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This study investigated the flowability, compressive strength, heat of hydration, porosity and calcium
hydroxide content of ultra-high-strength concrete (UHSC) with cement–silica fume–slag binder at
20 �C. The composition of the binder was designed using seven-batch factorial design method. The rela-
tionships between the binder composition and the properties were expressed in contours. Results
showed that proper silica fume content could improve the flowability and compressive strength of
UHSC, reduce the porosity and calcium hydroxide content of UHSC. Slag reduced the flowability, com-
pressive strength, porosity, and calcium hydroxide content of UHSC to certain extent. The silica fume
and slag demonstrated positive synergistic effects on the flowability and 3 d compressive strength, but
have negative synergistic effects on the total heat of hydration, hydration heat when the time is infinitely
long(P0), 56 d compressive strength, porosity and calcium hydroxide content of UHSC.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Cementitious materials with a compressive strength of over
150 MPa and exceptional durability properties attracted significant
interest around the world since early 1990s. First defined as reac-
tive powder concrete, it is now more generally described as
ultra-high-performance concrete/ultra-high-strength concrete
(UHPC/UHSC) [1]. UHSC is composed of cement and very fine pow-
ders such as crushed quartz, silica fume. UHSC exhibites as very
dense microstructure and super ductility, especially after high
temperature curing. Incorporation of steel fibers can greatly
enhance the toughness of UHSC [2–4]. UHSC was firstly used in
the Sherbrooke Pedestrian Bikeway Bridge Quebec, Canada, and
its applications have gradually increased since then [5].

The phase content in UHSC does not change obviously after
7 days of hydration. The crystalline phase content in the ordinary
concrete was considerably higher than that in UHPC [6]. The aver-
age C–S–H chain length is short, and the pozzolanic activity is
weak at 20 �C. At 90 �C, heat curing does not only increase the poz-
zolanic activity of both silica fume and crushed quartz, but also
increase the average C–S–H chain length. At 250 �C xonotlite
formed [7,8]. UHSC has a very low porosity, which never exceeds
9% in volume in the pore diameter range of 3.75 nm to 100 lm.
What’s more, it is nil in the range of 3.75 nm to 100 lm for
UHSC when it was cured between 150–200 �C [9].

In former studies, the binders of UHSC were often composed of
cement and silica fume. Their studies were mainly focused on the
hydration and microstructure of UHSC after heat curing. In recent
years, many researchers started to use other mineral admixtures
to substitute cement and silica fume. Fly ash and ground granu-
lated blast furnace slag can be the substitutes for cement and silica
fume. Researches on mechanical characteristic of UHSC with high
content of mineral admixtures show satisfactory results [10].
Compared with ordinary UHSC, though the contents of cement
and silica fume were prominently reduced, compressive strength
of samples containing high content of mineral admixtures were
still over 200 MPa with standard curing, 234 MPa with steam cur-
ing and 250 MPa with autoclave curing [11]. Limestone powder
can be another substitute for silica fume. When the limestone
powder, silica fume and ground granulated blast furnace slag con-
tent were 20%, 10% and 20%, the 28 d and after strengths of sam-
ples were higher than that without limestone powder [12]. Rice
husk ash could be considered as a supplementary cementitious
material at low content. There was a synergic effect between rice
husk ash and silica fume on the compressive strength of UHSC,
demonstrated by the fact that the sample made by the blend of
10% rice husk ash and 10% silica fume showed higher compressive
strength than that of the control sample without rice husk ash or
samples using other blends with silica fume [13].
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It can be observed that other supplementary cementitious
materials can also be used for prepare for UHSC. However, UHSC
were prepared with cement and silica fume and the studies on
hydration and microstructure of UHSC mainly focused on heat cur-
ing so far. If the UHSC were prepared with other supplementary
cementitious materials, such as slag, fly ash, limestone powder
and rice husk ash, the hydration and microstructure may demon-
strate significant differences. Moreover, if the UHSC was cured
under standard condition, not heat curing, the hydration and
microstructure of UHSC may be also very different. However, the
study on hydration and microstructure of UHSC with common sup-
plementary cementitious materials under standard curing condi-
tion was very limited. Thus, this study investigated flowability,
compressive strength, hydration and microstructure of UHSC with
cement–silica fume–slag binder cured in water at 20 �C.
2. Raw materials and experimental and methods

