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Abstract This study investigated hydration mechanism of

composite binders containing blast furnace ferronickel slag

at different curing temperatures. Different levels of cement

replacement (15, 30, and 45% by mass) and curing tem-

peratures (25 and 60 �C) were set. In addition to pure

cement, a composite binder containing quartz with a par-

ticle size distribution similar to ferronickel slag was

selected as the control sample. The results reveal that blast

furnace ferronickel slag can show the pozzolanic reactivity

at an early stage at room temperature despite low activity,

and an early high curing temperature can improve the

activity significantly. The influence of high curing tem-

perature on the pozzolanic reaction is greater than the

influence of high curing temperature on cement hydration

at an early stage, and as a result, the Ca(OH)2 content in the

cementitious system is lowered. However, the influence on

the pozzolanic reaction is not obvious in the later stage.

The high curing temperature does not change the type of

hydration product but increases the content of the C–S–H

gel, resulting in a significantly higher Ca–Si ratio and a

slightly lower Al–Si ratio. In addition, the high curing

temperature improves the early compressive strength of the

concrete containing blast furnace ferronickel slag and

reduces later compressive strength. A suitable dosage of

blast furnace ferronickel slag may improve the resistance to

chloride ion penetration of concrete at a high curing

temperature.

Keywords Ferronickel slag � Hydration � Compressive

strength � Permeability

Introduction

Currently, concrete has been used as the principal con-

struction material in the world, which results in a large

amount of cement produced and consumed [1]. Despite the

extraordinary and notable progress over the past decade,

the production of 1 ton of cement generates average CO2

emissions ranging from 0.60 to 1 ton, which depends on

the cement type and production process [2]. Therefore, to

reduce the cement production in the concrete stage, sup-

plementary cementitious materials (SCMs) are being

widely used as alternative materials for the partial or total

replacement of cement [3].

The most common SCMs are pozzolanic materials,

including natural pozzolans (zeolite, metakaolin), by-

products (fly ash, silica fume), and metallurgical slags

(blast furnace slag, manganese slag) [4]. The hydration of

cement–SCM binders includes two interrelated processes:

the hydration of cement clinker and the pozzolanic reaction

of SCM. Ca(OH)2 (CH) is produced during the hydration of

cement clinker and consumed by the pozzolanic reaction of

SCM. In addition to the pozzolanic reaction, the addition of

SCM decreases the amount of cement required and

increases the effective water-to-cement ratio. Besides, the

fine particles of SCM can act as heterogeneous nucleation

sites on which the hydration products could precipitate.

Moreover, the filling effect of SCM can make the paste

matrix and the interfacial transition zone between matrix

and aggregate denser [5, 6]. Adding pozzolanic admixtures

is an effective way to lower hydration heat, improve

workability, perfect porous microstructure, reduce cracks,
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and enhance resistance to chlorides, sulfates, and fire, as

well as mitigate the alkali–silica reaction [7, 8]. In addition,

many SCMs used would reduce the land use owing to

stacking and landfill as well as avoid pollution to air or

groundwater due to dust or heavy metals. Blast furnace slag

from pig iron production and fly ash from coal combustion

are the most popular choices as SCMs, and these materials

have been extensively studied over the past decades.

However, with the shortage in supply and rise in price of

slag and fly ash, it is worthwhile to develop other potential

SCMs for concrete [9].

Ferronickel slag, an industrial waste obtained from

smelting of laterite, garnierite, or pentlandite ores at a high

temperature in the presence of a reducing agent, is cooled

with water or air [10, 11]. The percentage of ferronickel

slag generated in the processing of nickel ore can reach

50–75%, and almost 14 tons of ferronickel slag is gener-

ated per ton of ferronickel production [12, 13]. A large

amount of ferronickel slag is produced worldwide, and the

annual output is more than 4 million tons in China [14].

