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Abstract Superfine particles have been used as mineral
admixtures to enhance physical properties, mechanical
properties, and durability of concrete in a lot of research. In
this study, superfine steel slag (FSS) and superfine phos-
phorus slag (FPS) were ground to 643 and 657 m* kg™ ',
respectively. The water-to-binder (W/B) ratios were set as
0.45 as well as 0.35, and the cement replacements adopted
were 15 and 30%. The effects of FSS and FPS on long-term
performance and durability of concrete were investigated.
The results show that the increase amplitude of reaction
degree of FPS is higher than that of FSS at late age (after
90 days). FPS can improve the pore structure of concrete
which is beneficial to the resistance to carbonation and
chloride ion penetration for concrete at late age while FSS
cannot. FPS is also more advantageous to the development
of compressive strength and splitting tensile strength of
concrete when compared to FSS at late age. FPS is much
more beneficial to the resistance to sulfate attack of con-
crete while FSS is more disadvantageous to the resistance
to sulfate attack of concrete as the replacement ratio
increases.
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Introduction

Mineral mixtures are widely used in concrete to improve
the performance of concrete. They can improve the rheo-
logical property and stability of fresh concrete [1], increase
resistance to sulfate attack, reduce the permeability, and
refine the pores structure of the cementitious materials
[1-4]. Additionally, mineral mixtures improve workability
of concrete and promote the durability of concrete due to
the improvement of particle packing, denser interfacial
transition zone, optimized pore structure, and low perme-
ability [2-7]. What’s more, the use of mineral mixtures is
environmental-friendly and economical on account of
reduced CO, emission and cement content. The most
common mineral mixtures are ground granulated blast
furnace slag (GGBS) and fly ash [8, 9]. GGBS is a by-
product from blast furnaces used to make iron which can
make contributions to compressive strength, workability,
and durability of concrete [10]. Fly ash is a by-product of
burning anthracite or bituminous coal. It is a pozzolanic
material containing aluminosilicate glass which is benefi-
cial to concrete, such as improved plasticity, decreased
adiabatic temperature rise, reduced permeability, and
reduced possibility of alkali silica reaction and sulfate
attack [11]. However, with widespread use of such com-
monly used mineral mixtures like slag and fly ash, it is in
urgent need to develop new kinds of mineral mixtures due
the shortage of such mineral mixtures mentioned above. As
a result, steel slag and phosphorous slag come into use and
some research has been put on them.

Steel slag is a by-product of the steel refinery process,
and the annual production of it in China is about 30 Mt,
with only about 22% utilization rate [12, 13]. The chemical
composition of steel slag varies on account of its highly
variable production method and raw materials [14]. On the
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whole, its chemical composition consists of CaO, SiO,,
Al,O5, Fe O3, FeO, and MgO. C,S, RO phase (solid
solution of CaO, FeO, MgO, and MnO), C;S, C4,AF, C,F,
free CaO, olivine, and merwinite are the common minerals
in it [15]. Steel slag has latent hydraulicity due to its sili-
cate calcium minerals. However, the hydration activity of
steel slag is very low compared to that of Portland cement
due to its slow cooling history and high content of non-
active components [16—18]. What should be paid attention
to is that steel slag contains about 10% of MgO and 40% of
CaO in which there is more than 5% of free CaO. It does
damage to soundness of concrete due to the formation of
Ca(OH), and Mg(OH), which will cause volume expansion
of 98 and 148%, respectively [12]. Li et al. [19] found that
steel slag used as partial replacement of Portland cement in
concrete could reduce expansion due to alkali-aggregate
reaction. Wang et al. [20] found it was negative for the late
property and durability of concrete when GGBS combined
with high content of steel slag as mineral admixtures in
cement-based materials. Tsakiridis [21] replaced cement
with 10.5% steel slag and found that the addition of the
steel slag did not have negative effects on the quality of the
produced cement including grindability, setting time,
compressive strength, and soundness. Guo et al. [22] added
steel slag powder to concrete and found that the initial and
final setting times were slightly retarded. The dry shrinkage
was lower, and the abrasion resistance was better. Addi-
tionally, steel slag can also be activated by carbon dioxide
(CO,) to form a strength-contributing, carbonate-bond
matrix due to its latent hydraulic [23].

Phosphorous slag (PHS) is an industrial by-product of
yellow phosphor production through electric furnace
method, and its annual production in China is more than
8 Mt [24, 25]. PHS is mainly composed of SiO,, CaO, and
Al,O3, and its total content of SiO, and CaO is more than
85%. Therefore, it could be used as a replacement of
cement-based material [26]. However, PHS has negative
effects on early properties of concrete when used at high
replacement levels in that P,Os in PHS has a strong
retarding effect on setting time of Portland cement and the
content of Al,O5 in PHS is insufficient [27]. As a result,
chemically activated methods like alkali activators have
been used to improve its relatively weaker cementing
properties. Allahverdi et al. [28] studied the performance of
chemically activated high phosphorous slag content cement
and found that the durability was weaker while the com-
pressive strength is higher. Li et al. [29] combined GGBS
and PHS as a composite mineral admixture in cement-
based materials and found that the composite binder with
70% blended materials could reach 52.5-grade slag cement
standard and the setting time was shortened greatly. The
resistance to sulfate attack of it was found superior to that
of Portland cement. Meanwhile, it was confirmed that
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chemically activated high phosphorous slag content cement
presented a significantly better resistance against frost-salt
attack [28].