2.1. Raw materials

Raw materials used in this study include Portland cement (PC),
silica fume, slag, natural quartz sand, superplasticizer and water.
PC was complied with the Chinese Standards GB175-2007 and
had Blaine fineness of 353 m2/kg and particle size distribution as
shown Fig. 1(a). Its chemical composition is given in Table 1.
Silica fume (SF) is very fine with particle size approximately 0.1–
0.2 lm, which exists in grey powder form and contains reactive sil-
icon dioxide and no chloride or other potentially corrosive sub-
stances. The chemical composition of the silica fume is given in
Table 1. The chemical composition of slag (S) is presented in
Table 1. Its particle size distribution is given in Fig. 1(b).

Natural quartz sand was used as aggregate with maximum par-
ticle size of 2.36 mm. Polycarboxylate based superplasticizer (SP)
was used.

2.2. Mixture proportions, specimen preparation and curing

The mixing proportion of UHSC was: binder materials: sand:
water: superplasticizer = 1:1:0.16:0.02 by mass. The binder com-
position of UHSC was designed using factorial design method, as
shown in Table 2 and Fig. 2. Initially dry materials (cement, silica
fume, slag and natural quartz sand) were mixed using a high speed
mixer for 1 min. Water and superplasticizer were added and mixed
for about 3 min at a low speed, and then mixed for about 8 min at a
high speed until the mixtures were uniform. When UHPC mixture
was ready, it was casted into 40 � 40 � 160 mm and
U10 � 150 mm cylinder moulds by two layers, and were vibrated
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Fig. 1. Particle size distribution of PC and slag.
60 times at each layer to consolidate the mixtures. The specimens
with moulds were kept in a room at about 20 �C for 24 h. The cast
moulds were covered by plastic sheets until demoulding to prevent
moisture losing. After demoulding, specimens were cured in cal-
cium hydroxide saturated solution at 20 �C until testing ages.

2.3. Experimental methods

2.3.1. Heat of hydration
The hydration heat was determined using an isothermal

calorimeter. Binder components were put into a compulsory paste
mixer at a high speed mixer for 1 min. Water and superplasticizer
were added to the mixer at W/B of 0.16 and mixed for about 3 min
with a low speed, and then mixed for about 8 min at a high speed.
About 4 g paste samples was weighed and filled into a glass bottle
then placed into TAM Air isothermal calorimeter immediately for
measurement of heat of hydration. When the glass bottle were
place into TAM Air isothermal calorimeter, the data acquisition
system was initiated at the same time to record the output voltage
from which the heat flow in the system could be calculated. All
measurements were lasted for 72 h.

2.3.2. Flowability
The flowability of all mixtures was measured in accordance

with the Chinese Standards GB/T 2419-2005. The mixtures were
cast into mould by two layers. The first layer was casted to 2/3
height of mould, and the mixture was librated 15 times by a tam-
per. Then, the second layer was casted and librated. The mould was
lifted lightly. The mixture was librated 25 times at flop table. The
diameter of mixture was recorded.

2.3.3. Compressive strength
The strengths were measured using 40 � 40 � 160 mm speci-

mens. The compressive strength was measured following Chinese
Standards GB/T 17671-1999. The flexural strengths were con-
ducted on three specimens from the same mixture, and compres-
sive strengths were conducted on the six broken halves. The test
results were averaged for the flexural strength and compressive
strength.

2.3.4. Water absorption porosity
Specimens with the size of U10 � 150 mm cylinder were cast

for porosity testing. The samples were cut from U10 � 150 mm
cylinder, and sliced into U10 � 5 mm thin discs, then cured in cal-
cium hydroxide saturated solution at 20 �C until testing ages. The
total porosity of specimens was measured as follows: once the thin
discs had been saturated under vacuum for 24 h, put the discs on a
wire netting; the specimens were immersed in a bucket containing
water and were linked to the weighing scale with a fishing line;
then the weight of specimens saturated in the water was deter-
mined corresponds to w2; determining the saturated surface dry
basis weights corresponds to w3; determining of the weight after
drying up to constant mass at 105 �C corresponds to w1; total
water porosity = (w3 � w1) � 100/(w3 � w2).

