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Abstract:  Assessing the risk of cracking of high performance concrete induced by restrained volume 
changes from early ages is of considerable significance. To estimate and control such cracking risk of 
high-performance concrete, the zero-stress temperature (Tz) is crucial. Currently, there is no reliable 
approach to quantify the continuous evolution of Tz, despite the well-recognized significance in 
determining the risk of cracking. In this paper, a novel analytical approach is proposed to determine the 
evolution of Tz profiles based on the temperatures corresponding to points at which the total stresses 
are zero. An experimental investigation is performed using an advanced Temperature Stress Testing 
Machine to illustrate this approach and an in-depth assessment of Tz is presented. On that basis, a 
numerical model for predicting the continuous Tz profile in concrete subjected to any arbitrary 
temperature profile is presented and assessed.
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1. Introduction
Early-age deformations of concrete elements are always restrained in reality, which causes compressive 
or tensile stresses to develop and thereby leads to high cracking risk of concrete [1, 2]. Temperature 
related criteria have been widely utilized to control the early-age risk of cracking. However, these criteria 
do not often prove to be reliable measures to control cracking in practice. One main possible reason for 
such uncertainty in temperature-related criteria is the current disregard for a vital parameter named zero-
stress temperature (Tz) [2-4]. To illustrate the concept of Tz, an uninsulated concrete specimen fixed at 
both ends is given as an example, as shown in Fig. 1(a). The initial point of the Tz occurs when the solid 
skeleton of concrete is first formed [5]. The first zero-stress temperature point (Tz1) is generally 
considered as the concrete temperature corresponding to the final setting time. After that, the hindered 
expansion due to the temperature increase induces compressive stresses (i.e. negative stresses in Fig. 
1) when the specimen is restrained. Due to the low elastic modulus and significant relaxation of concrete 
at early stage, the compressive stresses tend to be small. Subsequently, the heat generation from the 
hydration process reduces and the heat loss to the environment becomes dominant. Thus, the concrete 
specimen gradually cools down and contracts. The corresponding compressive stress gradually reduces 
and reaches zero, which corresponds to Tz2, and then becomes tensile. Over time, the concrete 
specimen becomes more mature with higher elastic modulus, which leads to significant stress variation 
in the subsequent heat-cool cycles. Generally, as the actual temperature of concrete becomes 
significantly lower than Tz, substantial tensile stresses develop. Once the tensile stress reaches the 
actual tensile carrying capacity of early-age concrete, cracking induced by restrained strain happens. 

Despite the significant importance of Tz in crack risk analysis of concrete subjected to restrained 
conditions [2, 4, 6], the theoretical basis and determination methodology have not been well 
documented. Currently, few studies have attempted to obtain or predict the evolution of Tz over time. In 
practice, concrete structures are usually subjected to varied temperature (due mainly to hydration heat 
release at early ages and ambient temperature change at later ages). Therefore, whether Tz remains 
constant or decreases over time may lead to different implications on the role of temperature fluctuations 
in early-age restrained stress control in concrete structures. Thus, an in-depth assessment is required 
to evaluate the development of Tz for predicting and controlling the early-age crack risk of concrete. In 
this work, combining novel experiments and modelling, the evolution of Tz at early ages was 
investigated. 
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Fig. 1. Illustration of temperature and stress evolution and zero-stress temperature [2]

