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Abstract
Based on the fundamental principles of preparing reactive powder concrete (RPC), a new type of RPC was composed by 
replacing cement with the active powder component ultra-fine ground granulated blast-furnace slag (GGBS). GGBS is 
proposed as a potential alternative to silica fume (SF), which is currently the most commonly used RPC mineral admixture. 
In order to improve the brittleness of RPC, a steel fibre with appropriate length/diameter ratio was added. The ultra-fine 
GGBS (UFS) or SF replacement level was 20% by mass, with a water-to-binder (w/b) ratio of 0.18. The concrete specimens 
were pre-cured for 6 h at 20 °C and then exposed to steam curing conditions for 3 days. This study investigates the effects of 
the UFS and the SF on the durability of the RPC by examining the hydration properties, mechanical properties and perme-
ability of RPC. Test results reveal that replacing the cement with UFS or SF does have a significant effect on the hydration 
properties, our results indicate that the inclusion of SF or UFS can accelerate the early hydration of cement and increase the 
consumption of Ca(OH)2. The mercury porosimetry and chloride ion penetration tests results revealed that RPC has a very 
low porosity and very dense structure. RPC with the addition of steel fibre exhibited a higher compressive strength than the 
RPC without steel fibre. Incorporating UFS into RPC had similar advantages to incorporating SF, but UFS proved to be the 
more economical admixture.
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Introduction

As the Chinese social economy develops, the demand for 
both long-lasting and functional building structures has 
grown, with current construction trends gravitating towards 
building materials which possess both ultra-high strength 
and durability. This increases the requirements for the 
mechanical properties and the resilience of concrete [1–4], 
leading to the development and application of high perfor-
mance concrete (HPC) and ultra-high-performance concrete 
(UHPC) [5, 6]. The toughness of UHPC has been further 
improved with the addition of steel fibres, resulting in a type 
of concrete called ultra-high-performance fibre-reinforced 
concrete (UHPFRC) [7–9]. Based on research conducted 

by Richard et al. [10], a new type of UHPC was devel-
oped, dubbed reactive powder concrete (RPC) due to the 
incorporation of high-activity volcanic ash material and the 
replacement of coarse aggregate with fine quartz sand (with 
a particle size less than 0.6 mm) or steel aggregate (with a 
particle size less than 0.8 mm). RPC is developed through 
microstructural enhancement techniques and is character-
ized by its super-high strength, extreme durability, excel-
lent volume stability and superior toughness [11, 12]. RPC 
with these superior qualities has been applied extensively 
in civil, petroleum, nuclear power, municipal, marine and 
military facilities, as well as in other projects [13]. However, 
the water-to-binder ratio of conventional RPC tends to be 
low and, for practical engineering, steel fibre must be added 
to improve its toughness, thereby increasing the difficulty of 
mixing and moulding the material. This increase in RPC’s 
production costs has hindered its promotion and application.

Silica fume (SF) is the most commonly used of the RPC 
mineral admixtures due to its high activity and particle 
filling effects, properties which play an important role in 
ensuring RPC strength [14, 15]. Using SF improves RPC 
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in three key ways. The first is its particle filling effect [16]; 
due to the very small mean particle size of SF it can easily 
fill pores between particles, thereby increasing the density 
of the pastes and improving the overall strength of RPC. The 
second effect is morphological [17, 18]; as the SF particles 
possess glassy and spherical characteristics, which can pro-
vide ’ball-bearing’ effect and decrease the flow resistance of 
the mixture, thus improving the rheology of RPC. The final 
effect is pozzolanic [19]; as the secondary hydration prod-
ucts fill the interior of the concrete, these block the intercon-
nected pores, inhibiting ion transportation and enhancing 
durability. However, the proportion of cement in conven-
tional RPC is generally high, and the SF content is often over 
25% (determined by the mass of cement) which not only 
increases production costs but also negatively influences 
the hydration heat and may lead to shrinkage problems. 
Replacing both cement and SF with other mineral admix-
tures appears to be a feasible solution to these problems.

