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� HSC containing different SF dosages was studied by TSTM.
� Tensile creep and autogenous shrinkage increased as increase of SF dosages.
� Cracking stress or temperature drop decreased as increase of SF dosages.
� Addition of SF decreased the cracking resistance of HSC at early age.
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a b s t r a c t

High strength concrete (HSC) containing silica fume (SF) is widely utilized in construction practices, and
its cracking resistance attracts considerable attentions. Previous studies mostly focus on the single
parameter of concrete, however, the evaluation of early-age cracking resistance of HSC containing differ-
ent SF dosages considering different early-age parameters is limited. The present study investigated the
effect of different SF dosages on the temperature process, autogenous shrinkage, restrained stress, and
creep by utilizing Temperature Stress Test Machine to evaluate the cracking resistance of early-age
HSC containing SF. Four concrete mixtures with a 0.33 water/binder ratio were prepared at different
replacement levels of SF (0%, 5%, 10%, and 15% of cement by weight). The analysis and experimental
results indicated that, when the SF dosage in the HSC increased, (1) the cracking resistance of HSC
decreased at early age; (2) the temperature drop, cracking time, cracking stress, and ratio of cracking
stress to axial tensile strength decreased; (3) the autogenous shrinkage as well as restrained stress rate
increased; (4) the basic tensile creep, specific tensile creep, and creep-shrinkage ratio increased.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

High strength concrete (HSC) with low water/binder (w/b) ratio
is widely utilized in construction practices during the past decades
due to its high strength and great workability [1–6]. As a kind of
industrial by-product composed of much silicon dioxide (SiO2)
[7,8], silica fume (SF) is widely utilized in HSC for many advan-
tages, such as the improvement of compressive strength, elastic
modulus, and durability through pozzolanic activity [9,10]. The
workability of concrete decreases as increase of SF dosages [11].
HSC containing SF is applied in the designs of high-rise buildings
for more usable space, and in the designs of structural bridges
for longer spans [10]. However, the low w/b ratio of HSC may cause
great self-desiccation and high temperature rise [12,13], which
may lead to the development of autogenous shrinkage. The autoge-
nous shrinkage induced by self-desiccation may result in cracking
when HSC is under restrained condition [14–16]. Cracking is
always a great concern in HSC, and early age is a high occurrence
period of cracking [17]. The aggressive substance can penetrate
into the concrete through cracks at early age, which may reduce
the quality of concrete and damage the security of structures
[18–20]. Therefore, the evaluation of early-age cracking resistance
of HSC containing SF is important.

Cracking resistance of HSC is influenced by many factors, such
as mechanical properties, temperature process, autogenous shrink-
age, restrained stress, and creep [9,21]. Restrained stress occurs
when shrinkage is under restrained condition and cracks may be
observed if restrained stress exceeds the tensile strength of HSC
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Table 1
Chemical compositions and physical properties of Portland cement and silica fume.

Item Portland cement Silica fume

SiO2 (%) 19.90 92.60
Al2O3 (%) 4.60 0.82
Fe2O3 (%) 3.00 0.48
CaO (%) 64.60 0.34
MgO (%) 0.78 1.44
SO3 (%) 2.37 0.47
Na2O (%) 0.06 0.40
K2O (%) 0.65 1.22
Specific surface area (m2/kg) 375 18700
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[22]. Restrained stress is not only influenced by shrinkage, but also
influenced by creep in concrete [23]. Creep can counteract defor-
mation of concrete and reduce the shrinkage-induced stress, which
is able to mitigate the occurrence of cracking [24]. Creep behavior,
especially tensile creep, is important for the investigation on the
development of deformations and restrained stress in the
restrained HSC [25]. The creep occurs when concrete structures
are under loading, i.e., the concrete has no immediate elastic
response to loads, mainly because the elastic modulus of cement
paste is lower than that of coarse aggregate [26]. Creep-related
stress relaxation can reduce the self-induced stress caused by
shrinkage, which may delay the occurrence of cracking in HSC
[27]. In the last few years, several articles have been devoted to
the study of early-age behavior and cracking resistance of concrete
containing SF. For instance, studies [11,28–30] reveal that the ten-
sile strength and elastic modulus are enhanced by the addition of
SF. The influence of the addition of SF on the adiabatic temperature
rise and hydration heat is studied in [31,32], which reveals that the
addition of SF suppresses adiabatic temperature rise in concrete.
Several studies [11,16,33,34] test the autogenous shrinkage of con-
crete containing SF, and results reveal that the autogenous shrink-
age increases as increase of SF dosages. Study [34] reveals that the
addition of SF (around 10% cement by weight is replaced by SF)
increases the autogenous shrinkage induced restraining stress of
HSC with a w/b ratio of 0.33. The early-age tensile creep of con-
crete under restrained condition is investigated in studies
[1,23,35], and results reveal that the tensile creep of HSC contain-
ing SF is higher than that of HSC without SF. However, previous
studies mostly focus on the single parameter of concrete, such as
autogenous shrinkage, creep, and elastic modulus, and the evalua-
tion of early-age cracking resistance of HSC containing different SF
dosages considering different early-age parameters is limited.
Therefore, investigations on early-age behavior and cracking resis-
tance of HSC containing different dosages of SF are necessary.