Mechanical grinding is an effective method to improve
the activity of mineral admixtures. There are numbers of
researchers working on superfine particles used as mineral
admixtures to enhance physical properties, mechanical
properties, and durability. Her and Lim [30] studied the
influence of rapidly chilled and air-cooled nano-slag as a
mineral admixture on the properties of mortar. They
found that the improvement of fitness of slag could
reduce fluidity and increase strength. It was proved by
Lim [31] that addition of nano-slag modified the
microstructure and improved the strength of concrete. At
present, with the progress of grinding technology and the
use of high-efficiency grinding agent, it has become easier
to obtain ultrafine mineral admixtures. As for steel slag,
the specific surface is generally in the range between 300
and 500 m? kg~' when it is used as a mineral admixture,
which has been proved to be beneficial to its activity
[32, 33]. Wang et al. [34] investigated a superfine steel
slag with the specific surface area of 786 m* kg™~' which
was prepared by mechanical grinding. They found that the
superfine steel slag exhibits a much higher activity at
early and middle ages but a lower activity at late age than
the ordinary steel slag. Hu et al. [35] found that fine steel
slag powder retarded the hydration of Portland cement at
early age due to relative high contents of MgO, MnO,,
P,Os in it. Liu and Li [36] found that increasing fitness of
steel slag could not improve the early cementitious
properties of cement blended with steel slag, while it
could enhance the late cementitious properties signifi-
cantly. Shi et al. [37] studied ultrafine grinded steel slag
with different particle sizes. They found that water
requirement and setting time increased with the decrease
in the particle size of steel slag. Feng et al. [38] studied
the properties of concrete with 20 and 30% superfine steel
slag. Similar compressive strength, elastic modulus, and
permeability of concrete mixed with 20% superfine steel
slag (FSS) to that of pure cement concrete at the ages of
both 28 and 90 days were found, while 30% blended FSS
concrete showed lower compressive strength, lower elas-
tic modulus, and higher permeability than pure cement
concrete. Besides, there are few studies about superfine
phosphorus slag (FPS). Cheng [39] had used FPS to take
part place of cement and found decreased hydrate heat
and early strength of concrete and improvement of
durability. Gao [40] replaced Portland cement with
appropriate FPS and found that it could decrease the
amount of portlandite, increase the amount of C—S—H gel,
reduce the harmful pores (larger than 100 nm), make the
structure denser, and improve the microstructure and
durability of concrete.
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The performances of concrete containing FSS or FPS at
early age and mid-age (28 days) have been investigated by
some researchers. However, the research on long-term
performances and durability are very limited. This paper
deals with the influence of FSS and FPS on the long-term
performances and durability of concrete.

Experimental
Raw materials

The specific surface area of steel slag used in this experi-
ment was 643 m* kg~ while that of phosphorous slag was
657 m? kg~'. The chemical composition of steel slag and
phosphorous slag is summarized in Table 1.

The XRD pattern of steel slag and phosphorous slag is
shown in Figs. 1 and 2. The main active components of
steel slag were crystalline substances, including C5S, C,S,
C,F. Steel slag also contained RO phase and Fe;O,.
Phosphorous slag was mainly composed of amorphous
substances, while the crystalline substances mostly in it
were SiO, and C,S.

Crushed limestone was used as the coarse aggregate for
concrete, with particle sizes between 5 and 25 mm. The
fine aggregate used for concrete was natural river sand with
particle sizes smaller than 5 mm. Superplasticizer of
polycarboxylic acid was used as the water-reducing agent
to improve the workability of concrete.

Mix proportions

Two different water-to-binder ratios (W/B) of pastes in this
experiment were set as 0.45 and 0.35, respectively. For
each W/B, the pure cement concrete was used as the ref-
erence sample, and mineral admixture replacements
adopted were 15 and 30%. The serial number and the mix
proportion of each sample are shown in Table 2. The slump
of each concrete sample was between 18 and 20 cm by
adjusting the dosage of water-reducing agent.

Test methods

Concrete samples of 100 mm x 100 mm x 100 mm were
prepared and cured at standard curing room temperature

(20 £ 1 °C, relative humidity is higher than 95%) for the
compressive strength test, splitting tensile strength test, and
chloride permeability test at the age of 90, 360, and
720 days, respectively. The chloride permeability of con-
crete was tested by measuring charge passed within 6 h
according to the method of ASTM C1202 [41].