Ground granulated blast-furnace slag (GGBS) is a by-
product from molten slag discharged, when iron is smelted 
using a rapid water-quenching technique. GGBS has been 
used in the cement and concrete industry for many years 
[20]. As a mineral admixture, GGBS can improve both fresh 
and hardened concrete by increasing workability, retarding 
the bleeding of fresh concrete, decreasing the heat of hydra-
tion, improving long-term strength and corrosion resistance 
and reducing porosity and permeability [21, 22]. In addi-
tion, the price of GGBS is lower than SF, making it a more 
economical choice than the SF-blended concrete. In contrast 
to normal GGBS, ultra-fine GGBS (UFS) has an increased 
surface area, which increases both the hydration rates and 
the number of pozzolanic reactions and improves its fill-
ing abilities [23]. The advantages of UFS are numerous and 
include reducing the total pore volume, reducing pore con-
nections and an improved filling of pores within the interfa-
cial transition zone (ITZ), which can accelerate the rate of 
strength development, reduce permeability, and improve the 
overall durability of the RPC.

In this investigation, the RPC was prepared with a low 
water-to-binder (w/b) ratio of 0.18. The cementitious mate-
rials that replaced ordinary Portland cement (OPC) were 
UFS and SF. In addition, in order to improve the brittleness 
of RPC, a steel fibre with an appropriate length/diameter 
ratio was added. We compared the effects of using SF and 
UFS in RPC by examining a number of criteria, including 
early hydration, pore structure, compressive strength, and 
resistance to chloride ion permeability. It is expected that 
our results will help create a scientific basis for using UFS 
in the preparation of RPC.

Experimental

Raw material

Ordinary Portland Cement (OPC, China Building Materi-
als Academy Co., Ltd.) complies with the Chinese Stand-
ards GB175-2007 and has a Blaine fineness of 341 m2/
kg. The mineral admixtures (MA) used were SF (SLT 
comprehensive utilization of resources Co., Ltd.) with 
a nitrogen BET surface area of 17,650 m2/kg, and two 
ultra-fine GGBS (UFS, Wuhan VCEM Technology Devel-
opment Co., Ltd.) admixtures, one with a nitrogen BET 
surface area of 2435  m2 kg−1 (UFS1) and the other of 3955 
 m2 kg−1 (UFS2). The SF and UFS used in this work were 
commercially available materials. The detailed chemical 
compositions of OPC, SF, UFS1, and UFS2 are shown 
in Table 1. The XRD patterns are shown in Fig. 1. The 
steel fibre had a diameter of 0.18–0.22 mm and a length 
of 12–14 mm. Fine quartz sand with a particle size of 
0.315–0.63 mm and coarse quartz sand with a particle size 
of 0.63–1.25 mm were used. A polycarboxylate superplas-
ticizer (PS) was also used to adjust the concrete’s fluidity.

Mix proportions

The mass replacement of MA to cement was fixed at 20% 
with a low water-to-binder (w/b) ratio of 0.18. The mix 
proportions of pastes and concretes are shown in Tables 2 
and 3, respectively. Plain cement samples (C) were used as 
the reference samples. The samples containing SF, UFS1 
and UFS2 are referred to as S, U1 and U2, respectively. 
The concrete samples containing the additional steel fibre 
are referred to as C#, S#, U1# and U2#, respectively.

Table 1  Chemical composition and surface area of OPC, SF, UFS1 
and UFS2

Name Composition/%

OPC SF UFS1 UFS2

CaO 67.8 0.17 43.0 43.0
SiO2 18.1 97.34 32.3 32.3
Al2O3 4.3 0.34 14.3 14.4
MgO 1.95 0.27 7.0 6.9
SO3 3.08 0.77 1.0 1.0
Fe2O3 3.3 0.06 0.3 0.2
Na2O 0.17 0.11 0.2 0.2
K2O 0.68 0.82 0.5 0.5
Surface area/m2 

 kg−1
341 17,650 2435 3955
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Specimen preparation

The mixing method should ensure the homogenization of the 
RPC specimens. All RPC specimens were prepared accord-
ing to the GB/T 31387-2015, ‘Reactive powder concrete’ 
[24], as following procedures: (1) The feeding process is 
in order of quartz sands, steel fibre, cement and MA. These 
dry mixtures are pre-mixed for 4 min. (2) Addition of the 
volume of water containing the superplasticizer and mix-
ing for 5 min. (3) Fresh mixed RPC was then poured in 

100 mm ×  100  mm ×  100 mm moulds and compacted to 
remove air voids using a vibrating for 30 s. (4) The RPC 
specimens were covered by plastic sheets for the next cur-
ing process.