2.3.5. Calcium hydroxide
The calcium hydroxide (CH) content in cement paste was mea-

sured quantitatively by thermogravimetric analysis. Samples were
broken into pieces by a hammer. These samples were immersed in
the absolute alcohol solution for 1 d to terminate hydration. Then,
these samples were ground to powder until all the powders were
passed through 0.045 mm sieve. After that, these powder were
put into a vacuum oven at 60 �C for 24 h. The samples were
selected randomly about 10 g to measure the calcium hydroxide
content. The experiment temperature was ranging from room tem-
perature to 1000 �C in a nitrogen environment at a constant



Table 1
Chemical composition of PC, silica fume and slag.

Chemical composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq f-CaO Loss CL�

PC 25.26 6.38 4.05 64.67 2.68 2.66 0.56 0.82 2.59 0.007
Silica fume 90.82 1.03 1.50 0.45 0.83
Slag 33 13.91 0.82 39.11 10.04

Table 2
Binder compositions of UHSC.

No PC (%) SF (%) S (%)

N1 100 0 0
N2 85 15 0
N3 75 0 25
N4 72.2 11.1 16.7
N5 70 30 0
N6 58.3 16.7 25
N7 50 0 50

Fig. 3. Relation between triangular coordinate system and rectangular coordinate
system.
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heating rate of 10 �C/min. The proportion of Ca(OH)2 content to
residual mass was then calculated.

2.4. Drawing contours in triangle coordinate system

The relation among x, y and z in triangular coordinate system
should satisfy x + y + z = 100%. Therefore, a corresponding relation
between triangular coordinate systems and rectangular coordinate
system could be established, as shown in Fig. 3 and formula (1).
According to experimental results, contours can be drawn by some
analysis software.

x0 ¼ ðx� 0:5Þ þ
ffiffi
3
p

2 y

y0 ¼
ffiffi
3
p

2 y

(
ð1Þ

where
x0, y0 refer to the rectangular coordinate system,
x, y refer to the triangular coordinate system.
Fig. 2. Composition design in cement–silica fume–slag ternary cementitious
system (mass ratio).
2.5. Factorial design of ternary cementitious materials

The seven-batch factorial design method used in this study is
commonly called simplex-centroid design [14]. If the mixture is
composed of three components x1, x2 and x3, then:

Y ¼ b1x1 þ b2x2 þ b3x3 þ b12x1x2 þ b23x2x3 þ b13x1x3 þ b123x1x2x3

ð2Þ

where
Y = responses, including any structural and property character-
istics of ternary cementitious materials,
bi is the coefficient,
x1, x2 and x3 are the portions of the three components.

This method has been successfully used to study how the tern-
ary cementitious composition affected strength or to predict the
strength of ternary cementitious materials [15,16] and alkali–ag-
gregate reaction expansion [17]. In this study, the seven-batch fac-
torial design was used for the composition of binders. Then,
equations were obtained to correlate the composition of cement–
silica fume–slag ternary binders and the properties of UHSC. The
response contour plots for the ternary cementitious system can
be obtained in a ternary diagram using commercial software Surfer.
3. Results and discussion

The flowability, compressive strength, porosity and Ca(OH)2

contents of UHSC are summarized in Table 3. The results are plot-
ted and discussed in detail in the following sections.

3.1. Flowability

The flowabilities of UHSC with cement–silica fume–slag binders
are shown in Fig. 4. From Fig. 4, it can be seen that in general, the



Table 3
Flowability, compressive strength, porosity and Ca(OH)2 contents of UHSC.

