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Abstract 
The early-age viscoelasticity of alkali-activated slag concrete (AASC) is critical for its early-age cracking proneness and long-term performance, particularly 
regarding creep and internal stress development. This study employs an innovative approach to quantify the early-age viscoelastic behavior of AASC, 
utilizing a Temperature Stress Testing Machine to conduct compressive, repeated and minutes-long creep tests, covering the curing age from 6 h till 28 
days. This study is based on the linear theory of viscoelasticity and the Boltzmann superposition principle. A double power law function is employed to 
model creep and to further predict the internal stress of restrained AASC. It is demonstrated that the double power law function accurately captures the 
short-term creep of AASC, enabling reliable predictions of early-age stress accumulation and relaxation. Overall, this study highlights the pronounced 
viscoelasticity of AASC and the effectiveness of the experimental and modelling approaches used to quantify it. 

Keywords: Alkali-activated slag; Viscoelasticity; Creep; Relaxation; Modelling. 

 Introduction 

Alkali-activated slag (AAS) has garnered significant attention 
from both academia and industry as a promising low-carbon 
alternative to traditional Portland cement (PC)[1,2]. As 
environmental concerns intensify, the construction sector is 
increasingly focused on sustainable practices. The utilization 
of industrial by-products has become a key strategy for 
reducing the carbon emissions associated with construction 
materials [3]. Beyond the environmental benefits, alkali-
activated slag concrete (AASC) exhibits excellent mechanical 
properties and durability [4–7]. Nonetheless, the widespread 
adoption of AAS in the construction industry has been limited 
by several performance-related challenges, notably 
autogenous shrinkage and early-age cracking [8–11]. 
While shrinkage and cracking of concrete are always 
mentioned together as cause and effect, the quantitative 
relationship between them remains unclear [12], especially 
for AASC, which exhibits significant time-dependent behavior 
[13,14]. Creep, a time-dependent deformation under 
sustained stress, plays a significant role in the overall 

shrinkage of concrete. It has been reported that AAS shows 
much larger creep compared to PC, particularly in the early 
stages [15,16]. On the other hand, stress relaxation can 
reduce internal stress under restrained conditions, potentially 
helping to alleviate some of the stress caused by shrinkage 
and lowering cracking risk. However, in some other scenarios, 
such as prestressed concrete, relaxation has a detrimental 
effect since it can decrease the prestress level, contributing to 
long-term deflection and compromised structural stability 
[17,18]. The bonding between concrete and rebar is also 
affected by the local relaxation as the friction is determined 
by the compressive stress between them. Creep and 
relaxation are like two sides of one coin – viscoelasticity. A 
clear understanding of the viscoelastic response of AASC is 
essential not only to estimate its early-age deformation and 
cracking proneness [19], but also to evaluate the long-term 
performance of reinforced concrete structures [20,21]. 
Despite the recognized importance of viscoelastic properties, 
most current predictive models for AASC focus on its 
hardened state, often neglecting the critical early-age periods 
when the material undergoes rapid changes in its chemical 
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and mechanical properties [21,22]. Traditional creep models 
[23] developed for PC-based concrete may not fully capture 
the time-dependent behavior of AASC, especially during the 
early stages of hydration. Consequently, specialized 
experimental methods and models are necessary to address 
the early-age viscoelastic characteristics of AASC [19]. 
A few studies have investigated the early-stage creep 
properties in cementitious materials at different scales 
[19,24–28], but experimental results on the relaxation 
phenomenon of alkali-activated concrete at early ages are 
scarce [29]. This shortage makes it difficult to accurately 
predict deformation and internal stress under restrained 
conditions, leaving researchers reliant on empirical models, 
such as the model adapted by Li et al. [30] based on studies of 
OPC, as indicated in the thesis of van Breugel [31]. Testing the 
early-stage viscoelastic behavior of alkali-activated concrete 
can enhance comprehension of its time-dependent 
properties and provide valuable input for the early-age stress 
modelling efforts. 
Therefore, this study aims to quantify the early-age 
viscoelastic properties of AASC through a series of minutes-
long creep tests conducted using a Temperature Stress 
Testing Machine (TSTM). The experimental method 
employed in this study closely resembles the one proposed by 
Delsaute et al. [19,32,33] for PC concrete. By employing a 
double power law function and the Boltzmann superposition 
principle, this research seeks to model the creep behavior of 
AASC. The creep testing data serves as input for early-age 
stress modelling to predict the internal stress evolution of the 
AASC under restrained condition during the early stages of 

hardening. These findings will provide a better understanding 
of the viscoelastic characteristics of AASC. 