Curing process

Two groups of each specimen (listed in Tables 2, 3) were 
prepared and then pre-cured for 6 h at normal temperature 
(20 °C) prior to steam curing. After pre-curing, the speci-
mens were exposed to steam curing conditions for 3 days. 
First, the specimens were steam cured at (40 ± 5)  °C for 
1 day. After the steam curing, all of the specimens were 
cooled to room temperature and then de-moulded, and fol-
lowed by 2 days steam curing at (70 ± 5)  °C. One group of 
the concrete samples was taken directly to the experimen-
tal area following the steam curing. (These samples were 
3 days old.) The other group remained under the standard 
curing conditions until the concrete samples reached an age 
of 14 days.

Test methods

The heat evolution of the four mixture samples was meas-
ured using a TAM Air Calorimeter at 25 °C and 50 °C within 
72 h, respectively. The mix proportions of these samples are 
shown in order in Table 2. These results indicate the early 
hydration activity of the samples.

Two groups of each specimen (listed in Table 2) were 
prepared and cured to the ages of 3 and 14 days, respectively. 
The hardened pastes were extracted once they had reached 
the chosen testing age and then immersed in absolute alco-
hol to prevent further hydration. The samples were dried 
in an electric vacuum drying oven before undergoing test-
ing. Thermogravimetric (TG) analysis, mercury intrusion 
porosimetry (MIP) and X-ray diffraction (XRD) tests were 
performed on theses dried samples, respectively.

The TG analysis was conducted using a simultaneous 
thermal analyser with a uniform heating rate of 10 °C per 
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Fig. 1  The XRD patterns of OPC, SF, UFS1 and UFS2

Table 2  Mix proportions of pastes

Samples By mass/% Water-to-
binder ratio

OPC SF UFS1 UFS2

C 100 0.18
S 80 20 0.18
U1 80 20 0.18
U2 80 20 0.18

Table 3  Mix proportions of 
concretes/(kg  m−3)

Samples OPC SF UFS1 UFS2 Steel fibre Water Fine quartz 
sands

Coarse 
quartz 
sands

C 916 165 760 410
S 732.8 183.2 165 760 410
U1 732.8 182.3 165 760 410
U2 732.8 182.3 165 760 410
C-# 916 100 165 760 410
S-# 732.8 183.2 100 165 760 410
U1-# 732.8 182.3 100 165 760 410
U2-# 732.8 182.3 100 165 760 410
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minute from room temperature to 900 °C, using platinum 
crucibles with approximately 0.004 g of sample under a 
nitrogen flow. The calcium hydroxide (CH) content of the 
hydration products was calculated based on the TG/DTG 
curves of the hardened paste samples at the respective ages 
of 3 and 14 days, respectively.

MIP with an operating pressure up to 60,000  lb  in−2 
(about 413.76 MPa) was used to determine the pore size 
and distribution of the hardened paste samples at the ages 
of 3 and 14 days, respectively.

XRD was used to determinate the mineral phases of the 
hardened pastes’ hydration products following the steam cur-
ing at an age of 3 days. An internal standard of 20 mass% 
of  SiO2 was mixed manually with the samples in an agate 
mortar for 20 min to obtain a good homogeneity. XRD pat-
terns were acquired by X-ray diffraction analyzer with D/
MAX-RB models of target X-ray diffraction, using copper 
cathode and continuous scan. The test data were collected 
from the 2θ range of 5° to 65° on the continuous mode and 
were analysed using JADE software. Rietveld methodology 
was used to calculate the CH content of the samples.

Each RPC concrete specimen, C, S, U1 and U2 (with-
out steel fibre); C-#, S-#, U1-# and U2-# (with steel fibre) 
was prepared for the compressive strength tests, where each 
value is averaged from the results of three cubes.

The chloride ion permeability of the concretes (without 
steel fibre) was tested at an age of 14 days by measuring 

a current passing through the concrete. These results were 
evaluated according to ASTM C1202 [25] ‘Standard Test 
Method for Electrical Indication of Concretes Ability to 
Resist Chloride Ion Penetration’.

Results and discussion

Hydration heat

Figure 2a, b shows the exothermic rate and cumulative 
hydration heat of cementitious materials at 25 °C, respec-
tively. As shown in Fig. 2a, the second peak in the sample 
containing SF (S) appeared significantly earlier than in the 
plain cement sample (C). This is due to the ultra fineness of 
SF, which can cause a nucleation that promotes the hydra-
tion of cement. In addition, SF has a large specific surface 
area and a high reactivity, which can accelerate its pozzo-
lanic reactivity. Hence, the replacement of cement with SF 
can accelerate the early hydration process and advance the 
second exothermic peak. In general, the activity of ordinary 
GGBS is much lower than that of cement, and thus the sec-
ond exothermic peak should be slightly delayed than in a 
cement-GGBS system. However, as shown in Fig. 2a, the 
replacement of cement with ultra-fine GGBS (UFS) can 
make the second exothermic peak appear first, almost at the 
same time as the plain cement sample. In theory, grinding 