Two methods were adopted in this paper to conduct the
carbonation experiment after the standard curing for
28 days:

1. Natural carbonation: Natural carbonation was per-
formed in natural curing room with the temperature of
20 £ 3 °C and relative humidity of 55 £ 10% for 360

1.C,S 2.C,S 3.CF

2 4.C,A, 5.RO phase

5 6. Fe,0,

10 20 30 40 50 60 70
20/°

Fig. 1 XRD patterns of steel slag

1.8i0,

2.C,8

10 20 30 40 50 60 70
20/°

Fig. 2 XRD patterns of phosphorous slag

Table 1 Chemical composition of steel slag and phosphorous slag (w/%)

CaO SIOQ A1203 P205 MgO F6203 MnO LOI
Steel slag 39.61 18.56 3.56 1.13 6.98 23.65 2.85 2.11
Phosphorous slag 41.67 39.62 5.12 4.98 1.73 0.37 - 3.69

w—mass fraction LOI—loss on ignition
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Table 2 Mix proportions of concretes at W/B ratios of 0.45 and 0.35

3

Samples ‘W/B ratio Mix proportions/’kg m™>
Cement Steel slag Phosphorous slag Coarse aggregate Fine aggregate Water

C-0.45 0.45 340 0 0 1093 824 153
S-0.45-15 289 51 0 1093 824 153
S-0.45-30 238 102 0 1093 824 153
P-0.45-15 289 0 51 1093 824 153
P-0.45-30 238 0 102 1093 824 153
C-0.35 0.35 420 0 0 1099 764 147
S-0.35-15 357 63 0 1099 764 147
S-0.35-30 294 126 0 1099 764 147
P-0.35-15 357 0 63 1099 764 147
P-0.35-30 294 0 126 1099 764 147

and 720 days. The depth of carbonation was measured
with the 1% solution of phenolphthalein in alcohol
according to the method of GB/T 50082-2009 [42].
2. Accelerated carbonization: The concrete samples were
sealed for 90 days in the carbonization box in which
the temperature was (20 & 2)°C, relatively humidity
was (70 & 5) %, and CO, concentration was (20 & 3)
% according to the method of GB/T 50082-2009 [42].

The resistance to sulfate attack of concrete was mea-
sured by the dry—wet cycling method according to the
method of GB/T 50082-2009 [42], and each circulation
was within 24 h. The result was characterized by the loss
rate of compressive strength K.

K=1-ff"

K, The loss rate of compressive strength, %. f,, The com-
pressive strength of concrete after n times of the dry—wet
circulation, MPa. f;,, The compressive strength of concrete
at the same age through the standard cure, MPa.

Cement pastes were prepared using moulds of
40 mm x 40 mm x 40 mm, and the moulds were
removed after the standard cure for 2 days. After that, the
samples were immersed into the saturated Ca(OH), solu-
tion to prevent carbonation and the precipitation of
Ca(OH), in hardened cement paste. At the testing age of
90, 360, and 720 days, the samples were immersed in
acetone to prevent further hydration. The mineral phases of
hydration products were measured by X-ray diffraction
(XRD). The mass contents of different hydration products
were determined by thermogravimetric analysis (TG). The
TG test was performed by using a TA-Q5000 instrument.
The heating rate is 10 °C min~'. The sample was heated in
nitrogen atmosphere. The pore size distributions were
measured by mercury intrusion porosimetry (MIP).
Hydration kinetics of cementitious materials in this
experiment were characterized by the exothermic rate and
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the cumulative heat evolved during hydration using a JAF
isothermal conduction calorimeter with the temperature of
20 °C.

Results and discussion
Hydration heat

Figure 3 shows the exothermic rate and hydration heat of
cement, the composite binder containing 30% superfine
steel slag (FSS), and the composite binder containing 30%
superfine phosphorus slag (FPS). As shown in Fig. 3a, the
hydration evolutions of them are quite similar, which can
be divided into five stages: the rapid exothermic period, the
dormant period, the acceleration period, the deceleration
period, and the steady period. 30% FSS replacement and
30% FPS replacement can both prolong the dormant per-
iod, and it is consistent with the findings of Wang et al.
[43], Allahverdi and Mahinroosta [44]. The dormant period
of the paste containing FPS is comparatively longer than
that of the paste containing FSS, which indicates that the
presence of P,Os in phosphorus slag results in forming
phosphoric acid which reduces the pH of the cementing
mixture and provides a negative impact on the rate of the
hydration reaction at early age [45]. During the accelera-
tion period, the exothermic rate of the paste containing
30% FPS is reduced remarkably when compared to that of
the paste containing 30% FSS, and its second exothermic
peak forms later. During the deceleration period, the
exothermic rates of the pastes containing 30% FPS or FSS
are both higher than that of cement. Two factors may
contribute to it. One reason is that cement reacts faster in
the acceleration period and its hydration product C-S-H
gel is denser which impedes further hydration. Cementing
materials mixed with mineral admixtures produce less C—
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S—-H gel which will have less influence on further hydra-
tion. The other reason is that mechanical grinding which
increases the fineness of steel slag and phosphorus slag can
improve their activity significantly. Therefore, the activity
of FSS and FPS is distinctly higher than that of normal
steel slag and phosphorus slag at early age, and hence the
early reactions of both FSS and FPS make contributions to
hydration heat. It is noteworthy that the exothermic rate of
the paste containing 30% FPS is superior to that of the
paste containing 30% FSS in a long time during the
deceleration period. This is mainly because that the
retarding effect of FPS on the hydration evolution is more
significant than that of FSS before the deceleration period,
and thinner C—S-H gel is formed during the reaction of FPS.