However, less than 10% of ferronickel slag is utilized, and

it is essential to find feasible and viable applications of the

ferronickel slag that can ensure its maximal utilization

[15]. Due to the differences between the raw ore and the

smelting process, the chemical compositions of ferronickel

slags are different significantly. Safe disposal and appli-

cation of the slag is considered as a major issue worldwide.

One of the biggest concerns in using ferronickel slag is the

relatively high chromium content. This metal is found as a

trivalent chromium. However, the Cr3? contained mainly

in the spinel phase is stable and is not soluble in water

when ferronickel slag is used as a mineral admixture, not

expected to be leached out during the hydration process

[16]. The soundness of ferronickel slag due to divalent

magnesium is another concern. However, Muhammad et al.

used high-magnesium ferronickel slag to find no increase

in expansion using up to 65% ferronickel slag. Mg2? was

found to be in the form of stable forsterite ferroan that did

not take part in the hydration, and expansive Mg(OH)2

(brucite) was not found in the microstructure [17].

Two types of ferronickel slag are produced depending

on the production process, including electric furnace slag

and blast furnace slag. Electric furnace ferronickel slag has

been studied extensively abroad for the past few decades.

Among the several previous studies reported, the most

important aspects are related to: (1) the construction of

roads, to replace the coarse aggregates in the production of

subbase materials and anti-slip blacktop [16], (2) the pro-

duction of cement and concrete, as additives in the Portland

cement or as a substitute for natural aggregates

[16, 18, 19], and (3) the production of building materials,

as additives in ceramic tiles and bricks, in fire-resistant

bricks, and in anti-slippery pavement tiles [20, 21].

The reactivity of blast furnace ferronickel slag (BF) is

higher due to a greater glassy-phase content, which is more

suitable as SCM than electric furnace ferronickel slag.

However, there are relatively few studies on the BF used as

the mineral admixture. Meanwhile, the temperature inside

massive concrete structures and even concrete members

with high casting temperature is significantly higher than

the standard curing temperature in the laboratory. The

chemical reaction rate is significantly affected by temper-

ature according to Arrhenius law [22]. Most of the results

also found in the literature that the curing temperature

affects hydration of the composite binders and structure of

the hardened pastes. To a certain extent, the reaction

degree of the composite binder increases with elevated

curing temperature [23]. The accelerated hydration can

produce more C–S–H gel, increase the density of the

matrix, and result in superior mechanical properties of

concrete at an early stage. The later compressive strength

of the concrete under the higher-temperature curing con-

dition is typically lower [24, 25]. Many studies also

showed that the reactivity of SCMs was found to be more

sensitive to temperature than the hydration of Portland

cement [22, 23, 25–27].

Therefore, the influence of elevated curing temperature

on the hydration of composite binders containing BF

deserves further investigation. Furthermore, the corre-

sponding performance of the concrete should be discussed

for engineering application.

Experimental

Raw materials

Cement with the grade of P.I 42.5 complying with Chinese

National Standard GB 175 (equivalent to European CEM I

42.5) was utilized in this study. The other raw materials

used in this study included BF and inert quartz powder

(QZ). The chemical oxide composition of each powder is

presented in Table 1. The oxide composition was obtained

by X-ray fluorescence (XRF) spectroscopic analysis.

Compared with those in cement, the SiO2 content and

Al2O3 content in BF are obviously higher, but the CaO

content is lower. The MgO content of BF used is 12.54%.

The chemical composition of QZ as an inert admixture is

almost SiO2.

The X-ray diffraction (XRD) pattern of BF (presented in

Fig. 1) reveals its amorphous nature, as reflected by the

presence of a diffuse wide band from the glassy phase. The

complex spinel phase [(Fe2?, Mg) (Fe3?, Al, Cr)2O4] and

CaCO3 crystals were the main crystalline mineralogical

phase that was detected in the slag. The formation of

crystalline phases is a combined action between the
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chemical composition of the melt and its cooling rate. In

the case of a high content of silica, the slag vitrifies (forms

a glassy phase) under rapid cooling. There is no periclase

phase despite the high content of MgO in BF, which is

consistent with previous research results [16, 17].