2. Experimental study and modelling of Tz

2.1 Determination of Tz by experiments 
Currently, there is no standard approach to quantify the continuous evolution of Tz, despite its well-
recognised significance in determining the risk of cracking. Instead, discontinuous measurement of Tz 
can be achieved by determining the total stress induced by the restrained total strain of concrete. 
Literally, based on the temperatures corresponding to points at which the total stresses are zero, the 
temporal evolution of Tz profiles can be approximated. In practice, such an approach for the 
determination of Tz can be performed using the Temperature Stress Testing Machine (TSTM) [2]. To 
closely simulate the actual temperature variation of a concrete element at early ages, a stepped 
temperature profile is usually adopted in TSTM tests. It is designed to impose the initial temperature rise 
due to the development of heat of hydration, then followed by a temperature drop which depends on 
thermal boundary conditions and subsequent heat-cool cycles. Such stepped temperature profiles 
enable a holistic assessment of early-age deformations and restraint stresses incurred in concrete 
specimens. It should be noted that the total deformation monitored and continuously restrained in the 
Tz quantification process includes both the (autogenous and drying) shrinkage and the thermal 
deformation components. The restrained concrete specimen in the TSTM setup can be subjected to any 
degree of restraint through a controlled deformation recovery process, as reported in [2, 7-10]. The total 
stress corresponding to this deformation recovery process is continuously monitored via the load cell of 
the TSTM setup. 

2.2 Prediction model of Tz

According to the authors’ previous research [5], Tz can be predicted via Eq. (1).  

                                         (1)𝑇𝑧(𝑡) = 𝑇0(𝑡0) +
𝜀𝑎𝑠(𝑡) + 𝜀𝑑(𝑡)

𝛼𝐶𝑇𝐸(𝑡) ∙ 𝛾(𝑡)
where, T0(t0) is the temperature of concrete at around setting time (or time-zero, t0) [11-13]. αCTE(t) is the 
coefficient of thermal expansion (CTE).  and  are free autogenous and drying shrinkage of concrete, 𝜀𝑎𝑠 𝜀𝑑
respectively.  is a conversion coefficient, which represents the visco-elastic behaviour of concrete 𝛾(𝑡)
[5], as given below 

                                     (2)𝛾(𝑡) = 𝛾0(1 + 𝑒𝑥𝑝 ( ‒ 𝑔(𝑡 ‒ 𝑡0)ℎ))

where, , g, and h are fitting parameters.𝛾0



3. Studies in this work
3.1 Concrete mix 
A concrete mix with a water-to-binder ratio (w/b) of 0.25 (see Table 1) was studied to demonstrate the 
determination and evolution of Tz. The 28-day compressive strength of the concrete is approximately 
85.0 MPa. The oxide compositions of cementitious materials and particle sizes of aggregates used in 
the concrete mix can be found in [5, 14].

Table 1 Mix compositions of concrete with w/b of 0.25 (Unit: kg/m3)

Ordinary Portland 
cement Fly ash Silica fume Water 10 mm 

aggregate
Coarse 
sand

Fine 
sand

560 120 40 180 930 250 240

3.2 Experimental design 
In this study, two sets of TSTM tests were performed to capture Tz points of concrete subjected to 
stepped temperature profiles, as introduced in Section 2.1. A detailed description of the TSTM setup 
established at The University of Queensland can be found in [2, 11, 15, 16]. The first set was carried 
out from an age of concrete of 1 day (24 hours after mixing), while the other set was performed from a 
concrete age of 3 days (72 hours). Each set contained two tests (or specimens) that were carried out 
simultaneously under the same temperature profile, as illustrated in Fig. 3. The only difference between 
the two specimens tested in parallel was the degree of restraint. The free specimen was tested under 
restraint-free conditions, aiming to obtain  and thereby predict Tz evolution based on Eq. (1). 𝜀𝑎𝑠
According to [15, 17], the determination of  from the free test specimen was executed via Eq. (3). By 𝜀𝑎𝑠
contrast, the other specimen subjected to fully restrained conditions (degree of restraint at approximately 
100%) aimed to measure the stressed induced by the restrained total strain ( ) and thereby determine 𝜀𝑡𝑜𝑡
Tz corresponding to the zero stress. Besides, it should be noted that in this work, drying shrinkage was 
neglected intentionally by proper sealing of all concrete specimens (as reported in [11, 14]). 

                                                (3)𝜀𝑎𝑠(𝑡) = 𝜀𝑡𝑜𝑡(𝑡) ‒ 𝜀𝑡ℎ(𝑡)

where,  is the total strain measured in free shrinkage tests, and  is the thermal strain induced by 𝜀𝑡𝑜𝑡 𝜀𝑡ℎ
the temperature change of concrete.

