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h i g h l i g h t s

� The tensile creep and cracking potential considering w/c ratio was studied by TSTM.
� The tensile stress rate of concrete increased with the decrease of w/c ratio.
� The early-age specific basic tensile creep increased with the decrease of w/c ratio.
� The early-age basic tensile creep/shrinkage increased with the decrease of w/c ratio.
� The early-age cracking potential increased with the decrease of w/c ratio.
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a b s t r a c t

With the widely use of high-performance concrete, the lower and lower water-to-cement (w/c) ratio is
applied in practice. This low w/c ratio can offer high strength and low permeability, however, coming
with other drawbacks, such as high self-desiccation and high temperature rise, both of which can
increase the early-age cracking potential of concrete. Creep is important to evaluate the early-age crack-
ing resistance of concrete. Although studies on the influence of w/c ratio on the creep of mature concrete
have been conducted, investigations on the influence of w/c ratio on the early-age tensile creep remain
lacking. Therefore, investigations on the influence of w/c ratio on the tensile creep and cracking resistance
of early-age concrete must be conducted. Experimental studies on the influence of w/c ratio (0.33, 0.40,
and 0.50) on the temperature change, autogenous shrinkage, restrained stress, tensile creep, and cracking
resistance of early-age concrete under adiabatic condition and at full restraint degree were conducted
using Temperature Stress Test Machine. The test results indicate that (1) the temperature rise under adi-
abatic condition increased by 32.6%, and 74.2% when w/c ratio decreased from 0.50 to 0.40, and 0.33,
respectively; (2) the restrained tensile stress rate under adiabatic condition and at full restraint degree
increased by 16.7%, and 33.3% when w/c ratio decreased from 0.50 to 0.40, and 0.33, respectively; (3)
the early-age specific basic tensile creep and basic tensile creep/shrinkage under adiabatic condition
and at full restraint degree increased with the decrease of w/c ratio; (4) the early-age cracking potential
under adiabatic condition and at full restraint degree increased with the decrease of w/c ratio according
to the integrated criterion.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete has undergone significant changes for the past dec-
ades, with the increasing promoted use of high-performance con-
crete (HPC), decreasing water-to-cement (w/c) ratio is being

applied in practice [1–5]. HPC can offer high strength and low per-
meability [6,7], this low w/c ratio comes with other drawbacks,
including high self-desiccation [8,9] and high temperature rise
[10], both of which can increase the cracking potential of early-
age concrete [11]. Autogenous shrinkage which is a consequence
of self-desiccation of concrete leads to cracking and even failure
at early age if restrained internally by aggregate skeleton and
externally by the hyperstaticity of the structure [12].
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Creep is extremely important in estimating the cracking resis-
tance of concrete due to shrinkage and thermal stress at early
age [13]. Creep of concrete is the viscoelastic deformation of the
cement hydration products under applied stress. Some mecha-
nisms are considered to be responsible for creep: redistribution
of capillary water or interlayer water movement, plastic flow, vis-
cous flow, permanent plastic deformation caused by microcrack-
ing, and diffusion of solid materials. And early-age concrete creep
is influenced by material properties, such as restraint degree,
cement type, w/c ratio, aggregate type and content, temperature
and humidity, and so on [14,15]. A better understanding of creep
is essential for a rational analysis and a more appropriate solution
of many practical projects, such as water-retaining structures or
pre-stressed elements [16]. Early-age creep occurs in the harden-
ing concrete due to the restrained stress of concrete under
restrained condition. More than 50% stresses induced by shrinkage
can be relaxed due to tensile creep [17]. However, the creep of con-
crete at early age is difficult to be obtained because physical and
chemical properties change at the same time [17]. Although the
creep behaviors of mature concrete have been investigated [14],
the creep of concrete at early age under tensile condition is differ-
ent from that under compressive condition [18]. There is no con-
sensus concerning the tensile creep of concrete at early age with
different w/c ratios. For example, the specific tensile creep of con-
crete at early age decreases with the decrease of w/c ratio in
[19,20], while the observations in [21,22] are quite opposite and
the specific tensile creep of concrete at early age increases with
the decrease of w/c ratio. The investigations of w/c ratio on the
effect of tensile creep of early-age concrete including HPC are still
lacking [14]. Therefore, the influence of w/c ratio on tensile creep
of concrete including HPC at early age needs to be further
investigated.

