with the solution concentration of 
10%, the saturated sulfate solution had a more significant effect on the strength of the mortar 
specimens. Figure 10 also shows that the strength of the mortar attacked by semi-immersion form for 
four months first increased and then decreased with the increase in the replacement of cement by 
slag, and the strength value were all less than the control sample. That may be due to the fact that the 

Figure 9. Variation curves of the compressive and flexural strengths of mortar with the replacement of
cement with fly ash.
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Figure 11. Crystallization on the surface of the mortar containing fly ash and slag attacked by semi-
immersion form. 

Plenty of crystallization was formed on the mortar surface. Especially, more crystallization was 
observed on the mortar surface attacked by saturated sulfate solution. The morphology of the 

Figure 10. Variation curves of the compressive and flexural strength of mortar with the replacement of
cement with slag.

As seen from Figure 9, the flexural strength of the control sample decreased with the increase of
the replacement of cement by fly ash, but the compressive strength first increased and then decreased.
However, the flexural strength of mortar attacked by semi-immersion form for four months first
increased and then decreased. There exists a maximum value of strength of the mortar containing
fly ash, when the replacement ratio was of 10%. The change laws of the strength of the mortar
attacked by different concentrations of sulfate solution were similar, but there also existed differences
in terms of variations and percentages. The compressive and flexural strength of the mortar attacked by
semi-immersion form were lower than the control sample. Compared with the solution concentration
of 10%, the saturated sulfate solution had a more significant effect on the strength of the mortar
specimens. Figure 10 also shows that the strength of the mortar attacked by semi-immersion form for
four months first increased and then decreased with the increase in the replacement of cement by slag,
and the strength value were all less than the control sample. That may be due to the fact that the sulfate
attack had a negative effect on the performance of the mortar attacked by sulfate for four months.
The compressive strength of the mortar attacked by sulfate increased with the replacement of cement
by slag no more than 10%. The concentration of sulfate solution had a different effect on the variation
of the strength of the mortar containing slag, that is, the higher the concentration of sulfate solution,
the more significant the decrease of the strength. Compared with the variation of the strength of the
mortar containing fly ash attacked by completed immersion form (i.e., Figures 3 and 7), the variation
of the flexural strength of the mortar attacked by semi-immersion form was less, but the change of the
compressive strength was more significant. The above results indicate the erosion form of the sulfate
attack had a significant effect on the variation of the strength of the mortar. Under the evaporated and
concentrated effects, much crystallized salt occurs on the mortar surface, which can result in the micro
damage and cracks in the mortar. Therefore, the mechanical properties of mortar change. The above
deduction can be verified by the crystallization on the mortar attacked by semi-immersion form for
four months as shown in Figure 11.

Plenty of crystallization was formed on the mortar surface. Especially, more crystallization
was observed on the mortar surface attacked by saturated sulfate solution. The morphology of
the crystallization on the mortar’s surface containing fly ash was fibrous and flocculent, but it was
granular and dense salt covering the mortar’s surface containing slag. The above results show that the
admixture and concentration of sulfate solution had significant effects on the type and morphology of
crystal. Compared with the solution concentration of 10%, there were more sulfate ions of saturated
solution, so more crystallization was generated and crystallized on the mortar’s surface under the
effects of evaporation and capillary. The different active compositions of admixtures resulted in the
difference of the thermodynamic equilibrium constants for different crystallized salts, so the kinds
and morphologies of crystallization were different. The erosion mechanism and deterioration of
mortar containing different admixtures differed from each other, so the variation of the mechanical
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properties and microstructure of the mortar was different. This was due to the fact that the effects of
the admixtures and the solution concentrations on the performance of mortar were different.
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3.3. MIP Analysis

The effects of sulfate attack on the microstructure and variations in the pore characteristics of the
mortar attacked by saturated solution for four months were studied as shown in Figure 12. Table 1
lists the characteristic parameters and distribution of pores in mortar.
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Figure 12. Curves of pore distribution characteristics of mortar before and after sulfate attack.