No Flowability (mm) Compressive
strength
(MPa)

Porosity (%) Ca(OH)2

content (%)

3 d 56 d 3 d 56 d 3 d 56 d

N1 163 79.0 108.8 14.70 9.13 7.50 14.71
N2 156 82.8 123.3 12.82 8.82 6.64 4.64
N3 106 77.3 113.7 13.56 9.56 6.65 5.65
N4 146 80.1 126.9 12.97 8.97 6.57 4.57
N5 151 83.8 115.6 12.71 8.21 6.39 3.29
N6 198 84.0 116.9 12.65 8.75 6.28 4.28
N7 102 74.5 106.2 14.10 10.60 6.43 5.13
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flowability of UHSC increased from 110 mm to 195 mm as the sil-
ica fume content increased from 0% to 22%, especially when slag
content was more than 10%. However, when silica fume content
was higher than 22%, the flowability of the mixtures was decrease.
Since the particle size of silica fume is very fine, it would absorb
much superplasticizer on the surface [18]. On the other hand, high
water demand of silica fume could be counteracted by using super-
plasticizer instead of using relatively large amount of additional
water [19]. Combined with superplasticizer, the silica fume con-
tributes to the dispersion action of flocculated cement particles
as ultra-fine particles, which could release more free water [20].
For ordinary concrete, the silica fume content is usually less than
10%. For the production of high strength and durable concrete, a
combination of 10% silica fume with superplasticizer was neces-
sary to maintain specified slump [21]. The silica fume content
was usually less than 15% for high-performance concrete [22]. As
for UHSC mixtures in this study, if silica fume content was low, it
would not show evident dispersion action; if silica fume content
was more than 22%, it would cause very cohesive and low flowable
UHSC mixtures. Therefore, the proper dosage of silica fume for
UHSC was larger than that for ordinary concrete or HPC.

The slag also evidently affected the flowability of the mixtures
because its specific surface area was larger than that of the cement
and required more water to achieve the same flowability. When
the slag replacement was beyond 40%, the flowability of UHSC
was less than 140 mm.
Fig. 4. Flowability contours of UHSC with cement–silica fume–slag binder.
Based on the flowability of the seven batches of UHSC, Eq. (2)
could be solved, then the relationship between the flowability Y
and the ternary binder composition can be described by Eq. (3):

Y ¼ 1:63x1 þ 1:54x2 þ 2:53x3 � 0:0044x1x2 þ 0:46x2x3

� 0:042x1x3 � 0:0046x1x2x3 ð3Þ

From Eq. (3), it can be seen that b1, b2, b3 are positive, which indi-
cates that the cement, silica fume and slag contents were conduced
to the flowability of UHSC, and the effect of slag on flowability of
UHSC was much obvious than that of cement and silica fume. b23

is positive, which indicates that the combination of silica fume
and slag had positive synergistic effects on the flowability of UHSC.

3.2. Heat of hydration

Fig. 5(a) shows the heat evolution rate of UHSC. The rate of heat
of hydration of the mixture with 15% silica fume (N2) surpassed
that with Portland cement (N1) as shown in Fig. 5(a). When the sil-
ica fume content increased from 0% to 15%, the accelerated hydra-
tion decreased from 7.23 h to 4.77 h. However, when the silica
fume content increased to 30% (N5), the rate of heat of hydration
slowed and the accelerated hydration increased to 6.37 h. The
results indicate that the addition of 30% silica fume altered the
hydration process after the start of hydration. The rate of acceler-
ation period was reduced [23].

The results in Fig. 5(a) indicate that the peak of the heat flow of
mixture with slag (N3, N7) appeared later than that with pure
Fig. 5. Heat evolution of binder materials of UHSC.



Table 4
Values of P0, t0, t50, and the equation.

No P0 (kJ/kg) t0 (h) t50 (h) Equation

N1 228 7.23 17.07 P ¼ 228� t�7:23
ðt�7:23Þþ17:07

N2 206 4.77 12.84 P ¼ 206� t�4:77
ðt�4:77Þþ12:84

N3 186 9.95 15.04 P ¼ 186� t�9:95
ðt�9:95Þþ15:04

N4 175 7.31 24.57 P ¼ 175� t�7:31
ðt�7:31Þþ24:57

N5 203 6.37 21.36 P ¼ 203� t�6:37
ðt�6:37Þþ21:36

N6 144 6.27 37.33 P ¼ 144� t�6:27
ðt�6:27Þþ37:33

N7 172 9.8 25.54 P ¼ 172� t�9:8
ðt�9:8Þþ25:54

Fig. 6. Contours of different heat evolution parameters of UHSC mixtures with
cement–silica fume–slag binder.
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Portland cement (N1). When the slag content was 25% and 50%, the
accelerated hydration was 9.95 and 9.8 h, respectively. There was
also a tendency for the curve of mixtures with silica fume and slag
(N4, N6) to shift to the right, which indicated a slight retardation of
hydration than that of mixture with silica fume only. Thus, slag
retarded hydration mainly during the dormant and acceleration
periods.