Many kinds of cracking tests, such as plate test [14,36], ring test
[37–41], and Temperature Stress Test Machine (TSTM) test [42–
46], are utilized for the evaluation of shrinkage cracking of con-
crete [47]. Plate test is mainly based on specimen geometry and
fails to calculate the shrinkage-induced stress of concrete [48].
Ring test has been utilized to measure the tensile stress and tensile
creep in [49]. However, the determination of tensile stress in ring
specimens is difficult because the concrete is inelastic [48].
Besides, ring test cannot provide constant restraint degree, which
may affect the creep behavior, stress development, and the crack-
ing resistance of concrete [23]. Ring test is utilized in study [50] for
the investigation on restrained shrinkage cracking of concrete with
different SF dosages ranging from 0% to 5%, 10%, and 15% by weight
of cement, and results reveal that the addition of SF decreases the
cracking resistance of concrete. Compared with traditional tests,
TSTM can provide various levels of restraint degree and better sim-
ulate the working conditions of mass concrete in practice by creat-
ing a nearly adiabatic condition [51,52]. Temperature process
[53,54], autogenous shrinkage [34,55,56], restrained stress [21],
and tensile creep [48,53,57,58] of concrete under uniaxial
restrained condition all can be investigated by utilizing TSTM.
Studies [1,34] utilize TSTM to investigate the autogenous shrink-
age, restrained stress, and tensile creep of HSC containing 0% or
10% SF by weight of cement. However, the investigations utilizing
TSTM to evaluate the effect of different SF dosages on the early-age
cracking resistance of HSC remain lacking. Therefore, investiga-
tions on early-age cracking resistance of HSC containing different
dosages of SF by utilizing TSTM are needed to better understand
the cracking mechanism of HSC containing different dosages of SF.

The previous investigations on the cracking resistance of HSC at
early age can be improved by simultaneously considering temper-
ature process, autogenous shrinkage, restrained stress, and tensile
creep under the adiabatic condition [1,12,13,59]. The effect of all
relevant factors must be investigated in order to evaluate the
cracking resistance of HSC containing different dosages of SF at
early age. Therefore, the investigations on temperature process,
autogenous shrinkage, restrained stress, and tensile creep of
early-age HSC containing different dosages of SF were conducted
by utilizing TSTM in the present study.
2. Experimental program

2.1. Materials

P�Ⅱ 52.5R Portland cement with a specific surface area of
375 m2/kg was utilized conforming to Chinese Standard GB 175
[60] and ASTM C150 [61]. SF utilized in the present study was con-
firming to ASTM C1240 [62]. The chemical compositions and phys-
ical properties of Portland cement and SF are depicted in Table 1.
The commercial dry densified SF was utilized in the present study,
as reported in [63]. The SF particle is in spherical shape, and the
SEM image of the SF is depicted in Fig. 1. The fine aggregate was
natural river sand with a fineness modulus of 2.05, as reported in
[23,64]. The coarse aggregate was crushed limestone with the
maximum aggregate size of 20 mm. A kind of liquid
polycarboxylate-based superplasticizer was utilized to improve
the rheological properties of concrete, and the results of slump
for four mixtures were 130, 128, 127, and 126 mm, respectively.
2.2. Mixture proportions

In the present study, different replacement levels of SF (0%, 5%,
10%, and 15% of cement by weight) were prepared as Mixture SF-
00, SF-05, SF-10, and SF-15, as reported in [11,65–67]. Four con-
crete mixtures were prepared with the same w/b ratio of 0.33,
and with the same mixture proportion except the dosage of SF,
cement, and superplasticizer, as depicted in Table 2.
2.3. Test details

TSTM system utilized in the present study is a closed-loop test
system under uniaxial restrained condition, which is mainly
equipped with two molds, controller, linear variable displacement
transducer (LVDT), temperature sensor, and load cell [51], as
depicted in Fig. 2(a). TSTM was equipped with two same dog-
bone shape specimen molds made of aluminum for restrained
shrinkage test and free shrinkage test. The center part of the mold
was in dimension of 150 mm� 150 mm� 1500 mm, and both
ends of specimen mold were in dimension of
150 mm� 280 mm� 160 mm. The ends were utilized for uniform
distribution of stress, and the rounded transition areas were set
between the center part and two ends of molds, as depicted in
Fig. 2(b). The photo of TSTM is depicted in Fig. 2(c).