Figure 12 illustrates that the changes in the pore characteristics of the mortar before and after the
sulfate attack were in terms of the porosity, average pore diameter, and pore distribution. The injection
and ejection curves of mercury in Figure 12a show that the percentage of micropores with diameters
less than 200 nm in the mortar attacked by sulfate for four months increased. Moreover, the difference
between the mercury injection and ejection curves of the mortar attacked by sulfate decreased,
which may be due to the erosion products generated by the sulfate attack refining the pores size.
Compared with the blank sample, the variation of mercury curves of the mortar attacked by the
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saturated solution demonstrates that the number of micropores in the mortar increased. However,
the variation of pores with a pore size larger than 1000 nm was not significant. The above results
are in accordance with the measured data of pores listed in Table 3. The porosity and average
pore diameter of mortar attacked by sulfate for four months were 13.24% and 35.1 nm, respectively.
Simultaneously, the percentage of micropores in the mortar increased to 69.3%. This is due to the fact
that the generated expansive products filled in some larger pores, which resulted in the decrease of
the pore size. The increase in the porosity in the mortar was related to the micro damage and cracks
caused by the sulfate attack.

Table 3. Characteristic parameters and distribution of pore in mortar.

Items Porosity, % Average Pore Diameter, nm
Porosity Distribution, %

5–100 nm 100 nm–10 µm >10 µm

KBSJ 12.78 85.3 54.2 40.1 5.7

4KBSJ 13.24 35.1 69.3 24.7 6.0

To investigate the variation of the pore characteristics of mortar attacked by sulfate in detail,
the pore distribution and characteristic curves of the mortar attacked by sulfate for four months were
performed as shown in Figure 13.
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Figure 13. Curves of pore characteristics of mortar before and after sulfate attack.

Figure 13 shows that the porosity and the percentage of micropores with a pore diameter less than
100 nm increased when the mortar specimen was attacked by saturated sulfate solution for four months.
Compared with the control sample, the percentage of macropores with a size larger than 200 nm in
mortar attacked by saturated sulfate solution increased slightly, and the difference between the mercury
injection and ejection curves of the mortar reduced. However, the deviation between the injection and
ejection curves of the micropores with diameter less than 100 nm increased, which revealed that the
micropores had a trend to translate into an ink bottle. As seen from the increment curves in Figure 13,
the variations of the increment curves of the mortar specimens before and after attacked by sulfate are
focused in the pore diameter less than 200 nm and 100 nm, respectively. This is due to the fact that the
expansive products generated by sulfate attack in mortar fill and refine the pores, which results in the
variation of porosity, compactness and crack of the mortar. Therefore, the mechanical properties of
mortar specimens change before and after attacked by sulfate.

3.4. ESEM-EDS Analysis

The effects of admixtures and sulfate solution concentration on morphology and compositions of
the mortar attacked by sulfate for four months were investigated, and the corresponding ESEM-EDS
spectra are shown in Figure 14.
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Figure 14. ESEM-EDS spectra of mortar specimens.

The microstructure variations of the mortar containing admixtures before and after being attacked
by sulfate were expressed as the compactness of microstructure, erosion products, and characteristic of
pores [44] as shown in Figure 14. The major hydration products of the blank sample are a hexagonal
plate CH and flocculent CAH, and some macropores can also be observed as shown in Figure 14a.
The mortar containing admixtures had a more compact microstructure, less porosity, and a larger
number of fibrous and flocculent hydration products as shown in Figure 14b,c. This is due to the fact
that the admixtures can be activated by CH and formed into more cementitious substances. There exist
differences in the microstructure of the mortar containing fly ash and slag, which is because of the
difference of the active compositions and their chemical elements. Therefore, an appropriate number
of admixtures added into mortar can enhance the microstructure and performances of mortar [45],
which also accords well with the results in Figures 1 and 5. This is due to the fact that the actives
substances of admixtures can react with CH and generate hydration products, so the microstructure
and compactness of mortar are enhanced. The sulfate solution concentration plays a significant effect
on microstructure, pore characteristics, erosion products. The microstructure of the mortar containing
admixtures attacked by low sulfate solution concentration becomes denser, as shown in Figure 14d,e.
Moreover, the fly ash particles eroded by CH can also be observed as shown in Figure 14d,g. There are
plenty of rod-like and plate-like products generated by a high concentration of sulfate solution which
may be considered as AFt, AFm, and gypsum based on their morphology characteristics. In addition,
the replacement ratio of cement with slag also has a significant effect on erosion products as shown in
Figure 14f,h.