Fig. 5(b) shows the addition of 15% silica fume (N2) increased,
but the addition of 30% silica fume (N5) decreased the total hydra-
tion heat of UHSC. Incorporation of slag (N3, N7) decreased the
total hydration heat of UHSC.

Knudsen [24] suggested that the kinetics of cement hydration
may be described by the following equation:

P ¼ P0 �
t � t0

ðt � t0Þ þ t50
ð4Þ

where
P = represented property (heat evolution, strength, chemical
shrinkage etc.) at the time t,
t0 = the time at the end of the induction period,
t50 = the time for 50% reaction degree,
P0 = the property when the time is infinitely long.

In the present study, P represents heat evolution. If the experi-
mental results of heat evolution of UHSC are plotted in reciprocal
diagrams of 1/P verse 1/(t � t0), several lines could be obtained,
t50 and 1/P0 can be determined by extrapolating these lines. The
values of P0, t0, t50, and the equations are given in Table 4.

Based on the values of P0, t0, t50 in Table 4, then the relationship
between P0, t0, t50 and the ternary binder composition can be
obtained as follows:

Yp0
¼ 2:2778x1 þ 4:4444x2 þ 2:2778x3 � 0:0556x1x2

� 0:2222x2x3 � 0:0278x1x3 ð5Þ

Yt0 ¼ 0:072x1 þ 0:68x2 þ 0:0089x3 � 0:009x1x2 � 0:025x2x3

þ 0:0023x1x3 þ 0:0003x1x2x3 ð6Þ

Yt50 ¼ 0:17x1 þ 2:3x2 þ 0:84x3 � 0:028x1x2 � 0:043x2x3

� 0:01x1x3 þ 0:0012x1x2x3 ð7Þ

From Eqs. (5)–(7), it can be seen that b1, b2, b3 are positive,
which indicates that the cement, silica fume and slag contents
were conduced to the P0, t0, t50 of UHSC, and the effect of silica
fume on P0, t0, t50 of UHSC was much evident than that of slag
and cement. b23 is negative in all three equations, which indicated
that the combination of silica fume and slag had negative synergis-
tic effects on P0, t0, t50.

From Fig. 6(a), it can be seen that P0 increased with the increase
of cement content or with the decrease of slag content. However,
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the effect of silica fume content on the P0 was complicated, and
there was an optimal content of silica fume for P0 of UHSC.

From Fig. 6(b), it can be seen that t0 decreased with the increase
of silica fume content when the silica fume content was less than
20%, but the t0 increased with the increase of slag content.

From Fig. 6(c), it can be seen that the t50 decreased with the
increase of cement content, but the t50 increased with increase of
slag content when its content did not exceed 30%. However, the
effect of silica fume content on t50 was complicated. There was
an optimal content of silica fume for t50 of UHSC.

3.3. Compressive strength

The compressive strengths of UHSC with cement–silica fume–
slag binders are shown in Fig. 7. From Fig. 7(a), it can be seen that,
at 3 days, the compressive strength of UHSC increased with the
increase of silica fume content. However, when the silica fume con-
tent exceeded 25%, this trend was slacked. Silica fume had a posi-
tive effect on the early compressive strength of the mixtures due to
its high pozzolanic activity and small particles. Amorphous SiO2 in
Fig. 7. Compressive strength of UHSC with cement–silica fume–slag binder at 3 and
56 days.
silica fume reacted with calcium hydroxide from the hydration of
cement to form calcium–silicate–hydrate (C–S–H), which
increased strength of UHSC at early age [25,26]. From Fig. 7(b), it
can be seen that, the 56 d compressive strength of UHSC increased
with the increase of silica fume content when it was less than 15%.
When the silica fume content increased from 0% to 15%, the 56 d
compressive strength of UHSC increased from 108 MPa to
125 MPa. Thus, concrete containing 10–15% slag and 15% silica
fume could be considered as an optimum mixture for UHSC.