The particle size distribution of each powder, deter-

mined using a laser particle size analyzer (Mastersizer

2000), is shown in Fig. 2. Figure 2 shows that the distri-

bution of BF and QZ is close to the distribution of cement.

The fine aggregate consisted of river sand with a specific

gravity of 2.65 and a fineness modulus of 2.59. The crushed

limestone as coarse aggregate consisted of 25 mm maxi-

mum size basalt with a specific gravity of 2.65. All

aggregates conforming to Chinese Standard JGJ 52-2006

were prepared. Polycarboxylate-based superplasticizer was

used to adjust the workability of the mixtures.

Mix proportions

The mix proportions chosen for this study are given in

Table 2. Seven different concrete mixtures with a water/

binder ratio of 0.4 were prepared, but the compositions of

the binders were different. A pure cement sample (sample

C) was used as the reference sample. Three replacement

ratios (15, 30, and 45% by mass) of BF and QZ were

chosen.

Test methods

The exothermic rate and the cumulative hydration heat of

the binders were measured at constant temperatures of 25

and 60 �C with an isothermal calorimeter (TONI7338).

TONI7338 has eight parallel twin-chamber measuring

channels; one chamber contains the sample, and another

contains the reference. To avoid considerable temperature

difference between the paste and the isothermal environ-

ment, binder and water were kept at a temperature close to

the measurement temperature before mixing. The pastes

were immediately placed into the chamber after mixing.

To examine the hydration products, the pastes were cast

into plastic centrifuge tubes. Then, the pastes were left to

cure at 25 �C (symbol S) and 60 �C (symbol H) in tem-

perature-controlled sealed vessels containing tap water. At

Table 1 Chemical compositions of raw materials/%

Composition CaO SiO2 Fe2O3 Al2O3 MgO MnO Cr2O3 SO3 Na2O K2O

Cement 61.20 22.16 4.89 4.18 3.26 0.09 0.04 2.72 0.09 1.23

BF 22.50 33.15 2.15 21.94 12.54 2.36 2.08 1.31 0.32 0.36

QZ 0.01 99.76 0.01 0.04 0.01 – – – – 0.01
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Fig. 1 XRD analysis of BF used
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Fig. 2 Particle size distribution of raw materials

Table 2 Mix proportions of concretes/kg m-3

Sample Cement BF QZ Sand Stone Water

C 420 0 0 769 1063 168

BF-15 357 63 0 769 1063 168

BF-30 294 126 0 769 1063 168

BF-45 231 189 0 769 1063 168

QZ-15 357 0 63 769 1063 168

QZ-30 294 0 126 769 1063 168

QZ-45 231 0 189 769 1063 168
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certain stages, the hardened pastes were cut into pieces and

put into absolute alcohol to extract the free water for 1 day

and then dried in the oven at 80 �C to a constant mass. The

non-evaporable water contents of the hardened pastes were

tested at 3, 28, and 90 days by calculating the mass loss of

samples between 80 and 1060 �C. The loss on ignition of

raw material has been considered during the calculation of

the mass loss. The CH content of the paste was calculated

based on the TG/DTG curve. The TG/DTG curve was

obtained at 28 and 90 days after grinding by using a

thermogravimetric analyzer (NETZSCH STA 449F3) with

a heating rate of 10 �C min-1 from 30 to 900 �C in a

nitrogen atmosphere. XRD analysis was performed with a

scanning range from 5� to 70� (2h) and a measuring speed

of 8� min-1. The morphologies of the hardened pastes

were observed with scanning electron microscopy (SEM)

using an FEI Quanta 200 instrument. The chemical com-

positions of the hydration products were measured by

energy dispersive X-ray (EDX) analysis.