As shown in Fig. 3b, the cumulative hydration heat in
3 days of the pastes containing 30% FPS or FSS is lower
than that of cement significantly. Meanwhile, the cumula-
tive hydration heat in 3 days of the composite binder
containing 30% FPS is slightly lower than that of the
composite binder containing 30% FSS. The cumulative
hydration heat in 3 days of cement, the paste containing
30% FSS, and the paste containing 30% FPS is 261.8,
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Fig. 3 Hydration heat of binder. a Exothermic rate; b cumulative
heat

232.8, and 227.7 T g7, respectively. It can be calculated
that the cumulative hydration heat in 3 days of the paste
containing 30% FSS and FPS is reduced by 11.1 and
13.0%, respectively, which are both far below 30%.
Thus, it can be concluded that FSS and FPS both have
high activity.

XRD results

Figures 4 and 5 show the XRD patterns of the hydrations
products of the composite binder containing 30% fine steel
slag and the composite binder containing 30% fine phos-
phorus slag hydrated for 360 and 720 days, respectively.
C-S-H is the main hydration product. However, it is
amorphous, and thus there is no characteristic peak for C—
S—-H in the XRD spectrum. Ca(OH), and unhydrated

1. Ca(OH),

2.C,S 8.CS

4. RO phase 5. SiO,

steel slag

phosphorus slag 5

T T T T T T T T T T T T LI T T LI T T T T 1

5 10 15 20 25 30 35 40 45 50 55 60 65
20/°

Fig. 4 XRD patterns of the hydration products of the composite

binder containing fine steel slag and the composite binder containing
fine phosphorus slag hydrated for 360 days

1. Ca(OH),

2.C,8 3.CS

4. RO phase 5. SiO,
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phosphorus slag M%J"JJL
w - M Ma A
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Fig. 5 XRD patterns of the hydration products of the composite
binder containing fine steel slag and the composite binder containing
fine phosphorus slag hydrated for 720 days
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clinkers are the main crystalline phases in the plain cement
paste as well as the composite pastes. The characteristic
peak for RO phase can be seen in the XRD patterns of the
hydration products of the composite binder containing fine
steel slag. The characteristic peaks for SiO, can be seen in
the XRD patterns of the hydration products of the com-
posite binder containing fine phosphorus slag. It should be
noted that the intensity of the peak of Ca(OH), for the
composite binder containing fine phosphorus slag is weaker
than that for the composite binder containing fine steel
slag, indicating that the Ca(OH), content of the hydration
products of the composite binder containing fine phos-
phorus slag is relative low.

Non-evaporable water content results

Non-evaporable water (w,) content is the amount of water
chemically bonded with the hydration products which is
proportional to the amount of hydration products and is
often used to determine the hydration degree of cement.
The chemically bonded waters of different hydration
products might vary significantly. It is not scientific to
compare w, contents of different binders directly due to
their various hydration products, whereas for the same
binder, w, contents at different ages can be used to ascer-
tain their degrees of hydration.

It can be seen from Table 3 that the increasing rates of
wy, contents of all samples are relatively low after 90 days.
In addition, the increasing rates of w, contents from 90 to
360 days are all higher than those from 360 to 720 days.
This is an indication that the rate of hydration decreases as
the age grows. w, contents of the pastes with the W/B ratio
of 0.35 are all lower than those of the pastes with the W/B
ratio of 0.45. This indicates that the lower the W/B ratio is,
the smaller the space for hydration products to grow is, and
the fewer hydration products are. However, the increasing

rates of w,, contents of the pastes with the W/B ratio of 0.35
are all higher than those of the pastes with the W/B ratio of
0.45 after 90 days. This is believed to be due to that the
hydration degree of the paste with a low W/B ratio at early
stage is relatively low, so there are more unhydrated active
components left for further hydration at late ages.

It can also be seen from Table 3 that after 90 days, the
increasing rates of w, contents of the pastes containing
mineral admixtures are all higher than those of cement.
What’s more, the increasing rates of w, contents increase
with the contents of mineral admixtures increase. The
reason may be that the activity of FSS and FPS is still
lower than that of cement though it is higher than that of
normal steel slag and phosphorus slag. As a result, FSS and
FPS make great contributions to hydration of the composite
binder at late age. The increasing rates of w, contents of the
pastes containing FPS are higher when compared with
those of the pastes containing FSS which indicates that the
increase amplitude of reaction degree of FPS is higher than
that of FSS from 90 to 720 days.