At 3 days, slag reduced the compressive strength of UHSC, espe-
cially, when the slag content exceeded 25%, the early compressive
strength of UHSC deceased from 84 MPa to 78 MPa. At 56 days,
when the slag content increased from 10% to 20%, the UHSC mix-
tures achieved the highest compressive strength of 125 MPa. It
seemed that slag alone would decrease the compressive strength
of UHSC. However, in combination with silica fume, slag could
increase the compressive strength of UHSC. This was likely due to
the appropriate combination of cementitious materials used, which
yielded an approximate C/S ratio. It has been reported that the opti-
mum combination of cementitious materials for high strength
depended on the fineness of the siliceous materials and the C/S ratio
[27,28]. Mixtures having CaO/SiO2 ratio of 1.30 performed generally
better than mixtures with constant and high amount of silica fume
[11]. The C/S ratio of UHSC mixtures in this study were 2.36, 1.42,
2.02, 1.46, 0.91, 1.17 and 1.74, respectively. Theoretically, silica
fume could remarkably reduce the C/S ratio, thus it could increase
the compressive strength of UHSC with increased silica fume con-
tent. Incorporation of slag is another method to reduce the C/S ratio
of the mixtures. However, slag reduced the flowability of mixtures
so that it would increase the porosity of UHSC mixtures. Therefore,
combined with silica fume, slag content could improve compressive
strength of UHSC mixtures. In previous studies, compressive
strength of UHSC containing fly ash and ground blast furnace
reached 281 Mpa [11], which was much larger than that of UHSC
mixtures in this study. It is because the specimens contained 3%
brass coated steel fibers (by volume) and were autoclaved at
210 �C under 2.0 MPa pressure for 8 h.

Based on the compressive strength of the seven mixtures of
UHSCs, Eq. (2) could be solved, and the relationship between the
compressive strength Y and the ternary binder composition can
be established by Eqs. (8) and (9):

Y3 ¼ 0:79x1 þ 0:51x2 þ 0:66x3 þ 0:0062x1x2 þ 0:062x2x3

þ 0:0009x1x3 � 0:0008x1x2x3 ð8Þ

Y56 ¼ 1:09x1 � 2:14x2 þ 0:54x3 þ 0:049x1x2 � 0:098x2x3

þ 0:0099x1x3 þ 0:0022x1x2x3 ð9Þ

From Eq. (8), it can be seen that b1, b2, b3 are positive at 3 day,
which indicates that the cement, silica fume and slag content were
conduced to the compressive strength of UHSC at early age. From
Eq. (9), it can be seen that b1, b3 are positive, but b2 is negative
at 56 day, which indicates that cement and slag content increased
the compressive strength, but silica fume decreased the compres-
sive strength of UHSC at later age. The effect of cement on com-
pressive strength of UHSC was much notable than that of slag
and silica fume. From Eqs. (8) and (9), it can be seen that b23 is pos-
itive at 3 day and is negative at 56 day, which indicate that the sil-
ica fume and slag had positive synergistic effect on the 3 d
compressive strength, but negative synergistic effect on the 56 d
compressive strength of UHSC.

3.4. Porosity in UHSC

The porosities of UHSC with cement–silica fume–slag binders
are shown in Fig. 8. From Fig. 8(a), it can be seen that the porosity
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of UHSC decreased with the increase of silica fume content. When
the silica fume content increased from 0% to 50%, the 3 d porosity
decreased from 14% to 12.7%, and the 56 d porosity decreased from
10.4% to 8.3%. At higher silica fume content, the capillary porosity
was lower. It is generally accepted that the silica fume improves
pore structure in two ways: its filler effect in which the silica fume
particles bridge the spaces between cement grains and the spaces
between cement grains and aggregate; and pozzolanic effect in
which silica fume reacts with calcium hydroxide to produce more
C–S–H gel leading to an additional reduction in pore size and cap-
illary porosity during hydration [29,30].