Concrete cubes of 100 9 100 9 100 mm were pre-

pared. After casting, some specimens were placed in a

standard curing room with a constant temperature and

humidity (20 ± 1 �C, 95% RH). The other specimens were

placed in a steam curing chamber with a constant tem-

perature of 60 �C for the initial 7 days and then cured in

the standard curing room to the certain stages. After curing,

the compressive strengths of the concretes were determined

according to the Chinese National Standard GB/T

50081-2002. Tests of strength were performed at the age of

3, 28, and 90 days after casting by using three specimens

for each test. With the same curing method as the com-

pressive strength, the permeability of the concrete to

chloride ion was tested at the age of 28 and 90 days

according to ASTM C1202 ‘‘Standard Test Method for

Electrical Indication of Concretes Ability to Resist Chlo-

ride Ion Penetration’’.

Results and discussion

Hydration heat

In general, the hydration process of cement-based material

can be divided into five stages: the rapid exothermic stage,

the dormant stage with low exothermic rate, the hydration

accelerating stage, the hydration decelerating stage, and the

steady stage. The acceleration period corresponds mainly

to the C3S hydration and generation of C–S–H gel and CH

crystal. The exothermic rate of the composite binder

depends on three main factors: the cement content, the

activity of the mineral admixture, and the effect of adding

the admixture on cement hydration [7, 8, 28]. QZ is a

totally inert admixture in the cementitious system.

However, the addition of QZ decreases the amount of

cement and increases the effective water-to-cement ratio,

and the fine particles of QZ can enhance heterogeneous

nucleation of C–S–H gel. Thus, QZ can promote the early

hydration of cement. In addition, the filling effect of QZ

can make the paste matrix and the interfacial transition

zone between aggregates and cement matrix denser. BF not

only has physical effects similar to those of QZ but also has

pozzolanic activity and can react with CH to form C–S–H.

The exothermic rate and the cumulative hydration heat

per unit mass of the binders at 25 �C are shown in Fig. 3a,

b, respectively. Figure 3a shows that replacing a high

amount of cement by mineral admixture tends to advance

the second exothermal peaks (after the hydration acceler-

ating stage) and lower peak values. The former is owing to

the increased nucleation sites provided by fine QZ or BF,
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Fig. 3 Exothermic rate and the cumulative hydration heat of binders

at 25 �C. a Exothermal rate. b Cumulative hydration heat
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and the latter is due to the reduction in cement content. The

exothermal peaks of composite binders containing QZ are

slightly higher than those containing BF due to the finer

particles of QZ. In the decelerating stage, with the same

cement replacement, the exothermic rates of composite

binders containing BF or QZ are very close. However, in

the late deceleration, the exothermic rates of composite

binders containing BF gradually exceed the exothermic

rates of composite binders containing QZ, even more than

the exothermic rates of the pure cement after 60 h, indi-

cating that the pozzolanic reaction of BF is obviously

promoted. The cumulative hydration heats of samples C,

BF-15, BF-30, and BF-45 at 25 �C after the steady stage

are 308, 288, 253, and 238 J g-1, respectively. The

cumulative hydration heats of samples QZ-15, QZ-30, and

QZ-45 are 270, 233, and 196 J g-1, respectively. The

cumulative hydration heats decrease with the addition of

mineral admixture due to the reduction in cement content.

Even though the pozzolanic reaction of BF is promoted

after 60 h, it cannot compensate for the reduced heat due to

the decrease in cement content. At the same dosage, the

cumulative heats of the samples containing BF are higher

than those of the samples containing QZ. The increments

of hydration heats from the samples containing QZ to the

samples containing BF at 15, 30, and 45% replacement

levels are 18, 20, and 42 J g-1, respectively. The result

shows that BF can participate in the reaction at an early

stage at 25 �C.