The effect of erosion on the microstructure and morphology of mortar was studied, and the
corresponding ESEM-EDS spectra of the mortar attacked by semi-immersion form for four months are
shown in Figure 15.

The characteristics of microstructure and erosion products of the mortar containing admixtures
were similar, and plenty of dendritic and rod-like products generated could be observed. Moreover,
there were little CH and CAH. Compared with fly ash, the size of dendritic products generated by
the sulfate attack in the mortar containing slag was smaller as shown in Figure 15a,b. The above
morphology of erosion products in the mortar attacked by semi-immersion form differed from
that of the mortar attacked by complete immersion form as shown in Figure 14. The EDS analysis
showed that the major elements of dendritic products were Ca, Si, C, and O as shown in Figure 15c.
Based on the morphology characteristics and composition elements, the dendritic products may be
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scawtite (Ca7(Si6O18)(CO3)·2H2O), spurrite (Ca5(SiO4)2(CO3)), and residue of decomposed CSH [46].
Simultaneously, plenty of crystallizations were formed on the mortar surface as shown in Figure 15e.
The EDS analysis showed that the major elements of the crystallization were Na, S, and O as shown
in Figure 15f. So. the crystallization may be sodium sulfate. Comparing with Figures 14 and 15,
a conclusion can be drawn that the erosion form of sulfate attack affects the kinds and morphology of
erosion products in the mortar.
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4. Conclusions

(1) The effects of the admixtures, erosion age, concentration of sulfate solution, and erosion form
on the mechanical properties of mortar were investigated. The results showed that the compressive
and flexural strengths of the mortar specimens attacked by sulfate for four months decreased with the
increase of the replacement of cement by fly ash. However, the strength of the mortar containing slag
first increased and then decreased with the increase of the replacement of cement by slag. Although the
change laws of the mortar specimens containing different kinds and contents of admixtures were similar,
the strength variations and percentages of the mortar specimens were different. Compared with fly ash,
the mortar containing slag had an excellent sulfate resistance under the same condition. The variation
and regularity of the strength become more significant with the erosion age. An appropriate replacement
of cement by admixtures can improve the mortar’s microstructure and performances.

(2) The pore characteristics of the mortar, such as porosity and average pore diameter, were changed
obviously after sulfate attack. The porosity and average pore diameter of the mortar specimen attacked
by sulfate for four months increased, and the percentage of micropores with a pore diameter less than
200 nm increased. The mortar’s microstructure became denser under a low concentration of sulfate
solution, and there were plenty of plate-like and rod-like products in the mortar attacked by a high
concentration of sulfate solution.

(3) The erosion form of sulfate attack played a significant effect on the erosion products and
crystallization. The higher the concentration of the sulfate solution, the more crystallization on the
mortar surface. Plenty of fibrous and flocculent crystallization were formed on the surface of the
mortar containing fly ash, but they were the granular and dense crystallizations formed on the surface
of mortar containing slag. Plenty of dendritic and rod-like products can be observed in the mortar
containing admixtures attacked by semi-immersion form. The ESEM-EDS revealed that it may be
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scawtite, spurrite, and residue of the decomposed CSH; however, the crystallization on the mortar
specimen was mostly sodium sulfate.
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