It is observed that at 3 days, if the silica fume content was more
than 25% and the slag content was less than 25%, slag had little
effect on the porosity of UHSC. However, at 56 days, any slag con-
tent increased the porosity of UHSC. On one hand, slag could
reduce the flowability of UHSC and improve the porosity of
UHSC. On the other hand, at the early age, when UHSC samples
were cured in calcium hydration saturated solution, slag was acti-
vated to consume Ca(OH)2 and additional C–S–H formed and
decreased the porosity of UHSC. However, at later age, the
Fig. 8. Porosity of UHSC with cement–silica fume–slag binder at 3 and 56 days.
compressive strength of UHSC was sufficiently developed and the
porosities of UHSC were relatively low. Thus, slag could not contact
saturated calcium hydration solution and became latent activated
that it could not participate to the hydration reaction to decrease
the porosity of UHSC.

In this study, the porosities of UHSC mixtures ranged from
12.7% to 14% at 3 days, and from 8.3% to 10.4% at 56 days.
However, it has been reported that the porosity of UHSC never
exceeded 9% in volume in the pore diameter range of 3.75 nm to
100 lm in a previous study [9]. The UHSC mixtures of the previous
study were pressed and heat cured, and their porosities were
tested by Mercury Intrusion Porosimetry. However, in this study,
the UHSC mixtures were cured at room temperature and their
porosities were tested by water absorption. As for Mercury
Intrusion Porosimetry, largest capillary pores, saturated at low
pressures, are not measured. On the other side, porosity by water
adsorption measured the total open porosity of materials [31].

Based on measured porosity of the seven batches of UHSCs, Eq.
(2) could be solved, then the relationship between the porosity Y
and the ternary binder composition can be described by Eq. (10),
(11):

Y3 ¼ 0:15x1 þ 0:36x2 þ 0:2x3 � 0:0039x1x2 � 0:0096x2x3

� 0:0013x1x3 þ 0:0001x1x2x3 ð10Þ

Y56 ¼ 0:091x1 þ 0:014x2 þ 0:15x3 þ 0:0007x1x2

� 0:0013x2x3 � 0:0005x1x3 ð11Þ

From Eq. (10), (11), it can be seen that b1, b2, b3 are positive,
which indicates that the cement, silica fume and slag content were
conduced to the porosity of UHSC. It can also inferred that the
effect of silica fume on porosity of UHSC at early age was much
obvious than that of slag and cement, and the effect of slag on
porosity of UHSC at later age was much obvious than that of
cement and silica fume. b23 is negative, which indicates that the
combination of silica fume and slag had negative synergistic effect
on the porosity of UHSC.

Based on experimental results above, relation between com-
pressive strength and porosity of UHSC could be established, as
shown in Fig. 9. The relation between compressive strength and
porosity of UHSC was: y = 245.92 � e�0.0832x, and correlation coef-
ficient was 0.92207.

3.5. Calcium hydroxide content

The calcium hydroxide contents of UHSC with cement–silica
fume–slag binders are shown in Fig. 10. It can be seen that the
Fig. 9. Relationship between compressive strength and porosity of UHSC.
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calcium hydroxide content decreased with increase silica fume
content. When the silica fume content increased from 0% to 50%,
the calcium hydroxide content decreased from 7.4% to 6.25%.
However, the effect of slag on calcium hydroxide content was very
limited. When silica fume was used to replace cement, it acts as a
pozzolan to react with calcium hydroxide from the hydration of
cement [32–34]. As shown in Table 1, silica fume contained
0.45% CaO, but slag contained 39.11% CaO, therefore, the effect of
silica fume on the content of calcium hydroxide was distinct.

Typically, the initial calcium hydroxide contents depend mainly
on the fraction of cement content in the matrix. Therefore, it was
clearly seen that the mixtures with higher content of slag or silica
fume showed less initial calcium hydroxide contents at 3 days.
After that, the calcium hydroxide contents were further reduced
due to the pozzolanic reaction. The calcium hydroxide contents
decreased with the increasing of slag or silica fume content [35].