The exothermic rate and the cumulative hydration heat

per unit mass of the binders at 60 �C are shown in Fig. 4a,

b, respectively. The exothermal peaks occur in advance,

which shows that high temperature promotes the hydration

degree of each binder. It is 6 h at 60 �C as compared to

60 h at 25 �C that the exothermic rates of composite bin-

ders containing BF exceed the exothermic rates of the pure

cement, indicating that the reactivity of BF is activated by

the high temperature. The cumulative hydration heats of

samples C, BF-15, BF-30, and BF-45 after the steady stage

are 336, 338, 342, and 322 J g-1 at 60 �C, respectively,

which are increased by 9, 17, 35, and 35%, respectively,

compared to the results at 25 �C. The cumulative hydration

heats of samples QZ-15, QZ-30, and QZ-45 are 304, 255,

and 200 J g-1, respectively, which are increased by 13, 9,

and 2%, respectively. The growth rates of the hydration

heats of binders containing BF are more than those of

binders containing QZ, and furthermore, the cumulative

heats of BF-15 and BF-30 are more than those of C, which

states clearly that the effect of high curing temperature on

the pozzolanic reaction is greater than the effect of high

curing temperature on cement hydration. Nevertheless, the

cumulative heat of BF-45 is less than the cumulative heat

of pure cement, because the heat decrement with the sharp

decrease in the amount of cement is higher than the heat

increment generated due to the influence of high curing

temperature on the pozzolanic reaction.

Non-evaporable water content

For the hardened pastes with the same kinds of hydration

products, the non-evaporable water content represents the

amount of hydration products and is the important index of

the hydration degree. The non-evaporable water content of

the pastes at 3, 28, and 90 days under two different curing

conditions is displayed in Table 3. The non-evaporable

water content increases with the prolongation of the age

with the enhancement of the hydration degree. As expec-

ted, the non-evaporable water contents of the pastes con-

taining BF and QZ are smaller than those of the pure

cement paste under all curing ages at 25 �C, due to the

reduction in the cement content. The non-evaporable water
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Fig. 4 Exothermic rate and the cumulative hydration heat of binders

at 60 �C. a Exothermal rate. b Cumulative hydration heat
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contents of the pastes containing BF are higher than those

of the pastes containing QZ, primarily due to the poz-

zolanic reaction of BF, which produces more extra C–S–H

gel. The increments are significantly larger at 90 days. It is

an indication that the pozzolanic reaction of BF is pro-

moted at a later stage.

All the growth rates of the non-evaporable water con-

tents at 3 days at 60 �C were above 15%, which indicates

that the hydration degree of each binder of cement hydra-

tion and pozzolanic reaction is stimulated by the initial

high curing temperature. However, the improvement in

high temperature in the non-evaporable water contents at

28 and 90 days is much smaller, possibly because the rapid

hydration of cement in an early stage under high curing

temperature tends to produce many hydration products,

which form a thick dense gel layer around the unhydrated

particles [22, 25]. The increments of the non-evaporable

water contents of the pastes containing BF are higher than

the increments of the pure cement and composite binders

containing QZ. The non-evaporable water content of BF-15

is greater than that of the pure cement after 28 and 90 days,

indicating that the high curing temperature activates the

reactivity of BF and the reaction of BF makes a consid-

erable contribution to the further growth of the non-evap-

orable water content.

CH content

The TG/DTG curves of the hardened pastes (C, BF-30, and

QZ-30) at 28 and 90 days are presented in Figs. 5 and 6,

respectively. Two common endothermic peaks are

observed on the DTG curves of all samples, corresponding

to the partial dehydration of C–S–H and ettringite (below

200 �C) and the decomposition of CH (at approximately

400–500 �C), respectively. Another endothermic peak can

be observed on the DTG curves of certain samples at

approximately 600–800 �C corresponding to the

decomposition of CaCO3, which is formed due to the

carbonization reaction of CH or from BF.

Flaky CH crystal is a weak part in the hardened pastes.

