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Abstract
Fly ash microsphere (FAM) is a superfine fly ash product consisting of perfectly spherical and smooth particles. In this

study, FAM was added to concrete for use in saline soil areas. The replacement levels of cement by FAM were 10% and

20% with a water-to-binder (w/b) ratio of 0.42. The hydration heat, thermogravimetric (TG) analysis, rheological per-

formance, and the flowability of pure cement (CF0) and FAM-doped cement (CF10 and CF20) were investigated. The

second exothermic peak occurred earlier and was higher in the FAM-doped cement than the CF0. The results showed that

the nucleation effect of the FAM accelerated the early hydration speed of the cement. The TG results indicated that the

Ca(OH)2 consumption was higher at 28 days due the addition of the FAM, which improved the interfacial transition zone

and blocked the connected porosity of the hardened cement paste. The ball-bearing effect of the FAM particles in the paste

reduced the internal friction between the grains, thereby significantly improving the rheology and the flowability of the

cement paste. In addition, the filler effect of the FAM particles significantly improved the pore structure, which increased

the compressive strength and chlorion penetration of the concrete. It was also found that the FAM increased the workability

while improving the resistance of the concrete to sulfate attack when exposed to multiple drying–wetting cycles.
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Introduction

Saline soil is characterized by a high content of soluble

salts ([ 0.3%) [1]. In regions with saline soil, many con-

crete structures are severely deteriorated due to the disso-

lution of soluble salts such as sulfate or chloride [2–4]. The

corrosion of concrete structures in saline soil areas is a

complex physicochemical process [5]. The physical salt

attack of ions leads to surface cracking and scaling of

concrete [6], resulting in negative effects on the durability

and the safety of concrete structures [7]. The chemical

attack consists of reactions between the ions and the

cement hydration products [8]. The accumulation of cor-

rosion products increases the swelling pressure, resulting in

cracking, spalling, and strength loss of the concrete [9].

Previous research has shown that chloride attacks tend to

be accelerated by sulfate ions [10]. Hence, it is important to

investigate the damage process of concrete in saline soil

areas.

Unfortunately, saline soils are widely distributed in

northwestern China due to the harsh climate; this results in

poor construction conditions. The service environment of

concrete structures strongly affects the properties and ser-

vice life of the structures. The concrete is often mixed

insufficiently, and early age curing may not be adequate

due to water shortages and poor construction conditions.

Under these conditions, the macro- and microproperties of

the concrete are strongly affected, thereby accelerating the

diffusion of harmful ions. Therefore, sulfate erosion and

chloride ion penetration occur and thus affect the durability

of the concrete [11–13]. It is generally accepted that the

addition of mineral admixtures enhances the erosion

resistance of concrete. However, Zhang et al. [12] found

that under insufficient initial moist curing, the incorpora-

tion of fly ash (FA) and ground granulated blast-furnace

slag (GGBS) contributed little to improving the resistance

of concrete to sulfate attack. Therefore, under harsh
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conditions, high mineral admixture contents have limited

influence on the resistance of concrete to sulfate attack and

chloride ion penetration. As a result of above facts, more

attention should be paid to the workability of concrete. The

workability of freshly mixed concrete is an important

indicator of quality in concrete construction.

Fly ash microsphere (FAM) is a superfine fly ash pro-

duct collected from the exhaust smoke of coal-fired power

plants [14] with spherical particles of micrometer scale

size. Previous studies [14–16] have shown that the incor-

poration of ultrafine fly ash improved the workability of

concrete. There are three reasons for incorporating FAM in

concrete: (1) the first reason is the filler effect [17]. The

particle size of FAM is very small with a mean particle

diameter of 1–5 microns; the particles fill the interstitial

voids, thereby releasing entrapped water in the voids

between the cement grains without increasing the surface

area. (2) The second reason is the ‘ball-bearing’ effect [18];