Fig. 1. The SEM image of commercial dry densified silica fume.
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In the restrained specimen, the gripped end was connected to
an LVDT, which was utilized to record the displacement of
restrained specimen, and the other end was fixed to the steel
frame. TSTM can provide different degrees of restraint by pulling
or pushing the gripped end of restrained specimen through a step-
per motor [23,68]. A load cell was utilized to record the stress pro-
cess of concrete. The temperature process of both restrained
shrinkage specimen and free shrinkage specimen was recorded
by the temperature sensors, and the temperature was controlled
by the liquid circulating in the molds, as reported in [1,26,48,69].
The deformation of free shrinkage specimen was recorded by the
LVDT connected to the free end.

2.4. Testing procedure

Fresh concrete was poured into two specimen molds immedi-
ately after mixing. Plastic film sheets were placed in molds before
pouring to diminish the friction between concrete and molds, as
reported in [21,53]. The surfaces of HSC specimens were sealed
immediately after pouring in order to reduce the moisture evapo-
ration. Temperature sensors were inserted into free and restrained
specimens directly after pouring, respectively. The temperature
process of mass concrete can be considered to be the adiabatic con-
dition in practice because the heat of core concrete cannot escape
into surroundings easily [70,71]. Therefore, HSC specimens were
cured and tested under the adiabatic condition in the present study
to better simulate the temperature process of mass concrete, as
reported in [52,59,67,72]. Temperature of HSC increased to peak
temperature, and then maintained for 36 h by heating circulating
liquids in the molds. Finally, the temperature cooled at a rate of
Table 2
Mixture proportions of high strength concrete.

Mixture composition (kg/m3) SF-00

Water 158.4
Cement 480
Silica fume 0
Fine aggregate 620
Coarse aggregate 1160
Superplasticizer 2.40
1�C/h until specimens cracked. The cooling rate was not too fast
nor too slow in order to minimize the visco-elastic influence and
prevent the thermal gradients, as reported in [73].

2.5. Strength and modulus

HSC specimens were cured and tested conforming to Chinese
Standard GB/T 50081 [74] in order to determine the mechanical
properties of that. The average value of the results tested by three
150 mm cubic HSC specimens was utilized to determine the com-
pressive strength and splitting tensile strength, and elastic modu-
lus was obtained based on the average value of three HSC prisms in
dimension of 150 mm� 150 mm� 300 mm. Electro-hydraulic
Servo Universal Testing Machine was utilized to test the mechan-
ical properties of HSC specimens.

The elastic modulus in tension of concrete is considered to be
equal to that in compression at early age [75–77]. Tensile elastic
modulus of HSC is determined by Eq. (1) [78].

Et tð Þ ¼ Et;28exp �k1 ln 1þ t � t0ð Þð Þ½ ��k1
n o

ð1Þ

in which EtðtÞ ¼ time-dependent tensile elastic modulus, in GPa;
Et;28 ¼ 28-d tensile elastic modulus, in GPa; t ¼ age of concrete
after pouring, in day; t0 ¼ initial setting time of concrete, in day;
and k1; k1 ¼ fitting parameters.

Based on the results of splitting tensile strength, axial tensile
strength is approximately determined by Eqs. (2) and (3) [78,79].

f t ¼ 0:77� f spl þ 0:21 ð2Þ

f t tð Þ ¼ f t;28exp �k2 ln 1þ t � t0ð Þð Þ½ ��k2
n o

ð3Þ

in which f t ¼ axial tensile strength, in MPa; f spl ¼ splitting tensile
strength, in MPa; f tðtÞ ¼ time-dependent axial tensile strength, in
MPa; f t;28 ¼ 28-d axial tensile strength, in MPa; and k2; k2 ¼ fitting
parameters.

2.6. Autogenous shrinkage measurement

Autogenous shrinkage of HSC is defined by the self-desiccation
volume change when the temperature of concrete maintains
unchanged [80]. Value of autogenous shrinkage is determined by
subtracting the thermal deformation from the total deformation
of HSC specimens by Eqs. (4) and (5) [81].

eas ¼ etotal � eT ð4Þ

eT ¼ a� DT ð5Þ
in which etotal ¼ total deformation, in le; eas ¼ autogenous
shrinkage deformation, in le; eT ¼ thermal deformation, in le;
a ¼ coefficient of thermal expansion (CTE), in me/�C; and
DT ¼ temperature change, in �C.

CTE is determined by Eq. (6) considering that it changes drasti-
cally along with time [23].
SF-05 SF-10 SF-15

158.4 158.4 158.4
456 432 408
24 48 72
620 620 620
1160 1160 1160
2.88 3.84 4.80



Fig. 2. The schematic diagrams of TSTM: (a) the schematic diagram of TSTM [1]; (b) the schematic diagram of restrained shrinkage specimens (mm); (c) the photo of TSTM.
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aT tð Þ ¼ ak � 1þ 41� t�mð Þ ð6Þ
+in which aT tð Þ ¼ time-dependent CTE, in le=�C; ak ¼ 28-d CTE, in
le=�C; and m ¼ 2.0.