High content of CH tends to cause a negative effect on the

microstructure of paste. CH crystal is formed by the

hydration of cement and consumed by the pozzolanic

Table 3 Non-evaporable water content of the hardened paste/%

Sample 3 days Increasing rate 28 days Increasing rate 90 days Increasing rate

25/�C 60/�C 25/�C 60/�C 25/�C 60/�C

C 12.70 15.62 23.0 17.25 17.70 2.6 18.25 18.38 0.7

BF-15 12.04 15.56 29.2 16.41 17.73 8.0 17.70 18.64 5.3

BF-30 11.43 15.43 35.0 15.59 17.16 10.1 17.40 18.23 4.8

BF-45 10.61 14.98 41.2 15.10 16.34 8.2 17.24 17.97 4.2

QZ-15 11.59 14.07 21.4 15.01 15.47 3.1 16.74 16.84 0.6

QZ-30 10.54 12.64 19.9 13.76 14.06 2.2 14.80 14.93 0.9

QZ-45 9.33 10.76 15.3 10.63 11.14 4.8 11.69 11.76 0.6
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reaction of BF. Therefore, the CH content plays a dominant

role in the interaction between the hydration of cement and

the pozzolanic reaction of BF. The content of CH in the

pastes is calculated according to the data of TG. Figure 7

shows the CH contents of all samples cured at both 25 and

60 �C. As expected, the CH content of the samples con-

taining BF or QZ is smaller than those of the pure cement

due to the decrease in the cement content. The CH content

of BF-30 is obviously smaller than the CH content of QZ-

30 because of the consumption by the pozzolanic reaction

of BF.

The CH contents of the pure cement are also normalized

with the corresponding coefficient of 0.7 for comparison

with the CH content of the pastes containing 30% BF and QZ

to demonstrate the effect of BF and QZ more clearly. The CH

contents of the pastes containing QZ are evidently signifi-

cantly higher than the CH contents of the pure cement paste

after normalization by the adjustment coefficient under dif-

ferent curing condition. This upsurge in the amount of CH

produced is attributed to the positive influence of the phys-

ical effect of QZ on the hydration of cement.

The CH content from the physical effect of QZ (W1) can

be calculated by Eq. (1). Here, WQZ is the CH content of

the composite binder containing QZ, and W0:7C is the CH

content of the pure cement after normalization by the

adjustment coefficient of 0.7.

W1 ¼ WQZ �W0:7C ð1Þ

Consequently, the increments in CH contents due to the

physical effect of QZ after curing for 28 and 90 days at

25 �C are 2.11 and 2.22%, respectively. And those are 1.94

and 2.07%, respectively, at 60 �C. The increments from 28

days to 90 days increase because of the higher hydration

degree of cement with the prolongation of the aging period.

In addition, the increments at 60 �C are less than the

increments at 25 �C, possibly because the hydration pro-

duct layer after the high temperature is denser, resulting in

QZ having little effect on cement hydration, which is in

agreement with the results of the non-evaporable water

contents.

Similarly, the CH consumption owing to the pozzolanic

reaction of BF (W2) can be calculated by Eq. (2). Here,

WBF is the CH content of composite binder containing BF.

W2 ¼ WQZ �WBF ð2Þ

Hence, the consumptions of CH due to the pozzolanic

reaction of BF after curing for 28 and 90 days at 25 �C are

1.44 and 4.38%, respectively. The values are 4.1 and 5.9%

at 60 �C. From 28 to 90 days, the reaction degree of the

pozzolanic reaction improves 204 and 44% at 25 and

60 �C, respectively. The result shows that the CH content

of the pastes containing BF is larger than the CH content of

the pure cement paste after normalization by the adjust-

ment coefficient after curing for 28 days at 25 �C, which

indicates that the amount of CH is greater than its con-

sumption. In other words, the physical effect of BF on

cement hydration is stronger than the pozzolanic reaction.

However, with the prolongation of the aging period, the

pozzolanic reaction consumes a large amount of CH, so

that the reaction degree increases more than 200%. Com-

pared to the phenomenon at 25 �C, it appears opposite at

60 �C, which indicates that the pozzolanic reaction of BF

has consumed some CH. The change in reaction degree is

unobvious.

High curing temperature brings about the increasing

reaction degree of BF at 28 and 90 days of 185 and 35%,

respectively. It is also an indication that high temperature

promotes the pozzolanic reaction of BF.