 Materials and mixtures 

 Raw materials 

The primary raw material used in this study was ground 
granulated blast furnace slag (hereafter referred to as slag), 
which served as the precursor for the AASC. The slag was 
supplied by Ecocem Benelux BV, and its chemical composition 
was analyzed using X-ray fluorescence (XRF), as shown in 
Table 1. The slag particles had a size distribution ranging from 
0.1 to 50 μm, with a median particle diameter (d50) of 18.3 
μm, and a density of 2.89 g/cm³. 
The alkaline activator was prepared by combining anhydrous 
sodium hydroxide pellets with deionized water and a 
commercial sodium silicate solution (Na₂SiO₃), sourced from 
Brenntag. The Na₂SiO₃ solution contained 27.5 wt% SiO₂ and 
8.25 wt% Na₂O. The mixture was formulated to achieve an 
activator modulus (MS ratio, SiO₂/Na₂O) of 1.5. For each 100 
g of activator, the composition consisted of 13.8 g SiO₂, 9.4 g 
Na₂O, and 76.8 g water. This yielded a water-to-solid ratio of 
0.344 for the paste. 

 Mixture proportions 

The mixture proportion of AASC is provided in Table 2. The 
resulting AASC mix was subjected to experimental testing, 
with a specific focus on its early-age viscoelastic properties. 
 

Table 1. Chemical compositions of slag. 
Raw materials Oxide (wt. %) 
 CaO Al2O3 SiO2 MgO Fe2O3 SO3 K2O TiO2 Other 
Slag 40.50 13.25 31.77 9.27 0.52 1.49 0.34 0.97 1.89 

Table 2. Mixture composition of AASC (kg/m3). 

Mixture Slag Activator Aggregate 
[0–4 mm] 

Aggregate 
[4–8 mm] 

Aggregate 
[8–16 mm] 

Volume fraction 
of aggregate 

AASC 400 200 789 440 525 0.67 

 Experimental 

In this study, repeated creep minutes-long creep tests were 
conducted by a TSTM. The elastic modulus (reported in a 
previous study [34]) and creep compliance (derived from this 
study) of AASC are used as inputs for modelling the relaxation 
modulus and internal stress, which will be detailed in Section 
4. 

 Setup 

The TSTM was designed specifically to monitor temperature 
deformation and the corresponding restrained stress it 
generates. The redesigned TSTM at Technische Universiteit 
Delft [35] was expanded to encompass additional 
applications, including creep and relaxation tests. A complete 
description of the TSTM can be found in Ref. [12]. The TSTM 
is capable of simultaneously accounting for various functions, 
such as temperature control, strain monitoring, and stress 

applying, thereby facilitating the acquisition of creep data for 
early-age concrete. 
The specimen used for testing had a dog-bone shape with a 
prismatic testing section in the center, measuring 750 × 150 × 
100 mm³ (Figure 1). The specimen was cast in wooden molds 
with low thermal conductivity to ensure minimal heat 
exchange during the tests. To minimize friction and shear at 
the mold-specimen interface, a thin layer of Vaseline was 
applied to the inner mold surface which was made of thin 
steel plates, followed by a plastic film. This treatment 
minimized stress heterogeneity and ensured that the 
measured stress reflected the intrinsic behavior of concrete. 
Once cast, the specimen was sealed to prevent moisture loss 
and placed under restrained conditions for stress 
measurement. During hardening, the temperature changes at 
the head sections of the AASC differed slightly from those in 
the middle, resulting in varying thermal deformations. In 
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contrast, the temperature within the prismatic section of 
interest remained largely uniform. The temperature of 
concrete was measured using thermocouples located in the 
center line of the specimen in an Autogenous Deformation 
Testing Machine. Measurements were recorded every 
minute after the concrete was cast. Further details on the 
temperature measurement process can be found in [34]. 
Actually, the steel claws gripping the concrete heads had 
higher thermal conductivity than the foam mold in the 
middle, leading to slightly faster heat loss at the "head" 
sections. But the volume of the “head” parts was also larger. 
Eventually, the middle part exhibited a slightly higher 
temperature the sides. This might be a potential source of 
error in the thermal deformation calculation.  
The TSTM applied precise compressive and tensile forces 
through a horizontal steel frame, with stress measurements 
starting 6 h after casting and continuing for 28 days. During 
the creep testing, the force and deformation measurements 
were recorded per 0.1 s, while measurements were taken at 
one-second intervals during other periods. The TSTM has a 
displacement measurement accuracy of 1 μm and a force 
accuracy of 0.05 kN. This experimental setup enabled 
accurate capture of early-age viscoelastic behavior, 
particularly the time-dependent deformation associated with 
creep and relaxation processes. 