the FAM particles are spherical, have a smooth surface,

and operate similar to ball bearings, thereby improving the

rheology of cementitious suspensions [19]. (3) The third

reason is the water-reducing effect [20]. FAM has a high

calcium content, high surface activity, and low water

adsorption and acts as a water reduction and lubrication

agent in concrete. These properties make FAM a suit-

able admixture for concrete used in saline soil regions due

to the physical and chemical effects including a change in

the microstructure, filling of pores, reducing the water

used, and improving the workability. Previous studies have

evaluated the feasibility of using FAM in concrete; the

results indicated that FAM solves several technical prob-

lems associated with ordinary concrete. Kwan et al. [14],

Chen et al. [17], Kwan and Li [21], and Yang et al. [22]

reported that FAM acted as an inorganic dispersion agent

and had a filler effect, which improved the workability of

cement, mortar, or concrete. Other research [19, 23] has

found that the particle geometry had a significant impact on

the rheological properties because the spherical particles

reduced the yield stress or plastic viscosity of the fresh

cement paste. Hence, FAM minimizes the loss of worka-

bility of concrete over time.

However, concrete used in saline soil areas must possess

not only good workability in the fresh state but also

excellent mechanical properties and durability. Previous

studies [18, 21] have reported that FAM was capable of

densifying the pore structure and increasing the particle

packing density, which improved the concrete perfor-

mance. In addition, the pozzolanic reaction of the FAM

improved the microstructure of the hydration products and

increased the durability of concrete [18]. Herein, it is

proposed that FAM may be a suitable material to be added

to concrete in saline soil regions. We investigated the effect

of FAM in the hydration and hardening periods of the

FAM-blended cement pastes and researched the chloride

penetration and resistance to sulfate attack of the FAM-

blended cement concrete.

Experimental

Raw materials

The cement was ordinary Portland cement (OPC) with a

strength grade of 42.5 and conformed to the Chinese

National Standard GB 175-1999. The FAM was supplied

by Daote Technology Co. Ltd (Shenzhen, China) and had

been tested to comply with the Chinese National Standard

GB/T 1596-2005: fly ash used for cement and concrete.

The chemical compositions of the OPC and FAM are

shown in Table 1. Figure 1a shows the particle size dis-

tributions of the OPC and FAM. The FAM had a d(0.5) of

1.138 lm (superfine powder); therefore, aggregates (the

second peak of the FAM in Fig. 1a) are easily formed. The

scanning electron microscope (SEM) image of the surface

of the FAM particles is shown in Fig. 1b. It is observed that

the FAM particles have a perfect spherical shape and the

aggregates can also be seen.

Mix proportions

Tables 2 and 3 list the mix proportions of the paste and

concrete samples, respectively. The replacement levels of

the cement by the FAM were 0, 10%, and 20% by mass.

The water-to-binder (w/b) ratio of all the paste and concrete

specimens was 0.42. The three groups of specimens are

named CF0, CF10, and CF20, respectively.

Test methods

The heat evolution of the three mixture samples (listed in

Table 2) was measured using a TAM Air Calorimeter at

25 �C for a period of 72 h. The hydration heat results

represent the early hydration activity of the samples.

Thermogravimetric (TG) analysis of the three mixture

samples (listed in Table 2) was conducted with a constant

heating rate of 10 �C per min from 30 to 900 �C under a

nitrogen atmosphere flow. The contents of the hydration

products calcium hydroxide (Ca(OH)2) were calculated

Table 1 Chemical compositions of raw materials (%)

Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOI

OPC 21.10 6.33 4.22 54.86 2.6 2.66 2.42

FAM 47.79 16.10 7.21 18.71 1.46 0.13 0.75
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from the TG/differential TG (DTG) curve at ages of 3 and

28 days, respectively.

The rheology of the three fresh pastes (listed in Table 2)

was evaluated with a rotor rheometer. The cup of the

rheometer was filled with the paste, and the measurement

was conducted according to the set program. The shear

rates applied to the samples were 25, 50, 75, 100, 125, 150,

175, 200, 225, and 250 (s-1). First, pre-shearing was

applied from 25 to 250 s-1 for 90 s, followed by data-

logging from 250 to 0 s-1, which lasted 108 s. A computer

monitoring system was used to capture the data during

testing. According to the Bingham fluid model, as shown in

the following equation:

s ¼ s0 þ g � c

the yield stress (s0) and plastic viscosity (gp) of the fresh

pastes were calculated, where s is the shear stress (Pa) and
c is the shear rate (s-1).