The value of CTE was basically stable within 1 d, as reported in
[23,82]. The value of ak was nearly determined by the linear
regression analysis result of the deformation-temperature curve
during cooling phase, which was 6.44, 6.30, 6.13, and 7.10 �C for
Mixture SF-00, SF-05, SF-10, and SF-15, respectively. The autoge-
nous shrinkage is determined by Eq. (7) [81].

eas tð Þ ¼ etotal � aT tð Þ � T tð Þ � Ttime�zero½ � ð7Þ
in which eas tð Þ ¼ time-dependent autogenous shrinkage deforma-
tion, in le; T tð Þ ¼ time-dependent temperature, in �C; and
Ttime�zero ¼ time-zero temperature, in �C.
3. Test results and discussion

3.1. Effect of SF on strength and modulus of HSC

The 28-d cubic compressive strength of four HSC mixtures was
60.9, 66.5, 71.9, and 73.9 MPa, which increased by 9.20%, 18.06%,
and 21.35% as increase of SF dosages ranging from 0% to 5%, 10%,
and 15%, respectively. The results were compatible with previous
findings [11,29,83] regarding cubic compressive strength. The
main reason was that the addition of SF improved the bond
strength between aggregates and paste, and enhanced the
microstructure of concrete.

The results and predicting models of elastic modulus and axial
tensile strength at 3, 7, and 28 d after pouring for four HSC mix-
tures are depicted in Table 3 and Fig. 3, respectively, and the coef-
ficients of determination (R2) were all greater than 0.990. The 28-d
axial tensile strength or 28-d elastic modulus of four HSC mixtures
was 3.84, 4.09, 4.31, and 4.38 MPa or 50.4, 52.9, 55.7, and 56.4 GPa,
which increased by 6.51%, 12.24%, and 14.06% or 4.96%, 10.52%,
and 11.90% as increase of SF dosages ranging from 0% to 5%, 10%,
and 15%, respectively. The results were compatible with previous
findings [11,28] regarding tensile strength, and the results were
compatible with previous findings [29,30] regarding elastic
modulus.

The enhancement of tensile strength and elastic modulus was
able to be explained in three aspects. For one thing, the SF particles
are extremely small, and the SF particles fit into the spaces
between cement grains in the concrete, which is of great signifi-
cance in pore-size refinement and matrix densification in the con-
crete [84]. What is more, SF reacts with calcium hydroxide formed



Table 3
Elastic modulus and axial tensile strength for four mixtures.

Concrete mixtures Elastic modulus (GPa) k1 k1 Axial tensile strength (MPa) k2 k2

3 d 7 d 28 d 3 d 7 d 28 d

SF-00 46.5 48.9 50.4 0.169 2.617 3.28 3.55 3.84 0.298 2.194
SF-05 48.3 52.0 52.9 0.271 3.915 3.49 3.75 4.09 0.292 2.065
SF-10 51.6 53.8 55.7 0.148 2.311 3.78 4.05 4.31 0.252 2.259
SF-15 51.8 54.4 56.4 0.169 2.418 3.85 4.13 4.38 0.251 2.318

Fig. 3. Experimental results and predicting models of elastic modulus and axial
tensile strength of four mixtures.
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during hydration and provides additional calcium silicate hydrates
(C-S-H) [10,85], which may improve the strength of early-age con-
crete [2]. One final point is, the addition of SF increases the bond
strength between the aggregates and paste in concrete effectively
[86], makes the microstructure of concrete dense, and decreases
the total porosity, which is of great significance in increasing
strength and elastic modulus [87,88].
Fig. 4. Temperature process of free shrinkage concrete specimens: (a) actual
temperature process; (b) absolute temperature rise and drop.
3.2. Effect of SF on temperature process of HSC

The cracking resistance is directly affected by the temperature
process of concrete [27]. The hydration reactions of cement inside
concrete lead to the liberation of heat at early age, which will cause
temperature rise of HSC specimens [89,90]. The temperature of
concrete rises quickly at the early stage after pouring due to great
cement hydration [91]. The pouring temperature or peak tempera-
ture was 14.2, 13.9, 14.6, and 14.5 �C or 55.3, 52.4, 52.5, and 51.8 �C
for Mixture SF-00, SF-05, SF-10, and SF-15, respectively, as
depicted in Fig. 4(a). Adiabatic temperature rise is determined by
Eq. (8) [21].