TG/DTG results

There is a main mass loss from about 400-500 °C shown in
TG-DTG curves of five kinds of composite binders at the
age of 90, 360, and 720 days, respectively, which is due to
the endothermic decomposition of Ca(OH),. The temper-
ature of the endothermic decomposition of Ca(OH), can be
calculated accurately according to DTG curve, and then the
mass percentage of Ca(OH), can be calculated which is
shown in Fig. 6.

As shown in Fig. 6, the content of Ca(OH), in hydration
products of cement increases with the age grows slowly
after 90 days which is consistent with the result of w,
content. This is an indication that the hydration of cement
has reached a high degree after 90 days. The main

Table 3 Non-evaporable water content and its increasing rate from 90 to 360 days and from 360 to 720 days

Samples Non-evaporable water content/% Increasing rate of non-evaporable water content/ %
90 days 360 days 720 days From 90 to 360 days From 360 to 720 days
C-0.45 16.94 17.36 17.61 2.48 1.44
S-0.45-15 16.61 17.13 17.47 3.13 1.98
S-0.45-30 16.03 16.72 17.13 4.30 2.45
P-0.45-15 16.36 16.97 17.46 3.72 2.89
P-0.45-30 15.88 16.69 17.21 5.10 3.11
C-0.35 14.88 15.39 15.75 3.43 2.34
S-0.35-15 14.66 15.35 15.84 4.71 3.19
S-0.35-30 14.15 14.99 15.55 5.94 3.74
P-0.35-15 14.47 15.15 15.79 4.70 4.22
P-0.35-30 14.04 14.99 15.77 6.77 5.20
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Fig. 6 Ca(OH), content of the hydration products

hydration products of steel slag are C—S—H and Ca(OH),.
The content of Ca(OH), produced by steel slag is far less
than that produced by cement with the same quantity.
Furthermore, the reaction of steel slag does not consume
Ca(OH), during the hydration process of the composite
binder containing steel slag. Consequently, the content of
Ca(OH), produced by the composite binder containing FSS
increases slowly as the age grows. However, the content of
Ca(OH), in hydration products decreases with the
replacement of FSS increases.

It can also be seen from Fig. 6 that the content of
Ca(OH), produced by the composite binder containing FPS
is distinctly lower than that produced by cement after
90 days. The reason is that the content of cement in the
composite binder decreases as the replacement of FPS
increases and the content of Ca(OH), produced is reduced
correspondingly. In addition, the hydration products of FPS
do not include Ca(OH),. On the contrary, FPS consumes
Ca(OH), during its hydration process. It is notable that the
content of Ca(OH), produced by the composite binder
containing FPS decreases with the age grows which indi-
cates that the consumption rate of Ca(OH), by the reaction
of FPS is higher than the production rate of Ca(OH), by the
hydration of cement. Meanwhile, it can also be observed
that the content of Ca(OH), produced by the composite
binder containing FPS is obvious lower than that produced
by the composite binder containing FSS with the same
replacement ratio and the gap between them becomes lar-
ger with the replacement ratio increases.

MIP results

The cumulative pore volume curves of hardened pastes of
five kinds of composite binders with the W/B ratio of 0.45
at the age of 720 days are depicted in Fig. 7a. It is evident
that the cumulative pore volume and the proportion of
pores between 30 and 200 nm increase with the

replacement ratio of FSS increases. This indicates that the
pore structure of hardened paste becomes coarser at late
age by replacing part of cement with FSS. However, the
proportion of pores smaller than 20 nm increases with the
replacement ratio of FPS increases which indicates that
FPS can improve the pore structure of hardened pastes at
late age.

Figure 7b shows the cumulative pore volume curves of
hardened pastes of five kinds of composite binders with the
W/B ratio of 0.35 at the age of 720 days. The laws revealed
by Fig. 7a, b are similar. The pore structure of the hardened
paste containing FSS at 720 days becomes coarser as the
replacement ratio of FSS increases. On the contrary, the
pore structure of the hardened paste containing FPS at
720 days gets finer as the replacement ratio of FPS
increases.

It can be concluded from Fig. 7 that the ability to
improve the pore structure of the hardened paste containing
FPS is better than that of the hardened paste containing
FSS at late age. The results of TG-DTG have shown that

(a) o.16 4 — - C-045
T 044- —e—5-0.45-15
£ . —A—S5-0.45-30
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Fig. 7 Cumulative pore volume of hardened paste at 720 days. a
W/B = 0.45; b W/B = 0.35
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the ability to reduce the content of Ca(OH), in hydration
products of the composite binder containing FPS is much
better than that of the composite binder containing FSS.
Ca(OH), in hydration products is known to occur as mas-
sive clusters or isolated hexagonal crystals [46]. The
strength of Ca(OH), is low, and its stability is very poor
which gathers at the interfacial transition zone between
cement and aggregates. As a result, the cohesive force at
the interfacial transition zone between cement and aggre-
gates is reduced and Ca(OH), grain coarsening occurs
which will become the weakest part in cementing materials
[47, 48]. Therefore, the difference in hydration products
between the composite binder containing FPS and FSS is
one of the most important reasons for the difference in the
influence they have on the pore structure. As for the
hardened paste containing FSS, the amount of hydration
products of FSS is smaller than that of the replaced cement.
That is to say, the hydration products of the binder become
less with the increase in FSS replacement ratio. What’s
more, the reaction of FSS does not consume Ca(OH),.
Therefore, the addition of FSS tends to make coarser pore
structure.