Fig. 2  a Exothermic rate curves 
and b Cumulative heat curves 
of binders during hydration at 
25 °C; c Exothermic rate curves 
and d Cumulative heat curves 
of binders during hydration at 
50 °C
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the ordinary GGBS into a finer powder and thereby creating 
a larger specific surface area could improve the nucleating 
effect and accelerate the hydration reaction [26]. In addition, 
the peak intensities of the UFS-cement system (U1 and U2) 
were lower than those of the plain cement samples. This is 
because of the decrease in cement content and the ultra fine-
ness of UFS, which lead to greater water absorption and a 
reduction in the cement’s hydration. When the cement was 
replaced with UFS1 or UFS2 it underwent a very similar 
hydration process, but did exhibit differences in terms of 
peak intensity. U2 displayed a slightly higher peak intensity 
than U1, which may be due to the already minute particle 
size of UFS1, meaning that further grinding has very lit-
tle effect on the hydration of the cement. Meanwhile, the 
sample containing SF exhibited the lowest peak intensity. 
This may be caused by the pelletization or densification of 
the SF agglomerates [27], where the small individual par-
ticles gather into relatively large clumps—a process which 
adversely effects the functionality of SF [28].

As shown in Fig. 2b, during early-stage hydration, the 
cumulative heat of the sample containing SF was obviously 
higher than that of the plain cement sample, while, the sam-
ples containing UFS were very close to that of plain cement 
sample. These results are consistent with the results of 
exothermic rate. However, the finally total cumulative heat 
shows the order is C > U1 ≈ U2 > S. The reasons are maybe 
due to the early reaction of the sample containing SF was too 
fast and the hydration products were not evenly distributed 
which may adhere to the surface of the unhydrated particles 
[29, 30]. Therefore, the subsequent reaction of SF-cement 
system would be inhibited, so that reduced the finally total 
cumulative heat. In addition, the cumulative heat curve of 
the sample containing UFS1 was almost coincided with that 
of UFS2. It shows again that the further grinding of UFS has 
little effect on the hydration of UFS-cement system.

Figure 2c, d shows the exothermic rates and cumulative 
hydration temperatures of the cementitious materials at 
50 °C. As shown in Fig. 2c, when compared with the results 
at 25 °C, the main peaks shifted significantly to the left, 

and the peak intensity increased and the half-peak width 
decreased. These results indicate that the reaction process 
of these cementitious materials was accelerated at higher 
temperatures [31]. As shown in Fig.  2d, the final total 
cumulative heat results were as follows: C ≈ U2 ≈ U1 ≈ S. 
Compared with Fig. 2b, the final total cumulative heat of 
all the blended samples have increased and the differences 
between them are not significant. The explanation can be 
that the reaction of SF and UFS is significantly stimulated 
by the high temperature and accelerate the dissolution rate 
of composite binders, which contributes to the hydration 
heat of the composite binder within 72 h at 50 °C. Further-
more, this indicates that the excitation effect produced by 
high temperatures was more effective for SF and UFS than 
for pure cement. In addition, the cumulative heat curve of 
the sample containing UFS2 almost coincided with that of 
the plain cement sample. This suggests that the excitation 
effect created by higher temperatures was more significant 
for UFS2 than for UFS1.

Thermogravimetric (TG) analysis

Figure 3a, b shows the hardened paste samples’ TG and 
DTG curves at the ages of 3 and 14 days, respectively. As 
shown in the DTG curve, an endothermic peak occurred 
for each sample at approximately 300–500  °C, a result 
which corresponds with the decomposition of CH. The total 
amount of CH was then calculated based on the DTG curves 
as shown in Table 4, which presents the content of CH in the 
hardened paste samples at the ages of 3 and 14 days. The 
CH content of the samples containing SF, UFS1 or UFS2 
was lower than that of the plain cement sample, addition-
ally the decreased value was higher than the replacement 
level of 20%. This is due to the pozzolanic reaction of SF 
and UFS, which consumes CH within the cementitious sys-
tem [32]. Moreover, steam curing at elevated temperatures 
can strongly activate SF and UFS, thereby increasing the 
reaction degree. However, the CH content of the SF sam-
ple was significantly lower than that of the UFS sample. 