Ttr ¼ Tht � Tct ð8Þ
in which Ttr ¼ adiabatic temperature rise, in �C; Tht ¼ peak
temperature, in �C; and Tct ¼ pouring temperature, in �C. The
adiabatic temperature rise was 41.1, 38.5, 37.9, and 37.3 �C for
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Mixture SF-00, SF-05, SF-10, and SF-15, which decreased by 6.33%,
7.79%, and 9.25% as increase of SF dosages ranging from 0% to 5%,
10%, and 15%, respectively, as depicted in Fig. 4(b). The results were
compatible with previous findings [31,32] regarding adiabatic
temperature rise. One possible reason is that the heat liberated
by SF is less than Portland cement per gram [32]. The dosage of
cement decreased as increase of SF dosages, and the decrease of
cement reduced the total heat in HSC. Therefore, the adiabatic tem-
perature rise of HSC decreased as increase of SF dosages.

The tensile stress occurs when the concrete is under restrained
condition during cooling phase, which may lead to concrete crack-
ing and reduce the structural durability [80]. Therefore, the crack-
ing temperature and temperature drop are important elements for
the investigation on the cracking resistance of HSC [20,90]. Results
of temperature drop are determined by Eq.(9) [49].

Ttd ¼ Tht � Tck ð9Þ
in which Ttd ¼ temperature drop of HSC, in �C; Tht ¼ peak temper-
ature, in �C; and Tck ¼ cracking temperature of HSC, in �C.

The cracking temperature or the temperature drop was 14.7,
17.5, 18.6, and 24.9 �C or 40.6, 34.9, 33.9, and 26.9 �C for Mixture
SF-00, SF-05, SF-10, and SF-15, which increased by 19.05%,
26.53%, and 69.39% or decreased by 14.04%, 16.50%, and 33.74%
as increase of SF dosages ranging from 0% to 5%, 10%, and 15%,
respectively, as depicted in Fig. 5. Results of temperature drop indi-
cated that the thermal cracking resistance of HSC decreased as
increase of SF dosages, as reported in [49].
3.3. Effect of SF on autogenous shrinkage of HSC

Free deformation of HSC includes autogenous deformation and
thermal deformation [92], which cannot be measured immediately
after pouring [16,93–100]. The autogenous deformation is mea-
sured from time-zero, and there is no general consensus in the lit-
erature on the definition of time-zero, which is determined in
several ways based on the setting time [93], onset of internal RH
drop [94], onset of capillary pressure [95], transition point from
the autogenous strain curve [96], rate of deformation [100] and
so on [55,97–99,101]. Time-zero was normally several hours after
the beginning of the test and the elastic modulus at that time was
large enough so that restrained stress could be induced by autoge-
nous shrinkage. Considering that only stress-induced deformation
was analysed in the present study, the value of autogenous shrink-
Fig. 5. Relationship between cracking temperature or temperature drop and dosage
of silica fume.
age was set to be zero at the moment when stress occurred in the
TSTM test, as reported in [55]. Measurements were started after
pouring and stress development could be recorded by the load cell.
The addition of SF decreased the expansion of concrete, as depicted
in Fig. 6. The maximum free deformation of HSC specimens was
189, 143, 115, and 73 le, which decreased by 24.34%, 39.15%,
and 61.38% as increase of SF dosages ranging from 0% to 5%, 10%,
and 15%, respectively. The main reason is that the pozzolanic reac-
tion between portlandite and SF reduces the alkali ions and then
decreases the pH in the pore solution, which suppresses the expan-
sion caused by alkali-aggregate reactivity [102]. The autogenous
shrinkage of HSC increased slightly and the thermal deformation
of that nearly unchanged during the phase when the temperature
of concrete maintained constant, which caused a slight decrease of
total deformation in HSC specimens. In addition, the absolute value
of free shrinkage increased as increase of SF dosages, as depicted in
Fig. 6.

The addition of SF increased autogenous shrinkage of HSC, as
depicted in Fig. 7. The mixture SF-15 cracked first at 96 h after
pouring, the autogenous shrinkage of Mixture SF-00, SF-05,
SF-10, and SF-15 at 96 h was �121, �161, �201, and �286 le,
the absolute value of which increased by 33.06%, 66.12%, and
136.36% as increase of SF dosages ranging from 0% to 5%, 10%,
and 15%, respectively. The absolute value of autogenous shrinkage
increased nonlinearly as increase of SF dosages. The results were
compatible with previous findings [11,33] regarding autogenous
shrinkage. The main reason is that the average pore diameter as
well as porosity is reduced by the addition of SF [103], which
increases the capillary tension and hence causes more shrinkage
in the concrete due to the refinement of micro-pore structure
[10,104,105]. In addition, the SF reacts with the Ca(OH)2 formed
by hydration, accelerates the hydration rate of cementitious mate-
rials, and accelerates the consumption of free water in the pores of
concrete, which may cause self-desiccation and lead to the increase
of autogenous shrinkage [106].