Strength

Figure 8a presents the compressive strengths of concrete of
five kinds of composite binders with the W/B ratio of 0.45
at the age of 90, 360, and 720 days, respectively. At the age
of 90 days, the compressive strength of concrete containing
15% FSS is slightly lower than that of pure cement con-
crete. However, the compressive strength of concrete
containing 15% FPS is superior to that of pure cement
concrete. In addition, the compressive strength of concrete
containing 30% FSS or FPS is much lower than that of pure
cement concrete and the concrete containing 30% FSS
exhibits relatively lower compressive strength at 90 days.
From the age of 90 days to 720 days, the compressive
strength concrete with 15% FSS is similar to that of pure
cement concrete. Meanwhile, the increase amplitude of
compressive strength for concrete containing 15% FPS is
higher than that for pure cement concrete during this per-
iod. The compressive strength of concrete with 30% FPS is
similar to that of pure cement concrete at the age of
360 days and is close to that of concrete with 15% FPS at
the age of 720 days. Although the gap of the compressive
strength between concrete containing 30% FSS and pure
cement concrete at the ages of both 360 and 720 days
becomes smaller when compared to that at the age of
90 days, it is also very significant.

It can be seen from Fig. 8a that from the age of 90 days
to 720 days, the increase amplitudes of compressive
strengths for four kinds of composite binders containing
FSS or FPS are all higher than that for pure cement
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Fig. 8 Compressive strengths of concretes. a W/B =0.45; b
W/B = 0.35

concrete. The trend is consistent with that of w, content
(the increasing rates of w, content of four kinds of com-
posite binders containing FSS or FPS are all larger than
those of pure cement during this period). The increase
amplitude of compressive strength for concrete containing
FPS is higher than that for concrete containing FSS with
the same cement replacement ratio. The results are in
accordance with those of w, content (the increasing rates of
composite binders containing FPS are all higher than those
of composite binders containing FSS with the same
replacement ratio during this period). Besides, the result of
TG-DTG shows that the reaction of FPS consumes
Ca(OH), in hydration products while the reaction of FSS
produces Ca(OH), during this period. As a result, the
improvement on the interfacial transition zone of concrete
containing FPS is more significant than that of concrete
containing FSS. At the age of 720 days, the compressive
strength of concrete containing FPS is much higher than
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that of concrete containing FSS with the same replacement
ratio and the gap between them gets lager as the replace-
ment ratio increases which consists with the result of the
pore structure (Fig. 7a). Furthermore, the result of TG—
DTG indicates that the content of Ca(OH), in hydration
products of the composite binder containing FSS is supe-
rior to that of the composite binder containing FPS with the
same cement replacement ratio, and the gap between them
becomes larger as the replacement ratio increases. It is also
one of the most important reasons for the increase gap
between their compressive strengths.

Figure 8b presents the compressive strengths of concrete
of five kinds of composite binders with the W/B ratio of
0.35 at the age of 90, 360, and 720 days, respectively.
Some laws revealed by Fig. 7a, b are similar. The increase
amplitudes of compressive strengths for concrete contain-
ing FPS or FSS are all higher than those for pure cement
concrete. The compressive strength of concrete containing
FPS is distinctly higher than that of concrete containing
FSS with the same replacement ratio regardless of age, and
the gap between them gets larger with the replacement
ratio and the age increase. It can also be seen from Fig. 8b
that the compressive strength of concrete with 30% FPS is
superior to that of pure cement concrete at the age of
90 days, and the compressive strength of concrete with
30% FSS is close to that of pure cement concrete at the
ages of both 360 and 720 days, which are different from
the result shown in Fig. 8a. This is because that the hard-
ened paste gets denser and the porosity becomes lower as
W/B ratio decreases which indicates that the negative
effect that mineral admixtures have on the compressive
strength of concrete weakens when used as a replacement
of cement. On the other hand, the improvement on the
interfacial transition zone of concrete has advantages to the
compressive strength of concrete with a lower W/B ratio.