The fluidity of the fresh pastes was determined accord-

ing to the Chinese Standard GB/T 8077-2012: methods for

testing uniformity of concrete admixture. After mixing, a

flow cone (60 mm height, 36 mm top diameter, and 60 mm

bottom diameter) in the center of a glass plate was used to

fill the fresh pastes. Subsequently, the flow cone was ver-

tically removed from the glass plate and the maximum

diameter of the spread sample was measured.

The collapsed slump of the concrete samples (listed in

Table 3) was tested with a mini-slump instrument accord-

ing to the Chinese Standard GB/T 50080-2016: standard

for test method of performance on ordinary fresh concrete.

An equal amount of superplasticizer (5.6 kg m-3) was

added to each sample to adjust the concrete flowability.

The collapsed slump of the concrete samples was measured

three times, i.e., immediately after mixing was completed,

after half an hour, and after 1 h.

Concrete cubes (listed in Table 3) were prepared with a

dimension of 100 9 100 9 100 mm. All the samples were

cured at a constant temperature and humidity (20 �C,
higher than 95% RH). At ages of 28 and 90 days, the

compressive strengths of the concrete cubes were tested.

The current passing through the concrete over a period

of 6 h was measured according to ASTM C1202 ‘Standard

test method for electrical indication of the concrete ability

to resist chloride ion penetration.’ The chloride ion per-

meability of the concrete at ages of 28 and 90 days was

evaluated by using a chlorine ion penetration level.

The concrete samples cured for 28 days were immersed

in 5% sodium sulfate (Na2SO4) solution and were exposed

to drying–wetting cycles to evaluate the sulfate resistance

of the concrete samples. According to the Chinese Standard

GB/T 50082-2009: standard for test methods of long-term

performance and durability of ordinary concrete, the wet-

ting–drying cycle was implemented as follows: (1)

immersion in 5% sodium sulfate solution at 20 �C for 15 h,

(2) natural drying for 1 h, (3) oven drying at 80 �C for 6 h,

and (4) natural cooling for 2 h. The concrete samples were

exposed to this cycle 90 and 120 times, respectively.

Finally, the compressive strength of the concrete cubes was

tested after the drying–wetting cycles. The corrosion

resistance coefficient (Kf) is defined as:
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Fig. 1 a Particle size

distribution of cement and FAM

and b the SEM images of the

FAM

Table 2 Mix proportions of the paste samples

Samples OPC/by mass% FAM/by mass% Water-to-binder ratio

CF0 100 0 0.42

CF10 90 10 0.42

CF20 80 20 0.42

Table 3 Mix proportions of the concrete samples (kg m-3)

Samples OPC FAM Water Fine aggregate Coarse aggregate

CF0 350 0 147 837 1066

CF10 315 35 147 837 1066

CF20 280 70 147 837 1066

Effects of fly ash microspheres on sulfate erosion resistance and chlorion penetration… 3397

123



Kf ¼
fcn

fc0
� 100%

where fcn is the compressive strength of the samples

exposed to sulfate attack and fc0 is the compressive strength

of the control group (the 28 days compressive strength of

the samples).

Results and discussion

Hydration heat of the pastes

Figure 2a, b shows the exothermic rate and hydration heat

curves of the three pastes, respectively. As shown in Fig. 2a,

the exothermic rate curves of all the samples were in agree-

ment with the five stages of cement hydration [24]. The

replacement of 10% and 20% of the cement by the FAM did

not result in the disappearance or appearance of additional

peaks; however, the intensity and the timing of the second

peak were different. Compared with CF0, the second peaks of

CF10 and CF20 occurred slightly earlier and the intensities

were slightly higher. This indicates that the replacement of the

cement by FAM accelerated the early hydration speed of the

cement. This may be attributed to two reasons. First, because

the FAMhas amicrometer scale particle size, on the one hand,

this provides growth sites for the hydration products and

promotes nucleation; on the other hand, it provides more

growing space for cement hydration. Second, the FAM

increases the effective w/b ratio of the hydration process to

improve the early hydration of cement [18]. Figure 2b illus-

trates the cumulative heat release of the samples. The total

hydration heat released from the three samples over 72 h was

288.08, 275.96, and 260.20 J g-1, respectively. Compared to

CF0, as the dosageofFAM increased from10 to 20%, the total

heat release decreased by 4.2% (less than 10%) and 9.7%

(much less than 20%), respectively. This further confirms the

accelerating effect of the FAM on the cement hydration.