 
Figure 1. Temperature Stress Testing Machine (TSTM). 

 Repeated minutes-long creep tests 

Creep of concrete is generally categorized into short-term and 
long-term phases [36]. Although conventional testing 
requires extended loading durations, Delsaute et al. 
[19,28,33,37] have demonstrated that the repeated minutes-
long creep tests can effectively capture essential viscoelastic 
properties during various stages of early-age hardening, 
offering valuable insights into its behavior. 
The repeated minutes-long creep testing protocol involved 
applying a controlled compressive load to the specimen for a 
short duration of 6 minutes. The force was applied to 
generate a stress approximately 15% of the compressive 
strength, which was estimated based on the strength of AASC 
cured under isothermal conditions [34]. The stress magnitude 
of around 15% was chosen to ensure that the material 
remained within the elastic range and was not damaged 
during the test cycles [34,38]. The load application was nearly 
instantaneous, applied in under 1 s, to minimize the effects of 
loading time on time-dependent behavior. This approach 
allows us to isolate and analyze the subsequent creep 
deformation.  
During loading, the force was maintained at a high level of 
accuracy (the target force actually fluctuated with an accuracy 
of about ±0.0015 kN), avoiding overshoots that could 

destabilize the system. The unloading process was carried out 
at a fixed rate of 1 kN/s to facilitate the calculation of the 
elastic modulus. A minimal compressive load of 0.3 kN was 
maintained between cycles to ensure continuous contact and 
stability. Force and deformation data were recorded every 0.1 
s during loading and unloading. 
To illustrate the loading and unloading behavior, an example 
of a load cycle is presented, showing the rapid initial loading 
phase and the slower controlled unloading phase, as shown 
in Figure 2. The loading-unloading cycle was applied every 2 h 
in the first 14 h of curing, decreasing in frequency thereafter. 
We continued these repeated minutes-long creep tests from 
6 hours up to 28 days. 

 
Figure 2. Loading protocol during the first few minutes-long creep 
tests. 

In this study, the uniaxial stress history 𝜎(𝑡) in the loading 
direction is quantified as follows: 

𝜎(𝑡) =
𝐹(𝑡)
𝐴  (1) 

where 𝐹(𝑡) is the prescribed force history and 𝐴 =
100(𝑚𝑚)x150(𝑚𝑚) = 15000𝑚𝑚! is the cross-sectional 
area of the specimen. The uniaxial strain history 𝜀(𝑡) was 
measured based on the average of the length changes of the 
4 LVDT measurements as follows: 

𝜀(𝑡) =
1
4/Δ𝑆"(𝑡)x

1
750	𝑚𝑚

#

"$%

 (2) 

where Δ𝑆" represents 4 LVDT measurements and 750 mm is 
the measurement length. 