Fig. 3  TG/DTG curves of the 
hardened paste samples at the 
ages of a 3 and b 14 days 100

90

80

70
200 400

Temperature/°C
600 800

100 C S U1 U2C S

DTG

TG TG

M
as

s/
%

M
as

s/
%

D
er

iv
.M

as
s/

%
 C

–1

D
er

iv
.M

as
s/

%
 C

–1

DTG

U1 U2 0.15

0.10

0.05

0.00

– 0.05

– 0.10

0.15

0.10

0.05

0.00

– 0.05

– 0.10

90

80

70
200 400 600 800

Temperature/°C

(a) (b)



1598 Y. Zhou, Z. Zhang 

1 3

This is because the content of calcium oxide (CaO) in the 
UFS (43%) is higher than that in the SF (0.17%) as shown 
in Table 1. Watcharapong [33] has reported that the CaO 
content plays a significant role in accelerates the precipita-
tion of CH. Therefore, UFS can provide partial  Ca2+ for the 
formation of CH, while the amount of CH consumed by the 
SF was almost entirely produced by cement hydration. In 
addition, the CH content of U1 and U2 did exhibit distinct 
differences due to there being the same amount of CaO in 
both UFS1 and UFS2.

The CH content of all the samples altered slightly over 
the period of 3 to 14 days. This indicates that the early steam 
curing significantly enhanced the reaction degree of these 
samples and further curing does little to improve the degree 
of reaction, and resulted in only marginal increases of CH 
content. It is interesting to note that the CH content of the 
sample containing SF decreased slightly over the 3 to 14 day 
range. This is because a large amount of CH was consumed 

in the SF-cement system during the early steam curing 
period and the extremely low levels of CaO in SF could not 
provide enough  Ca2+ for the formation of CH.

Pore structure of the hardened pastes

The MIP test results are shown in Fig. 4. After steam curing 
for 3 days, the pore size distribution curves of the hardened 
pastes containing UFS1 (U1) and UFS2 (U2) were practi-
cally identical, and the pore structure was optimized com-
pared with the plain cement as shown in Fig. 4a, c. This was 
caused by the UFS hydration reaction being activated dur-
ing the process of steam curing, which meant that hydration 
products had filled some of the pores present in the hardened 
paste. In addition, the physical filling effect of UFS is able 
to alter the density of pore structure and decrease the total 
porosity. However, under the same dosage, the porosity of 
the hardened pastes containing SF (S) was larger than that 
of the hard pastes made of plain cement. This may be due 
to the partially undispersed SF agglomerates in the cement 
paste, as these SF agglomerations can hinder improvements 
in pore structure.

Figure 4b, d shows the pore size distribution curves of 
the hardened pastes samples under both the standard, 3 days 
curing condition and up to the age of 14 days. It can be seen 
that there was no significant improvement in the porosity in 
the hardened paste samples. This may be caused by the early 

Table 4  The content of CH 
in the hardened paste samples 
at the ages of 3 and 14 days, 
respectively

Samples CH content/%

3 days 14 days

C 7.73 8.96
S 2.18 1.93
U1 4.97 6.41
U2 4.89 6.25

Fig. 4  Pore structures of the 
hardened paste samples at the 
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reaction of the samples, which occurred too quickly during 
the early steam curing process, thereby making the hydration 
products coarse and unevenly distributed in the matrix when 
subjected to further standard curing conditions. For this rea-
son, it is easy to increase the porosity of the hardened pastes.

X‑ray diffraction analysis

The XRD patterns for the hardened paste samples after 
steam curing (at an age of 3 days) are shown in Fig. 5. The 

formation of the hydration products is proved by the XRD 
results and all samples produced CH as hydration products. 
 C3A contained in cement were not identified in hardened 
pastes, while the  C2S,  C3S and  C4AF were identified as 
unreacted residual phases. Rietveld methodology was used 
to calculate the CH content present in samples. The results 
of the Rietveld quantitative XRD (QXRD) analysis for the 
samples are shown in Table 5. The XRD scans of the four 
hardened pastes were very similar, with the CH content of 
the four samples almost matching the results of the TG test 
(as shown in Table 4). As mentioned before, the CH content 
indicates changes in the hydration products that are gen-
erated by pozzolanic reactions caused by SF or UFS. Our 
QXRD results confirmed the higher consumption rate of CH, 
which contributed to the formation of strength possessing 
phases in the C-SF or C-UFS systems.