In the present study, the curing conditions and temperature
processes of TSTM tests and mechanical properties tests were dif-
ferent. Therefore, the actual age of restrained specimens are con-
verted to the equivalent time of 20 �C by Eq. (10) [107].

te ¼
Z t

0
exp

Ea Tð Þ
R

1
Tref þ 273

� 1
T tð Þ þ 273

� �� �
dt ð10Þ
Fig. 6. The free deformation of concrete specimens.



Fig. 7. Autogenous shrinkage of concrete specimens.

Fig. 8. The influence coefficient at the equivalent time of 275.5 h of four mixtures.
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in which te ¼ equivalent time of 20 �C; T tð Þ ¼ actual temperature,
in �C; Ea Tð Þ ¼ activation energy, in kJ=mol (T tð Þ P 20�C,
Ea Tð Þ ¼ 33:5 kJ=mol; T tð Þ < 20�C, Ea Tð Þ ¼ 33:5 þ 1:47 20� T tð Þð Þ
kJ=mol); R ¼ an ideal gas constant (8:315 J �mol�1 � K - 1); and
Tref ¼ a reference temperature (20 �C).

The equivalent time of concrete is determined in the discrete
form by Eq. (11) [107].
te ¼
X

exp
Ea Tð Þ
R

1
Tref þ 273

� 1
T tð Þ þ 273

� �� �
Dt ð11Þ

The cracking time or the equivalent cracking time was 107, 102,
99, and 96 h or 315.3, 280.5, 277.2, and 275.5 h for Mixture SF-00,
SF-05, SF-10, and SF-15, respectively.

In the present study, a modified model on the basis of Tazawa-
Miyazawa model was proposed to predict the effect of SF dosages
on autogenous shrinkage of HSC, as given in Eqs. (12) [108].
Fig. 9. Predicting model on autogenous shrinkage over the equivalent time of four
mixtures.
ecasðteÞ ¼ ecas0ðhÞbaðteÞ

baðteÞ ¼ 1� expð�a � tebÞ
ecas0ðhÞ ¼ ecas0ð0Þ � f ðhÞ
f ðhÞ ¼ k3h

2 þ k3hþ 1

8>>><
>>>:

ð12Þ

in which ecasðteÞ ¼ equivalent time-dependent autogenous shrink-
age, in le; ecas0ðhÞ ¼ autogenous shrinkage at the equivalent time
of 275.5 h for four mixtures, in le; baðteÞ ¼ development coeffi-
cient of autogenous shrinkage; h ¼ SF replacement level of cement
by weight, in %; a; b ¼ fitting parameters; ecas0ð0Þ ¼ autogenous
shrinkage of mixture SF-00 at the equivalent time of 275.5 h (-
121 le); f ðhÞ ¼ influence coefficient of autogenous shrinkage;
and k3; k3 ¼ fitting parameters.

The results of k3; k3 are depicted in Fig. 8, and the coefficient of
determination (R2) was 0.989. The average values of fitting param-
eters were a ¼ 0:854 and b ¼ 1:231, respectively. The model to
predict the effect of SF dosages on autogenous shrinkage of HSC
was determined by Eq. (13).
ecas teð Þ ¼ ecas0ð0Þ � 0:00352h2 þ 0:03676hþ 1
� �

� 1� exp �0:854� te1:231
� �� 	 ð13Þ

The results of experiments and the predicting model are
depicted in Fig. 9. The proposed model could be utilized to predict
the effect of SF dosages on autogenous shrinkage of HSC. The
proposed model could predict the autogenous shrinkage of HSC
with a w/b ratio of 0.33 containing different SF dosages ranging
from 0% to 15% by weight of cement.

3.4. Effect of SF on restrained stress of HSC

The value of maximum restrained compressive stress was 1.92,
0.93, 0.76, and 0.68 MPa, which decreased by 51.56%, 60.42%, and
64.58% as increase of SF dosages ranging from 0% to 5%, 10%, and
15%, respectively, as depicted in Fig. 10. At the time when temper-
ature of HSC reached a maximum value, the strength and elastic
modulus of HSC were still at a low level, which would cause stress
relaxation if HSC specimens suffered high compressive stress
simultaneously, as reported in [109]. The temperature of concrete
maintained for 36 h and the decreasing speed of the compressive
stress turned slower when the strength of concrete developed dur-
ing this period, as depicted in Fig. 11.

During cooling phase, zero-stress occurred when restrained
compressive stress changed to tensile one, and temperature of that
time was defined as zero-stress temperature (Tzero�stress), as
reported in [53], and then, restrained tensile stress of HSC devel-
oped due to temperature drop and high rate of shrinkage. When
values of restrained stress reach tensile strength of HSC specimens,



Fig. 10. The development process of restrained stress in restrained concrete
specimens.