 Evolution of elastic modulus and 
temperature 

In this study, the elastic modulus is determined using the 
displacement and force data recorded during each unloading 
phase of the repeated creep tests. Figure 3 presents the 
evolution of the elastic modulus and temperature, clearly 
illustrating their correlation. The results show the significant 
increase in elastic modulus throughout 28 days, reflecting 
ongoing chemical reactions and the resulting increase in 
stiffness. The increase in the modulus during the first 48 h is 
fast and corresponds to the acceleration and deceleration 
period of the concrete, when its temperature remains higher 
than 23 °C. Subsequently, the growth rate of modulus slows 
as heat release from the reaction also stabilizes. It is evident 
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that the temperature drops over the first 7 days and then 
plateaus, mirroring the evolution of the elastic modulus. 
To capture this evolution as an input for modelling in the 
following section, the elastic modulus is fitted using an 
empirical function based on that given in the American 
Concrete Institute (ACI) code [39]. The fitted function is 
expressed as: 

𝐸(𝑡′) =
30.88𝑡′

78.68 + 9.404	x	10&!𝑡′ 
(3) 

where	 𝐸(𝑡′) represents the elastic modulus in MPa and 𝑡′ 
is the time in seconds. A previous study [40] shows that 
different elastic modulus models have minimal impact on the 
overall model predictions. While deviations were observed 
during Days 2-4 due to the distinct chemical kinetics of AASC, 
the results shown in Figure 3 indicate that the fitted function 
provides an acceptable estimation of the modulus over time, 
which is then incorporated into the viscoelastic modelling of 
AASC. 

 
Figure 3. Evolution of elastic modulus (red) and temperature (blue, 
named T1) of the AASC. The data of temperature is from Ref. [34].  

 Calculation of creep/relaxation from 
measurements 

The assessment of viscoelastic properties involves two 
primary parameters. The first is the elastic modulus, which 
measures resilience and stiffness during elastic deformation 
and can be obtained from the force-displacement curve in a 
loading or unloading test. The second parameter is either 
creep compliance, which quantifies time-dependent 
deformation (creep), or relaxation modulus, which evaluates 
how stress evolves over time. To evaluate these parameters, 
deformation tests are used to measure creep compliance, 
while stress relaxation tests are employed to assess the 
relaxation modulus. During the repeated, minutes-long creep 
tests, the material undergoes alternating phases of creep and 
relaxation. In this section, we describe the definitions of creep 
compliance and relaxation modulus in detail. The obtained 
creep compliance is used as an essential input for modelling. 

3.4.1 Creep compliance 
In the minutes-long creep testing, the deformation history of 
the specimen 𝜀(𝑡) was measured continuously. Free 
deformations (including autogenous and thermal 
deformation), were quantified using an Autogenous 

Deformation Testing Machine (ADTM) in a previous study 
[34]. By measuring the total deformation and subtracting the 
instantaneous and free deformations, the creep deformation 
is the difference between 𝜀(𝑡)  and	 𝜀(𝑡′) :	 𝜀(𝑡, 𝑡′) =
𝜀(𝑡) − 𝜀(𝑡'). Creep compliance 𝐽(𝑡, 𝑡′) describes the strain 
response at time 𝑡 induced by a constant unit stress from 
time	 𝑡′. For each loading cycle, the creep compliance 𝐽(𝑡, 𝑡′) 
can be obtained by the following expression: 

𝐽(𝑡, 𝑡′) =
𝜀(𝑡, 𝑡')
𝜎(𝑡')  (4) 

where 𝜎(𝑡')  is the stress at loading. Creep coefficient, 
another expression of viscoelasticity, is related to the creep 
compliance	 𝐽(𝑡, 𝑡′), as expressed as: 

𝐽(𝑡, 𝑡′) =
1 + 𝜑(𝑡, 𝑡')
𝐸(𝑡')  (5) 

where 𝐸(𝑡')  is the elastic modulus and 𝜑(𝑡, 𝑡')  is the 
creep coefficient, defined as the ratio between creep strain 
and elastic strain. 
Figure 4 shows the creep compliance curves for the selected 
time points, highlighting the evolution of the viscoelastic 
response during hardening. The time-dependent creep 
compliance of AASC was examined over a period ranging from 
1 h to 168 h. Actually, later-age tests were also conducted, but 
the results are not shown here for the purpose of simplicity. 
For instance, the creep coefficient at 28 days (included in 
Appendix A) is compared with Kostiuchenko [41]. The results 
in Figure 4 show that aging has a significant impact on the 
magnitude of basic creep compliance, with loading applied at 
earlier ages yielding higher basic creep compliance. 

 
Figure 4. Creep compliance from repeated minutes-long creep tests 
at early age. 