Compressive strength

Figure 6a, b shows the compressive strengths of the con-
crete cubes with and without steel fibre at the ages of 3 and 
14 days, respectively. Based on the column figures below, 
the compressive strength of the concretes can be seen to 
increase with the addition of the steel fibres. This may be 
caused by the steel fibres intersecting with and arresting the 
microcracks that develop in the ITZ, thereby increasing the 
strength of concrete [34]. The SF and UFS concretes that 
contained steel fibres had a higher compressive strength than 
the control concretes. The addition of ultra-fine powder to 
the matrix improved the bond between the cement paste and 
the aggregate particles, as well as increasing the density of 
the cement paste. This, in turn, significantly improved the 
compressive strength of the concrete. It was noted that over 
the 3 to 14 day period, the compressive strength of concrete 
exhibited no obvious change. This indicates that the com-
pressive strength of the concrete increased rapidly during 
the initial steam curing process.
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Fig. 5  XRD patterns of the hardened pastes C, S, U1 and U2 after 
steam curing

Table 5  Results of quantitative 
XRD (QXRD) analysis for the 
hardened pastes C, S, U1 and 
U2 after steam curing

Phase Mass fraction-QXRD/
mass%

C S U1 U2

CH 8.89 2.33 5.58 5.36

Fig. 6  Compressive strength 
of the concrete cubes with and 
without steel fibre at the ages of 
a 3 and b 14 days
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However, the SF and UFS concretes without steel fibre 
had lower compressive strength than the control concretes 
at 3 days. As shown in Fig. 2, the hydration degrees of SF 
and UFS composite binder are lower than plain cement at 
early hydration period, and the main contribution to com-
pressive strength is the hydration of cement. Hence, the plain 
cement concrete without steel fibre shows highest compres-
sive strength at 3 days. From 3 to 14 days, the compres-
sive strength of the concrete displayed no obvious change 
except in sample S. This is because the secondary hydrated 
of SF at later hydration period and the filling effect of SF 
contributes to higher strength of RPC containing SF at an 
age of 14 days. It should be note that the higher compres-
sive strength value is attributed to the incorporation of steel 
fibres in the RPCs. These results indicated that the presence 
of the steel fibre had a considerable effect on the mechanical 
properties of RPC.

Chloride ion permeability

The charge passed of the concrete samples without steel 
fibre at an age of 14 days is shown in Fig. 7. As reported, 
a reduction in chloride permeability indicates an improved 
resistance to chloride ion penetration. Figure 7 shows the 
chloride permeability grade of all of the RPC samples is 
at the ‘Very Low’ status, indicating that the RPC has good 
properties of the chloride resistance. When comparing the 
strength of the charge passing through OPC, SF, UFS1 and 
UFS2 RPC the results are as follows: S < U2 < C<U1. The 
improvement of microfiller in RPC by the ultra-fine pow-
der and its higher secondary hydration levels contributes to 
blocking the connected pores, which is beneficial to improve 
the pore structure and the ITZ of RPC [35]. It should be 
noted that the amount of charge passing through the S sam-
ple was extremely low, which indicates that the inclusion of 

SF in RPC had a significant effect on chloride ion permeabil-
ity. The pozzolanic reaction of SF consumes a large amount 
of CH (as shown in Fig. 3b), thus improving the ITZ, and 
the highest compressive strength of SF-RPC without steel 
fibres (as shown in Fig. 6b) shows the better compactness of 
concrete. Therefore, the RPC containing SF shows the best 
chloride ion permeability resistance.

Conclusions

The experimental results presented in this paper have veri-
fied that the incorporation of ultra-fine GGBS (UFS) in 
the RPC matrix can improve the hydration properties, the 
mechanical properties and the permeability of RPC, all of 
which contribute to RPC’s durability.

1. The replacement of cement with UFS accelerated the 
early hydration speed of the cement. The TG test and 
the QXRD results indicated that the UFS’ pozzolanic 
reactions increased, consuming large amounts of CH 
which improved the ITZ and blocked connected pores 
within the RPC. The MIP results showed a denser pore 
structure in the UFS sample than in SF sample.

2. RPC with high compressive strength can be obtained 
using OPC blended with either UFS or SF. The presence 
of steel fibres had a considerable effect on the mechani-
cal properties of RPC.

3. The chloride permeability grade of the RPC when pre-
pared using SF or UFS achieved a ‘Very Low’ status, 
which indicates that the RPC has good properties of the 
chloride resistance.
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