8 D. Shen et al. / Construction and Building Materials 263 (2020) 120218
cracking may occur [68], which is indicated by a sharp drop in
stress curves depicted in Fig. 11 [27]. Cracking stress of Mixture
SF-00, SF-05, SF-10, and SF-15 was 2.20, 2.12, 2.10, and 2.02 MPa
at the cracking time, and the cracking stress decreased by 3.64%,
4.55%, and 8.18% as increase of SF dosages ranging from 0% to 5%,
Fig. 11. Temperature process and re
10%, and 15%, respectively, which indicated that the addition of
SF decreased the cracking resistance of HSC. The results were com-
patible with previous findings [50] regarding cracking time. Mean-
while, the results of restrained tensile stress rate were 0.055, 0.059,
0.063, and 0.066 MPa/h, which increased by 7.27%, 14.55%, and
20.00% as increase of SF dosages ranging from 0% to 5%, 10%, and
15%, respectively, as depicted in Fig. 12. The results revealed that
the restrained tensile stress in specimens developed as increase
of SF dosages.

Considering that the cracking stress of four mixtures was
unable to evaluate the cracking resistance adequately because
the values of tensile strength at cracking time of four mixtures
were different, the investigation on ratio of restrained stress to
axial tensile strength at the equivalent cracking time was con-
ducted in the present study, as reported in [27]. The axial tensile
strength at the equivalent cracking time of Mixture SF-00, SF-05,
SF-10, and SF-15 was 3.71, 3.92, 4.18, and 4.25 MPa, respectively.
Therefore, ratio of cracking stress to axial tensile strength was
0.59, 0.54, 0.50, and 0.48, which decreased by 8.47%, 15.25%, and
18.64% as increase of SF dosages ranging from 0% to 5%, 10%, and
15%, respectively, which indicated that the cracking occurred when
the restrained stress was lower than the axial tensile strength of
HSC. The main reason is that HSC specimens are exposed to sus-
tained loading, which causes static fatigue and damage accumula-
tion [110]. The results revealed that the addition of SF decreased
the cracking resistance of HSC. A partial explanation for this may
lie in the fact that, when the autogenous shrinkage of HSC is under
restrained condition at early age, the generation of internal stress
occurs and may cause a premature tensile failure in HSC [34].
strained stress of four mixtures.



Fig. 12. Cracking time, cracking stress, and restrained tensile stress rate of four
mixtures.

Fig. 13. Basic tensile creep of four mixtures.
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The addition of SF caused more autogenous shrinkage in HSC,
which induced more internal stress when the HSC specimens were
under restrained condition, and resulted in lower cracking
resistance.
Fig. 14. Creep-shrinkage ratio of four mixtures.
3.5. Effect of SF on tensile creep of HSC

Considering that the HSC specimens were nearly under a com-
plete sealing condition, the present study utilized the basic tensile
creep, specific tensile creep, and the creep-shrinkage ratio to eval-
uate the visco-elastic properties of HSC, as reported in [23]. Total
strain of restrained specimens is the sum of free strain, creep
strain, and elastic strain [1]. The total strain was zero considering
that the specimen was under full restrained condition, as given
in Eq. (14).

etotal ¼ ee þ esh þ ecr ¼ 0 ð14Þ
in which etotal ¼ total strain of restrained specimen, in le; esh ¼ free
strain of free shrinkage specimen, in le; ee ¼ accumulation of
incremental elastic strain, in le; and ecr ¼ creep strain, in le.

The restrained tensile stress developed during cooling phase
because the shrinkage of specimen was under restrained condition,
which increased the basic tensile creep of the specimen. The basic
tensile creep was defined to be zero at the time when the
restrained tensile stress first occurred during cooling phase in
the present study, as reported in [68]. The basic tensile creep at
96 h was 123, 124, 132, and 153 me, which increased by 0.81%,
7.32%, and 24.39% as increase of SF dosages ranging from 0% to
5%, 10%, and 15%, respectively, as depicted in Fig. 13. The results
revealed that development of basic tensile creep with time was
rapid and almost linear, and basic tensile creep increased as
increase of SF dosages, which were compatible with previous find-
ings [1,23,35] regarding tensile creep.

Specific tensile creep, i.e., ratio of basic tensile creep strain to
restrained stress, in le=MPa, is utilized to normalize various stres-
ses of four mixtures [1]. The specific basic tensile creep was
defined as the ratio of cumulative basic tensile creep to restrained
stress considering that restrained stress was not constant in the
present study, as reported in [21,23]. Restrained stress at 96 h
was 1.85, 1.86, 1.88, and 2.02 MPa, and the specific tensile creep
for Mixture SF-00, SF-05, SF-10, and SF-15 at 96 h was 66.49,
66.67, 70.21, and 75.74 le/MPa, which increased by 0.27%, 5.59%,
and 13.91% as increase of SF dosages ranging from 0% to 5%, 10%,
and 15%, respectively. The specific tensile creep increased nonlin-
early as increase of SF dosages. The results revealed that the addi-
tion of SF increased the visco-elastic properties of HSC with same
w/b ratio under restrained condition, and the basic tensile creep
increased nonlinearly as SF dosages increased.