The splitting tensile strengths of concrete of five kinds
of composite binders with the W/B ratio of 0.45 are pre-
sented in Fig. 9a. The splitting tensile strength of concrete
with 15% FSS is slightly lower than that of pure cement
concrete, and the splitting tensile strength of concrete with
30% FSS is obvious lower than that of pure cement con-
crete regardless of age. The splitting tensile strength of
concrete with 15% FPS is superior to that of pure cement
concrete at any age. In addition, the splitting tensile
strength of concrete with 30% FPS is close to that of pure
cement concrete at the ages of both 90 and 360 days but is
distinctly higher than that of pure cement concrete at the
age of 720 days. Note that the splitting tensile strength of
concrete containing FPS is superior to that of concrete
containing FSS with the same replacement ratio at any age
and the difference between them increases with the
replacement ratio and the age grow.
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Fig. 9 Splitting tensile strengths of concretes. a W/B = 0.45; b
W/B = 0.35

Figure 9b presents the splitting tensile strength of con-
crete of five kinds of composite binders with the W/B ratio
of 0.35. Some laws revealed by Fig. 9a, b are similar. The
splitting tensile strength of concrete containing FPS is
superior to that of concrete containing FSS with the same
replacement ratio, and the gap between them gets larger
with the replacement ratio and the age increase. It can also
be seen from Fig. 9b that the splitting tensile strength of
concrete containing 30% FPS is obvious higher than that of
pure cement concrete at the ages of both 90 and 360 days.
It is noted that the splitting tensile strength of concrete
containing 30% FPS is superior to that of concrete con-
taining 15% FPS regardless of age. The splitting tensile
strength of concrete containing 30% FSS is close to that of
pure cement concrete at the age of 720 days which is dif-
ferent from the trend observed in Fig. 9a but is consistent
with the result of the compressive strength (Fig. 8b).
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Chloride ion permeability

Figure 10a shows the charge passed and permeability grade
to chloride ion of concrete of five kinds of composite
binders with the W/B ratio of 0.45. It is clear that the
charge passed of them decreases as the age grows. At the
age of 90 days, concrete containing 30% FSS exhibits high
permeability while the other four kinds of concrete all
exhibit moderate permeability. At the age of 360 days, the
chloride ion permeability grade of concrete containing 30%
FSS is moderate while concrete with 15% FSS, pure
cement concrete, and concrete with 15% FPS still exhibit
moderate permeability. Besides, the chloride ion perme-
ability grade of concrete containing 30% FPS is low at
360 days. At the age of 720 days, concrete with 15% FSS,
pure cement concrete, and concrete with 30% FSS still
exhibit moderate permeability. In addition, concrete with
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Fig. 10 Chloride ion permeability of concretes. a W/B = 0.45; b

W/B = 0.35
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15% FPS exhibits low permeability and the chloride ion
permeability grade of concrete with 30% FPS is still low.

Figure 10b shows the charge passed and permeability
grade to chloride ion of concrete of five kinds of composite
binders with the W/B ratio of 0.35. It is also clear that the
charge passed of them decreases as the age grows. At the
age of 90 days, the permeability grade to chloride ion of
concrete with 30% FSS is one level higher than that of pure
cement concrete which is consistent with the result under
the condition of 0.45 W/B ratio and the same trend is
observed at the age of 720 days. Concrete with 15% FSS
exhibits the same permeability grade to chloride ion as pure
cement concrete regardless of age. In addition, concrete
containing FPS exhibits the same permeability grade as
pure cement concrete at the age of 90 days but one level
lower than pure cement concrete at the ages of both 360
and 720 days.

The conclusion can be drawn from Fig. 10a, b that FSS
cannot improve the resistance to chloride ion penetration
for concrete at late age while FPS can. The result of the
pore structure shows that FPS can improve the pore
structure of hardened pastes while FSS makes it coarse at
late age which leads to the difference in the resistance to
chloride ion penetration of concrete between them at late
age. On the other hand, the interfacial transition zone of
concrete has direct effects on the permeability to chloride
ion. The reaction of FPS consumes Ca(OH), and thus
improves the interfacial transition zone of concrete which
mainly contributes to the improvement of the resistance to
chloride ion penetration on concrete at late age.

Carbonation depth

Figure 11 shows the carbonation depth of the concrete
exposed in an accelerated carbonation chamber for 90 days
after 28 days’ initial standard curing. Under the condition
of the W/B ratio of 0.45 and 0.35, both FSS and FPS
replacement can result in an increase carbonation depth and
the concrete containing FPS exhibits higher carbonation
depth than that containing FSS with the same replacement
ratio.

2
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S-0.45-15

C-0.35 S-0.35-30 P-0.35-30
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Fig. 11 Accelerated carbonation depth of concrete
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Figure 12 presents the carbonation depth of the concrete
exposed in nature for 720 days after 28 days’ initial stan-
dard curing. With the W/B ratio of 0.45 and 0.35, both FSS
and FPS replacement result in an increase carbonation
depth which is in agreement with the result under the
condition of the accelerated carbonation. However, the
carbonation depth of the concrete containing FPS is smaller
than that of the concrete containing FSS with the same
replacement ratio which is contrary to the result under the
condition of the accelerated carbonation.