The literature indicates that the hydration characteristics

of GGBS and FA-blended cement pastes have been

investigated widely. The replacement of cement by GGBS

delays the early hydration and some parts of the reaction

and, therefore, affects the second exothermic peak (which

would be delayed) [25]. The main active substance of the

fly ash, namely siliceous–aluminous vitreum, is wrapped in

a water film layer during the early stages of hydration,

thereby reducing its activity. Hence, the replacement of

cement by FA delays early hydration [26, 27]. At the same

w/b ratio, there are stricter requirements for the curing

condition of concrete containing FA or GGBS than FAM.

Thermogravimetric (TG) analysis

The TG/DTG curves are shown in Figs. 3a, b at ages of 3 and

28 days, respectively. As shown in Fig. 3, an endothermic

peak of each sample is observed in the DTG curves at

approximately 300–500 �C, which denotes the decomposi-

tion of Ca(OH)2. On the one hand, the replacement of cement

by FAM accelerated the early hydration of cement (as

depicted in the hydration heat results) and increased the

Ca(OH)2 content; on the other hand, the pozzolanic reaction

of the FAMconsumed Ca(OH)2 in the cement–FAM system.

The total amount of Ca(OH)2 was then calculated (listed in

Table 4) to investigate the effect of FAM on the cement

hydration process [28]. The following equation was used to

determine the Ca(OH)2 content (%):

Ca OHð Þ2 content % ¼ 74:09=18:01� W300 �W600ð Þ%

where W300 and W600 are the sample mass percent (%)

recorded during the TGA tests at T = 300 �C and

T = 600 �C, respectively. The ratio (74.09/18.01) corre-

sponds to the molar mass ratio of Ca(OH)2 and H2O.

As shown in Table 4, the Ca(OH)2 content of CF10 was

slightly higher than that of CF0 at 3 days (the increased

value of 3.3%). However, the Ca(OH)2 content of CF20

was lower than that of CF0 at 3 days (a decrease of 9.9%).
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The Ca(OH)2 content of the FAM-doped samples did not

decrease at 3 days. These results indicated that FAM

accelerates the early hydration speed of the cement.

Therefore, the total Ca(OH)2 content of the FAM-doped

cement samples did not decrease as the cement content

decreased (reducing the amount of Ca(OH)2) and the

reaction of FAM (consuming Ca(OH)2). While, from 3 to

28 days, the Ca(OH)2 content of all samples increased,

which indicated that the hydration degree of the cement

increased from 3 to 28 days. The Ca(OH)2 contents of

CF10 (a decrease of 10.1%) and CF20 (a decrease of

21.2%) were lower than that of CF0 at 28 days. This shows

that the amount of Ca(OH)2 consumed by the pozzolanic

reaction of FAM was slightly larger than that generated by

cement hydration during 28 days, which may reduce the

mean size of the Ca(OH)2 crystals and result in a denser

microstructure of the interfacial transition zone (ITZ) at

later ages.

Rheological property and fluidity of the pastes

The rheological performance and the initial fluidity of the

fresh pastes (listed in Table 2) were tested. The typical

flow curves of the shear rate versus the shear stress are

shown in Fig. 4a. The shear rates applied to the samples

were 25, 50, 75, 100, 125, 150, 175, 200, 225, and 250

(s-1). First, pre-shearing was applied from 25 to 250 s-1

for 90 s, followed by data-logging from 250 to 0 s-1,

which lasted 108 s. The data shown in the shear rate versus

shear stress curves were fitted to the Bingham model. The

yield stress (s0) and the plastic viscosity (g) of the paste

samples are shown in the table in Fig. 4. The yield stress of

the pastes decreased, but the plastic viscosity increased

with the FAM content increasing from 0 to 20%. The

spherical shape of the FAM particles reduced the internal

friction between the grains and the ‘ball-bearing’ effect of

the FAM particles decreased the attraction forces generated

between the cement grains, thus reducing the yield stress.