Creep-shrinkage ratio was the ratio of the basic tensile creep
strain to total free shrinkage strain, which was utilized to reflect
the tensile strain reduction in concrete, as reported in [23,27].
The total free shrinkage strain at 96 h was 160, 160, 166, and
189 le, and the creep-shrinkage ratio at 96 h was 0.77, 0.78,
0.80, and 0.81 for Mixture SF-00, SF-05, SF-10, and SF-15, respec-
tively. The creep-shrinkage ratio of specimen increased when the
SF dosages increased, as depicted in Fig. 14. The creep-shrinkage
ratio represents the degree of stress relaxation in specimens, and
results reveal that the addition of SF increases the creep, as well
as degree of stress relaxation in specimens [23].

In the present study, the development of tensile creep in HSC
containing SF under restrained condition was different from tradi-
tional understanding that the addition of SF would decrease the
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creep of concrete due to its low porosity and high stiffness. The
results were compatible with previous findings [1,23] regarding
tensile creep. A possible explanation for this might be that the
addition of SF increased the autogenous shrinkage of concrete,
and the times that the restrained specimen was pulled back to
original length increased in TSTM test, which may induce the
increase of the number of microcracks in concrete [21]. The tensile
creep of concrete will increase when the number of microcracks
increases under tensile condition [110]. Thus, the addition of SF
increased the tensile creep of concrete under restrained condition.
3.6. Effect of SF on cracking resistance of HSC

Many single criterions or integrated criterions, such as temper-
ature drop, cracking stress, cracking time, ratio of cracking stress to
axial tensile strength, and integrated criterion of cracking poten-
tial, are adopted to evaluate cracking behavior of concrete
[20,27,80,90]. Therefore, in order to better evaluate early-age
cracking resistance of HSC containing different dosages of SF, single
criterions and integrated criterions were both adopted in the pre-
sent study.

The net time of cracking and tensile stress rate at cracking time
were proposed by ASTM C1581 [111] to investigate cracking resis-
tance. The results of net time of cracking were 1.70, 1.54, 1.42, and
1.29 d for Mixture SF-00, SF-05, SF-10, and SF-15, respectively. An
integrated criterion of cracking potential modified in [14,21,54] on
the basis of [111,112] was adopted to evaluate the early-age crack-
ing resistance of HSC containing different dosages of SF, as given in
Eq. (15).

uN ¼ S
ttcr

ð15Þ

in which uN ¼ integrated criterion of cracking potential, in MPa/
(h�day); S ¼ tensile stress rate, in MPa/h; and ttcr ¼ net time of
cracking from the starting point of tensile stage to the cracking
time, in day.

The results of integrated criterion of cracking potential was
0.032, 0.038, 0.044, and 0.051 MPa/(h�day) for Mixture SF-00, SF-
05, SF-10, and SF-15, which increased by 18.75%, 37.50%, and
59.38% as increase of SF dosages ranging from 0% to 5%, 10%, and
15%, respectively, as depicted in Fig. 15. The results on integrated
criterion of cracking potential revealed that the addition of SF
decreased the cracking resistance of HSC, which was compatible
with previous findings [50].
Fig. 15. Integrated criterion of cracking potential of four mixtures.
4. Conclusions

The present study revealed the effect of SF on early-age behav-
ior and cracking resistance of HSC under restrained condition. Tests
and analysis on temperature process, autogenous shrinkage,
restrained stress, and tensile creep of HSC for Mixture SF-00, SF-
05, SF-10, and SF-15 were conducted, respectively. Based on the
experiment findings, following conclusions were obtained:

(1) The addition of SF increased the compressive strength, split-
ting tensile strength, and elastic modulus of HSC at early age.

(2) The addition of SF considerably affected the early-age
behavior of HSC. Generally, the cracking temperature, autogenous
shrinkage, and the restrained stress rate increased, while the tem-
perature drop, cracking time, cracking stress, and ratio of cracking
stress to axial tensile strength of HSC decreased as increase of SF
dosages ranging from 0% to 5%, 10%, and 15%, respectively.

(3) The basic tensile creep, specific tensile creep, and creep-
shrinkage ratio of HSC increased as increase of SF dosages ranging
from 0% to 5%, 10%, and 15%, respectively.

(4) The early-age cracking resistance of HSC decreased as
increase of SF dosages. The integrated criterion of cracking poten-
tial was 0.032, 0.038, 0.044, and 0.051MPa= h � dayð Þ, which
revealed that the cracking resistance of HSC under restrained con-
dition decreased as increase of SF dosages ranging from 0% to 5%,
10%, and 15%, respectively.
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