XRD and SEM analysis

Figure 8 shows the XRD patterns of BF-30 at 90 days

under two curing temperatures. As shown in Fig. 8, no

clear observed difference exists between specimens. The

hydration products mainly include CH and AFm in addi-

tion to C2S, C3S, and C4AF from unhydrated cement
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clinkers as well as (Fe2?, Mg) (Fe3?, Al, Cr)2O4 and

CaCO3 from unreacted BF. Therefore, high curing tem-

perature does not bring new crystalline minerals.

Figures 9 and 10 show SEM images of BF-30 at 90 days

under two curing temperatures. In contrast to BF-30 cured

at 25 �C (Fig. 9), the microstructure of BF-30 cured is

denser at 60 �C (Fig. 10), which indicates that the high

temperature promotes the pozzolanic reaction of BF,

improving the inner structure and the microcosmic physical

properties. The hydration products are covered by the

amorphous gel, which is C–S–H gel determined by EDX

analysis. Moreover, massive particles coated by C–S–H

gels are mainly spinel crystals. Therefore, spinel is rela-

tively stable at high temperature and does not react.

The mole fractions of elements of C–S–H gel were

calculated based on EDX analysis. For each sample, 80

microareas of C–S–H gel were tested. Figure 11 shows the

mean Ca–Si and Al–Si ratios of C–S–H gel from BF-30.

Figure 11 shows that the mean Ca–Si ratios of the C–S–H

gel from BF-30 at 25 and 60 �C are 1.74 and 1.89,

respectively. The difference in the Ca–Si ratio of C–S–H

gel is significant. The mean Ca–Si ratio becomes higher.

Although the calcium content in BF is significantly lower
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than the calcium content of the cement, the cement content

in the composite binder accounts for 70%, and the contri-

bution of cement hydration is greater than the contribution

of BF at high curing temperature at 90 days.

Figure 11 shows that the mean Al–Si ratios of the C–S–

H gel from BF-30 at 25 and 60 �C are 0.28 and 0.25,

respectively. The results show that the mean Al–Si ratio is

slightly lower under normal temperatures. Table 1 shows

that the content of aluminum in BF is much higher than the

content of aluminum in the cement, and the aluminum

content in the composite binder is very high. Although the

high curing temperature improves the reaction degree of

the composite binder, it has little effect on the Al–Si ratio.

Compressive strength of concrete

Figure 12 shows the compressive strengths of all speci-

mens with a water/binder ratio of 0.4 at the ages of 3, 28,

and 90 days. As expected, the compressive strengths of the

concretes containing the mineral admixture are smaller

than the compressive strengths of the pure cement concrete

after curing 3 days at 25 �C due to the reduction in cement

content. However, the compressive strengths of the con-

cretes containing BF are higher than the compressive

strengths of the concretes containing QZ after curing 3

days, which illustrates that the pozzolanic reaction of BF

occurs at an early stage. Apparently, the compressive

strengths of all samples subjected to high temperature

increase. The strength growth rate of sample C is 23.4%.

The strength growth rates of samples BF-15, BF-30, and

BF-45 are 38.6, 51.8, and 98.6%, respectively. The strength

growth rates of samples QZ-15, QZ-30, and QZ-45 are

22.7, 23.3, and 28.4%, respectively. The strength growth

rate of the pure cement concrete is the lowest, indicating

that the influence of increasing curing temperature on the

early strength of concrete with mineral admixture is more

significant [29]. In general, the result of the compressive

strength determinations at 3 days is consistent with the

results of hydration heat and the non-evaporable water

contents.

However, the compressive strength of all samples at 28

and 90 days is reduced when they are subjected to high

temperature. Some studies found that high early-age curing

temperature has the negative effect on the late-age

mechanical properties [25, 30]. On the one hand, the ele-

vated-temperature curing at early age promotes the

hydration of cement and produces a dense C–S–H gel

layer. A dense gel layer may hinder the late reaction. On
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the other hand, the elevated-temperature curing at early age

makes the hydration products distribute non-uniformly,

forms large pores, and increases in cumulative pore vol-

ume, which influences the mechanical properties of con-

crete. Therefore, although the pozzolanic reaction of BF

has a positive effect on the later strength, it could not

compensate for the adverse effect of early high temperature

on the later strength.