The plastic viscosity of the fresh pastes was mainly influ-

enced by the competition between the increasing free water

and increasing specific surface area caused by the FAM.

With the addition of the FAM, on the one hand, the overall

solid surface area increased, thereby reducing the water

film thickness (WFT) and increasing the plastic viscosity.

On the other hand, the lubricating effect of the FAM par-

ticles released the trapped free water in the aggregates,

which decreased the plastic viscosity and increased the

WFT. It appeared that the increase in the specific surface

area was the dominant factor, resulting in a decrease in the

WFT and thus an increase in the plastic viscosity.

Kwan et al. [14] found that when the w/b ratio was less

than 0.28, as the FAM content increased, the WFT

decreased; in other words, the replacement of cement by

FAM increased the WFT only at relatively low w/b ratio.

The fluidity of the fresh pastes was assessed, as shown in

Fig. 4b; the flow spread results are shown in the table. As

the FAM content increased, the initial fluidity increased.

This result is attributed to the spherical shape and

smoothness of the FAM particles, which reduced the inter-

particle friction between the rough grains. Both the rheol-

ogy and the flowability were improved by the addition of

the FAM to the cement pastes.

Effects of FAM on the collapsed slump
of concrete

The concrete collapsed slump results are shown in Table 5.

At the same test time, the diameter of the collapsed slump

of concrete increased as the FAM dosage increased. The

FAM concrete exhibits considerably better workability
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Fig. 3 TG/DTG curves of the

hardened pastes at the ages of

a 3 and b 28 days

Table 4 The content of

Ca(OH)2 in the hardened pastes

at 3 and 28 days

Samples Ca(OH)2 content/%

3 days 28 days

CF0 14.00 22.78

CF20 14.46 20.48

SF10 12.61 17.94
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than the OPC concrete (19.2-cm initial slump for CF20

concrete compared with 16.4-cm initial slump for OPC

concrete). For each sample, the collapsed slump decreased

during the measuring period. The rates of concrete slump-

loss of CF0, CF10, and CF20 were equal to 3.5 cm h-1,

1.3 cm h-1, and 1.6 cm h-1, respectively. These results

indicate that the FAM improved the flowability and slump-

loss resistance of the concrete. This is attributed to the

micron-sized particles of the FAM, which filled the voids

and released the trapped water between the cement grains.

[21]. In addition, the ‘ball bearing’ and the ‘water-reduc-

ing’ effects of the FAM provided lubrication to improve

the workability of the concrete.

Compressive strength

Figure 5 shows the compressive strength results of the

concrete samples at the ages of 28 and 90 days, respec-

tively. The compressive strengths of the concrete samples

containing FAM were higher than that of the OPC con-

crete. At the same age, the compressive strength increased

slightly with the increase in the FAM content. These results

show that the replacement of cement by FAM has an effect

on the compressive strength of the concrete. It has been

reported that FAM improved the compressive strength at a

later age [18]. This result is due to the accelerating effect of

the FAM on the early cement hydration; in addition, the

FAM reaction consumes Ca(OH)2, which improves the

microstructures, especially in the ITZ. However, when the

FAM content was increased from 10 to 20%, the increase

in the compressive strength was not significant (3% for

28 days and 2% for 90 days). This was probably the result

of decreasing the cement content and the limited effect of

the FAM on the compressive strength. Therefore, consid-

ering the cost of the material, the appropriate dosage of

FAM should be 10%.

Chloride ion permeability of concrete

Figure 6 displays the results of passing a current through

the concrete samples for 6 h at the ages of 28 and 90 days.