The adiabatic temperature rise profile should be adopted to
study the deformation, stress development, tensile creep, and
cracking resistance. In reality, the temperature of concrete during
early stage increases because of hydration heat, and the tempera-
ture decreases thereafter until it reaches environmental condition
[23]. The interior concrete of the mass concrete is insulated well,
and temperature decrease occurs over long period of time
[10,24], this behavior is characterized as being close to that of adi-
abatic temperature rise profile, in which no heat is lost from the
material to its surrounding [10,25]. However, most measurements
of early-age behavior of concrete are normally performed at con-
stant temperature [17,26–28]. Up to now, only a few authors have
estimated the cracking potential of HPC under adiabatic condition.
Investigation of cracking resistance of concrete with different w/c
ratios under adiabatic condition is still lacking. Therefore, the effect
of w/c ratio on the cracking resistance of early-age concrete includ-
ing HPC under adiabatic condition should be investigated.

Knowledge of the mechanical properties (relaxation or creep,
restrained stress and modulus), restraint degree, and the autoge-
nous shrinkage are essential for quantifying the cracking resistance
of concrete at early age. Therefore, some test machines are often
used to study the cracking resistance of concrete, such as the ring
and doubly restrained plate. However, the results in the doubly
restrained plate test depend on specimen geometry, and this test
cannot be used for shrinkage stress calculation [29]. The tensile
creep of concrete has been investigated by the dual ring test
[26]. The restraint degree cannot be kept constant and the restraint
degree strongly depends on the geometry and the rigidity of the
materials in the ring test [19,30]. The creep of concrete is closely
related to the restraint degree [14]. Test results show that the
creep of early-age concrete under constant and varying restraint
degree is different, and the stress development of concrete is also
affected by the creep. The development of microcracking of con-
crete is also affected by the restraint degree [31]. Therefore, the

cracking resistance of concrete is influenced by restraint degree.
The restraint degree of Temperature Stress Test Machine (TSTM)
could be adjusted and set as constant, even 100% (full restraint
degree). The creep could be determined once the restrained stress
appears by using TSTM. Therefore, TSTM is often used to study the
cracking resistance of early-age concrete [29,32,33]. Therefore,
investigations on the cracking resistance of concrete including
HPC with different w/c ratios at early age under adiabatic condition
and at full restraint degree by using TSTM are necessary to better
understand the tensile creep and other properties.

The majority of available studies concerning the cracking resis-
tance of early-age concrete with different w/c ratios do not simul-
taneously consider temperature history, autogenous shrinkage,
restrained stress, and tensile creep under adiabatic condition and
at full restraint degree. The influence of all relevant parameters
must be studied and quantified to investigate the cracking resis-
tance of concrete at early age with different w/c ratios more accu-
rately [34]. Therefore, the influences of w/c ratio on temperature
history, autogenous shrinkage, restrained stress, and tensile creep
under adiabatic condition and at full restraint degree need to be
further studied by using TSTM to better understand the cracking
resistance of early-age concrete.

2. Experimental program

2.1. Mixture proportions and materials

Three concrete mixtures with different w/c ratios were used in
present study. The mixture proportions, designated as S33, S40,
and S50, are shown in Table 1. For mixtures S33, S40, and S50,
the w/c ratio was 0.33, 0.40, and 0.50, respectively.

Ordinary Portland Cement (Cement II 52.5R) with a Blaine fine-
ness of 375 m2/kg and a loss on ignition of 3.11% was employed in
accordance with China National Standard GB 175-2009. The chem-
ical compositions of the cement are shown in Table 2. The strength
characteristics of the cement were as following, the initial setting
time was 167 min, the final setting time was 221 min, the com-
pressive strength in 3 d was 35.5 MPa, and in 28 d was 66.9 MPa,
respectively. Normal weight river sand with a fineness modulus
of 2.05 and a maximum size of 1.8 mm was used. Crushed lime-
stone with a maximum size of 26 mm was employed as coarse
aggregate. The apparent density was 2660 kg/m3. A liquid
polycarboxylate-based superplasticizer was added to mixtures
S33 and S40 in the amount ensuring flow ability similar to the mix-
ture S50. Tap water was used as mixing water. The concrete was
mixed for about 2 min.

2.2. Test details

Restrained and free shrinkage tests of sealed specimens were
conducted with TSTM, which was developed combining the princi-
ples of Kovler [1,29] as uniaxial restrained shrinkage closed-loop
computer-controlled setup, and of Springenschmid [35] as TSTM
machine, as shown in Fig. 1. The frame of TSTM was equipped with

Table 1
Concrete mixture proportions.

Mixture composition Concrete mixtures

S33 S40 S50

Water (kg/m3) 171 180 200
Cement (kg/m3) 512 450 400
Fine aggregate (sand) (kg/m3) 636 655 666
Coarse aggregate (kg/m3) 1131 1165 1184
Superplasticizer (%) 0.6 0.4 0
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