The compressive strengths of the pure cement concretes

and concretes containing BF at 28 and 90 days under the

same curing conditions vary insignificantly. It is an indi-

cation that the pozzolanic reaction of BF plays a more

dominant role in the increase in compressive strength of

concretes at the later stage than physical effects, which

corresponds to the result of thermogravimetric analysis.

Chloride ion penetration in concrete

Chloride ion penetration in concrete is closely related to

the porosity and connectivity of the pores of concrete.

Figure 13 shows the charge passed and permeability grades

of the concrete at 28 and 90 days according to ASTM

C1202.

Apparently, incorporation of BF decreased the perme-

ability of concrete under standard curing conditions. With

the growth of cement replacement, the decreasing extent

was larger. Figure 13 shows that the permeability of the

concrete containing 45% BF (sample S-BF-45) falls in the

‘‘Low’’ level at 28 days and falls in the ‘‘Very Low’’ level

at 90 days, which improves two grades compared to the

pure cement concrete. Nevertheless, the effect of QZ is

opposite to the effect of BF. It is evident that the charge

passed increases with the increase in QZ content. The

permeability of all concrete containing QZ falls in the

‘‘High’’ level at 28 days, and sample S-QZ-45 still falls in

the ‘‘High’’ level at 90 days. It is an indication that the

permeability of all concrete is not improved only by the

physical effects of mineral admixture, and the pozzolanic

effect of BF is the main contribution to the late-age pen-

etration by reducing connectivity of pores.

Compared with curing at standard conditions, the charge

passed in concrete containing QZ and pure cement concrete

under steam curing condition increases, regardless of ages.

For concrete containing QZ, although the charge passed

decreases with the increase in ages, the chloride perme-

ability grade is still ‘‘High,’’ not changed. This result

indicates that the elevated-temperature curing at early ages

has a disadvantageous influence on the resistance to chlo-

ride ion penetration of the pure cement concrete and con-

crete containing QZ. However, the elevated-temperature

curing at early ages does not have a negative influence on

the resistance to chloride ion penetration of concrete con-

taining BF. Comparing with curing at standard condition,

the charge passed in concrete containing BF under steam

curing condition decreases. The permeability of samples

BF-30 and BF-45 varies from ‘‘Moderate’’ to ‘‘Low’’ and

from ‘‘Low’’ to ‘‘Very low’’ at 28 days, respectively. The

permeability of BF-30 also varies from ‘‘Low’’ to ‘‘Very

low’’ at 90 days. From the result of TG/DTG analysis, the

CH content of pure cement and composite binder con-

taining QZ increases under high curing temperature at the

later stage, while composite binder containing BF decrea-

ses. The positive effect of high curing temperature at an

early stage on the pozzolanic effect of BF can compensate

for the adverse effect on the resistance to chloride ion

penetration at the late stage. Proper dosage can even

improve resistance to chloride ion penetration of concrete.

Conclusions

(1) BF can show the pozzolanic reactivity at an early

stage under room curing temperature despite low
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activity. High curing temperature improves the

activity of BF. The influence of high temperature on

the pozzolanic reaction is greater than the influence

of high temperature on cement hydration at an early

stage, causing reduction in the Ca(OH)2 content.

However, the effect of high temperature on the

pozzolanic reaction is not obvious in the later stage.

(2) The high curing temperature does not change the

type of hydration product but increases the content

of C–S–H gel, resulting in a significantly increased

Ca–Si ratio and a slightly reduced Al–Si ratio.

(3) The high curing temperature improves the early

compressive strength of the concrete containing BF

and reduces later compressive strength. The positive

effect of high curing temperature on the pozzolanic

reaction of BF can compensate for its negative

influence on resistance to chloride ion penetration.

Suitable dosage of BF may improve impermeability

of concrete at a high curing temperature.
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