The chloride ion permeability levels of the FAM-doped

concrete samples were one level lower than that of the OPC

concrete. This result indicates that the FAM-blended
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Table 5 The collapsed slump of concrete (cm)

Samples Immediately after

mixing completed

Half an

hour later

1 hour

later

CF0 16.4 14.7 12.9

CF10 17.6 17.2 16.3

CF20 19.2 18.4 17.6
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concrete samples exhibited good resistance to chloride

penetration. The pozzolanic reaction of the FAM consumes

Ca(OH)2, which is produced by cement hydration; the ITZ

was improved and most of the connected pores were

blocked by the reaction products, resulting in better com-

pactness of the FAM-based concrete. As the FAM content

increased from 10 to 20%, the charge passed decreased.

This was probably due to the larger amount of Ca(OH)2
that was consumed as the FAM content increased, which

decreased the connected porosity.

Sulfate attack

Plotted in Fig. 7a, b are the compressive strength and

corrosion resistance coefficients of the concrete cubes

exposed to 90 and 120 drying–wetting cycles, respectively.

The compressive strength of the concrete samples after the

drying–wetting cycles was lower than that at the age of

28 days (as shown in Fig. 5). When the Na2SO4 solution

comes into contact with the concrete cube, a sulfate attack

occurs due to the following processes. First, sulfate ions

enter the concrete cube and diffuse through the pores.

Because there is a concentration gradient in the pore net-

work between the inside and outside of the concrete cube,

the sulfate attack occurs from the high to the low con-

centration zones. Second, chemical reactions take place

between the sulfate ions and the cement matrix [29]. The

corrosion resistance coefficient of the FAM-based concrete

was higher than that of the OPC sample, which indicated

that the addition of the FAM significantly improved the

sulfate resistance of the concrete. This occurred because

the second hydration effect increased due to the addition of

the FAM and the reaction products filled the interior of the

concrete, which blocked the connected pores and inhibited

the ion transportation. The chloride ion permeability results

also indicate that the FAM enhanced the compactness of

the concrete, which increased the resistance to ion attack

after the drying–wetting cycles. As the FAM content

increased from 10 to 20%, the corrosion resistance coeffi-

cients increased only slightly. The corrosion resistance

coefficients of the FAM-based concrete were very high

(approaching 100%) after 90 drying–wetting cycles, which

occurred because the compressive strength of the FAM-

based concrete was high at the longer curing age. Still, it is

important to note that the damage progresses from the

outside to the interior of the concrete and was not sufficient

to break the concrete after 90 drying–wetting cycles.

Therefore, the results observed after the 90 drying–wetting

cycles should not be used to determine the sulfate attack

resistance of the concrete.
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Conclusions

1. The replacement of cement by the FAM accelerated

the early hydration speed of the cement. The TG results

showed that the pozzolanic reaction of the FAM pro-

gressed significantly in the later stage and consumed

large amounts of Ca(OH)2, which improved the ITZ

and blocked the connected porosity. In addition, the

FAM particles acted as ‘ball bearings’ in the pastes to

reduce the internal friction between the grains, thereby

significantly improving the rheology and the flowabil-

ity of the cement paste.

2. The FAM-based concrete exhibited considerably better

workability than the OPC concrete at the time of

mixing and better slump-loss resistance over 1 h. The

FAM-based concrete showed higher late-age compres-

sive strength and better resistance to chloride ion

penetration than the OPC concrete. The small particle

size and high sphericity of the FAM result in a good

‘filler effect’ and ‘water-reducing effect.’ Therefore,

the addition of FAM enhanced the compactness and

improved the flowability of the concrete.

3. The FAM-based concrete exhibited better resistance to

sulfate attack than the OPC concrete after being

exposed to the wetting–drying cycles. The presence

of the FAM resulted in the consumption of large

amounts of Ca(OH)2 which can improve the

microstructure and the resistance to ion ingression,

and then resulted in greater durability of the FAM-

based concrete.

4. In practical applications, thorough mixing and suffi-

cient curing of concrete in saline soil areas can be

problematic. Hence, the FAM has a great potential as a

cementitious filler because it improves the workability

and durability of concrete.
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