It has been shown in the result of TG-DTG that both
FPS and FSS replacement decrease Ca(OH), content in
hydration products which mainly accounts for their
increase carbonation depth. In addition, the rate of car-
bonation is closely related to the degree of density of
concrete. The lower the degree of density of concrete is, the
lower the rate of carbonation is. Although Ca(OH), content
in hydration products of the composite binder containing
FPS is lower than that of the composite binder containing
FSS with the same replacement ratio, the pore structure of
the hardened paste containing FPS is finer than that of the
hardened paste containing FSS (Fig. 6), and the perme-
ability grade to chloride ion of the concrete containing FPS
is lower than that of the concrete containing FSS (Fig. 7).
Therefore, the carbonation depth of the concrete containing
FPS is lower than that of the concrete containing FSS
exposed in nature. Neither reaction degree of FSS and FPS
is high at the beginning of the accelerated carbonation
experiment. Meanwhile, the improvement on the pore
structure of FPS is not obvious at this time, so the result of
the accelerated carbonation experiment mainly depends on
Ca(OH), content. As a result, the carbonation depth of the
concrete containing FPS is higher than that of the concrete
containing FSS exposed in the accelerated carbonation
chamber. It can be concluded from the results of nature
carbonation and accelerated carbonation that the difference
in reaction kinetics between them is very large, of which
the former is more credible.

It can be seen from Fig. 12 that the increase amplitude
of carbonation depth of concrete containing 15% FSS or
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Fig. 12 Natural carbonation depth of concrete (carbonated for
720 days)

FPS is very small and thus little influence on the resistance
to carbonation. However, FPS and FSS have a great
influence on the resistance to carbonation when the
replacement ratio is 30%.

Sulfate attack

Figure 13a, b shows the strength loss rates of concretes
with five different binders under sulfate attack for 90, 120,
and 150 dry—wet circulation times with the W/B ratio of
0.45 and 0.35, respectively. A low-strength loss rate of
concrete results from excellent resistance to sulfate attack.
It is obvious that the strength loss rate at W/B ratio of 0.35
is much smaller than that at W/B ratio of 0.45 for the
concretes with the same binder. It is an indication that the
compactness which is closely related to the W/B ratio has a
significant effect on the sulfate attack resistance of con-
crete. Figure 13a, b presents that the resistance to sulfate
attack of concrete reduces with the replacement ratio of
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FSS increase and otherwise for the increase in replacement
ratio of FPS.

The sulfate attack of concrete is mainly because the
sulfate ion inside concrete reacts with Ca(OH), and C-A-
H which produces ettringite and gypsum, causing volume
dilation and expansion cracking of concrete [49, 50]. The
permeability of concrete counts on the rate of sulfate ion
entering concrete. The result of the permeability of con-
crete experiment (Fig. 10) shows that FPS can improve the
permeability of concrete significantly while FSS has neg-
ative effects on it. In addition, as shown in the result of
TG-DTG (Fig. 6), FPS can reduce Ca(OH), content in
hydration products obviously while FSS cannot. The
crystallization of sulfates, which induces expansion stress,
is another factor causing damage of concrete structure.
Denser structure tends to slow down the penetration of
sulfate ions and thus release the chemical effect as well as
crystallization effect of sulfates. What’s more, the cracking
of concrete would accelerate the penetration of sulfate ions
significantly, which would increase the crystallization
effect of sulfates significantly. So, reducing or delaying the
cracking of concrete is beneficial to the prevention of the
crystallization of sulfates. As a result, FPS is much helpful
to the resistance to sulfate attack of concrete while FSS has
an adverse effect on the resistance to sulfate attack of
concrete and the law revealed above is more obvious as the
replacement ratio increases.

Conclusions

1. Replacing 30% of the cement by FSS and FPS can both
prolong the dormant period of hydration evolution, and
the retarding effect of FPS is more significant rela-
tively. The increase amplitude of reaction degree of
FPS is higher than that of FSS, and both of them are
higher than that of pure cement from 90 to 720 days.

2. The ability to improve the pore structure of FPS is
better than that of FSS, and the content of Ca(OH), in
hydration products of FPS is lower than that of FSS at
the age of 720 days. As a result, FPS can improve the
resistance to chloride ion penetration for concrete at
late age (after 90 days) while FSS cannot.

3. FPS has advantages to the development of compressive
strength and splitting tensile strength of concrete as the
age and the replacement ratio grow at late ages when
compared to pure cement and FSS, which is more
significant under the condition of lower W/B ratio (W/
B ratio of 0.35).

4. Based on the result of nature carbonation which is
more credible, both FSS and FPS replacement result in
an obvious increase carbonation depth with 30%
replacement ratio when compared to that of pure

@ Springer

cement concrete, and the carbonation depth of the
concrete containing FPS is smaller than that of the
concrete containing FSS with the same replacement
ratio at 720 days.

5. FPS is much more beneficial to the resistance to sulfate

attack of concrete while FSS is more disadvantageous
to the resistance to sulfate attack of concrete as the
replacement ratio increases in the long term (after
90 days).
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