Fig. 2. Schematic diagram of free and restrained specimens in TSTM tests [16] 

4. Results and discussion
4.1 Tz results measured from an age of 1 day
For the determination of Tz of concrete from an age of 1 day, the stepped temperature profile imposed 
on the specimens with and without restraint conditions is plotted in Fig. 3(a). Such a temperature profile 
aimed to simulate the temperature fluctuation due to the production and release of cement hydration 
heat, as well as to obtain multiple Tz points. At each temperature step, the concrete temperature 
increased or decreased 3-6 oC. At around 2.7 days, the concrete temperature peaked at ~48oC. Fig. 
3(b) shows the total stress of the concrete specimen subjected to the stepped temperature profile under 
fully restrained conditions. According to the stress profile, those feature time points corresponding to 



zero stresses could be determined, and on that basis, the corresponding temperatures at those feature 
time points were deemed as the measured Tz points, as shown in Fig. 3(a). It can be noted that Tz 
increases rapidly from the age of concrete 1 to 3.6 days and tend to stabilize gradually. At age of 5.8 
days, the determined Tz is approximately 40.6oC. Besides the measured Tz, the evolution of Tz was also 
predicted by Eq. (1) in which T0 was set to 23oC and  was deemed as zero. The measured  (AS) 𝜀𝑑 𝜀𝑎𝑠
under the stepped temperature profile and restraint-free conditions is presented in Fig. 4.  was 𝛾(𝑡)
determined according to [5]. The predicted Tz profile can be found in Fig. 3(a). To sum up, the measured 
and predicted Tz outcomes seem to match each other, indicating the promising reliability of the Tz model. 
What’s more, both the measured and predicted Tz present a rising trend at early ages. According to [2, 
3, 5], a high Tz usually indicates a high cracking risk of early-age concrete under restrained conditions. 

(a)

(b)
Fig. 3. Measured results based on the restrained test specimen from an age of 1 day (a) Tz and (b) 

Stress due to restrained strain

Fig. 4. Determined free shrinkage ( ) based on the free test specimen from an age of 1 day𝜀𝑎𝑠

4.2 Tz results measured from an age of 3 days
Similar to the TSTM tests introduced above, Tz of concrete from an age of 3 days was also measured 
under a given stepped temperature profile, as shown in Fig. 5. At an age of about 4.6 days, the stepped 
concrete temperature peaked at around 49oC, and after that, the concrete temperature fluctuated up 
and down with an average temperature of approximately 45oC. Based on the measured total stress 



profile of concrete under fully restrained conditions, a few Tz points were measured, as given in Fig. 5. 
Combining Eq.(1) and the measured  (AS, see Fig. 6) from the free specimen exposed to the stepped 𝜀𝑎𝑠
temperature, the Tz profile of concrete from age of 3 days was calculated. Clearly, the measured and 
calculated Tz results seem in good agreement. Notably, the measured and calculated Tz results again 
present a rising trend at early ages, which is consistent with the outcomes shown in Fig. 3(a). 

Fig. 5. Determined Tz based on the restrained test specimen from an age of 3 days

Fig. 6. Determined free shrinkage ( ) based on the free test specimen from an age of 3 days𝜀𝑎𝑠

5. Conclusions 
In this study, the evolution of the zero-stress temperature (Tz) of the high performance concrete with a 
w/b of 0.25 was investigated from early ages. Novel test methods for determining Tz using the 
Temperature Stress Testing Machine were demonstrated. Based on the measured Tz results, the 
reliability of the proposed Tz model was assessed. Both the measured and predicted Tz presented a 
rising trend at early ages. However, a rising Tz is generally closely related to the increased cracking risk 
of early-age concrete under restrained conditions. In the future, further studies are required to mitigate 
or control the evolution of Tz. 
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