Based on measured calcium hydroxide content of seven batches
of UHSCs, Eq. (2) could be solved, and the relationship between
Fig. 10. Calcium hydroxide content of UHSC with cement–silica fume–slag binder
at 3 and 56 days.
calcium hydroxide content and the ternary binder composition
are shown in Eqs. (12) and (13):

Y3 ¼ 0:075x1 þ 0:13x2 þ 0:079x3 � 0:0014x1x2

� 0:0041x2x3 � 0:0005x1x3 þ 0:0001x1x2x3 ð12Þ
Y56 ¼ 0:15x1 þ 1:12x2 þ 0:3x3 � 0:019x1x2 � 0:027x2x3

� 0:0068x1x3 þ 0:0004x1x2x3 ð13Þ

From Eqs. (12) and (13), it can be seen that b1, b2, b3 are positive,
which indicates that the content of cement, silica fume and slag
were conduced to the calcium hydroxide content of UHSC, and
the effect of silica fume on calcium hydroxide is much notable than
that of slag and cement. b23 is negative, which indicates that the
combination of silica fume and slag had negative synergistic effect
on the calcium hydroxide content of UHSC.
4. Conclusions

In this study, the hydration and microstructure of UHSC with
cement–silica fume–slag binder were studied. The following con-
clusions can be drawn:

Silica fume could improve the flowability of UHSC, but the silica
fume content should be in an appropriate range. When the silica
fume content increased from 0% to 22%, the flowability of UHSC
increased from 110 mm to 195 mm. However, when the silica
fume content was more than 22%, the flowability of UHSC
decreased. Slag would decrease the flowability of UHSC, the slag
amount should not exceed 40% of the binder. When the slag con-
tent exceeded 40%, the flowability of UHSC was less than
140 mm. Combination of silica fume and slag demonstrated posi-
tive synergistic effect on the flowability of UHSC.

Silica fume altered the hydration after the induction period and
reduced the rate of accelerated hydration. The rate of hydration
heat of the mixture with 15% silica fume surpassed that with
Portland cement. When the silica fume content increased from
0% to 15%, the accelerated hydration decreased from 7.23 h to
4.77 h. However, when the silica fume content increased to 30%,
the rate of hydration heat of UHSC slowed and the accelerated
hydration increased to 6.37 h. Slag retarded hydration mainly in
the dormant and acceleration periods. When the slag content
was 25% and 50%, the accelerated hydration was 9.95 and 9.8 h,
respectively. The combination of silica fume and slag demon-
strated negative synergistic effect on the P0, t0, t50.

Silica fume increased the compressive strength of UHSC but the
content should not exceed 25%. When the silica fume content
increased from 0% to 15%, the 56 d compressive strength of UHSC
increased from 108 MPa to 125 MPa. The slag reduced the early
strength of UHSC. Especially, when the slag content surpassed
25%, the early compressive strength of UHSC deceased from
84 MPa to 78 MPa. In combination with silica fume, the highest
compressive strength of 125 MPa could be achieved at later ages
when slag content ranged from 10% to 20%. The silica fume and
slag had positive synergistic effect on the 3 d compressive strength
of UHSC, and negative synergistic effect on the 56 d compressive
strength of UHSC.

The porosity of UHSC decreased with the increase of silica fume
content due to the filling and pozzolanic effects of silica fume.
When the silica fume content increased from 0% to 50%, the 3 d
porosity decreased from 14% to 12.7%, and the 56 d porosity
decreased from 10.4% to 8.3%. If the silica fume content was higher
than 25% and slag content was less than 25%, slag had little effect
on the porosity of UHSC at 3 days. However, slag at any content
increased the porosity of UHSC at 56 days. The combination of
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silica fume and slag had negative synergistic effect on the porosity
of UHSC.

The calcium hydroxide content of UHSC decreased with the
increase of silica fume content. When the silica fume content
increased from 0% to 50%, the calcium hydroxide content
decreased from 7.4% to 6.25%. However, the effect of slag content
on the calcium hydroxide was limited. The combination of silica
fume and slag had negative synergistic effect on the calcium
hydroxide content of UHSC.
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