3.4.2 Relaxation modulus 
The relaxation modulus defines the stress response 
corresponding to a unit strain applied. In the general theory 
of relaxation experiments with TSTM from the literature [32] 
and assumed that the strain at the end of each 6-minute 
creep test represents the strain over the entire duration, 
relaxation modulus 𝑅(𝑡, 𝑡')  can be obtained by the 
following expression: 

𝑅(𝑡, 𝑡′) =
𝜎(𝑡, 𝑡')
𝜀(𝑡')  (6) 

where 𝑡′ is the end time of the loading cycle; 𝜀(𝑡')is the 
constant strain at	 𝑡′ ; 𝜎(𝑡, 𝑡')  is the stress difference 
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between 𝜎(𝑡)  and 𝜎(𝑡') : 𝜎(𝑡, 𝑡') = 𝜎(𝑡) − 𝜎(𝑡') . 
Although theoretically the constant strain 𝜀(𝑡') was applied 
for a finite period of time in the experiment, it is also 
considered to be applied instantaneously. 
However, stress relaxation testing is more complex, not only 
requiring a measurement of strain but also an active 
adjustment of the load to maintain a constant strain. In 
contrast, creep testing is simpler, as it involves keeping the 
load constant and measuring the strain. Consequently, most 
studies use creep testing to quantify viscoelastic properties. 
For early-age concrete simulations, it is significant to convert 
the measured creep compliance into a relaxation modulus 
[42]. 

 Modelling 

Creep prediction models can be categorized into two primary 
types: empirical models and numerical models. Empirical 
models are generally derived from comprehensive statistical 
analysis of macroscale test data, while numerical models are 
grounded in micromechanical principles. By incorporating 
time-dependent viscoelastic properties, such as aging creep 
and elastic modulus, as key input parameters, the model can 
effectively perform accurate internal stress analysis. In this 
section, the double power law function is utilized to simulate 
the creep compliance of AASC. Then, the relaxation modulus 
is obtained through creep-relaxation conversion and used as 
an input to simulate the evolution of internal stress. The 
discrepancies between the predicted and measured results 
are analyzed. 

 Theory 

In this section, the Boltzmann superposition principle and the 
evolution of internal stress are described. During the 
hardening process of cementitious materials, various 
phenomena including autogenous shrinkage, thermal 
deformation, and expansion-induced deformation occur. The 
TSTM can accurately impose reverse deformation to 
counteract these deformations and achieve a fully restrained 
state. Concrete in this condition generates internal stress. 
Assuming the concrete behaves in a linearly elastic manner, 
the early-age stress for each time step can be represented as 
follows: 

∆𝜎(𝑡′) = 𝐸(𝑡')∆𝜀(𝑡') (7) 
where 𝑡′ stands for the moment when the load is initially 
applied. The evaluation of the specified creep experiments is 
conducted within the context of the linear theory of 
viscoelasticity, employing Boltzmann’s superposition 
principle to correlate the prescribed stress history 𝜎(𝑡) with 
the measured strain evolutions	 𝜀(𝑡) . The total early-age 
stress can be expressed as: 

𝜎(𝑡) = B 𝐸(𝑡')𝑑𝜀(𝑡')
(

)
 (8) 

By replacing the elastic modulus with the relaxation modulus, 
thus, the following integral equation is obtained as:  

𝜎(𝑡) = B 𝑅(𝑡, 𝑡')
𝜕𝜀
𝜕𝑡′ 𝑑𝑡′

(

)
 (9) 

where 𝑅 denotes the relaxation modulus; *+
*(!	

 is the time-
derivative of the retrained strain history	 𝜀(𝑡) ; 𝑡  is the 
moment of interest. The integration of Equation (9) can be 
approximated using the midpoint rule: 

𝜎(𝑡) = /𝑅
(!$(

(!$)

E𝑡, 𝑡' +
1
2∆𝑡′G x∆𝜀(𝑡

') (10) 

By incorporating the deformation rate ∆𝜀  and the 
viscoelastic relaxation modulus 𝑅(𝑡, 𝑡') , it is possible to 
accurately simulate the evolution of early-age stress. The 
deformation rate ∆𝜀 can easily obtained from the test. With 
a linear viscoelastic constitutive relationship, creep 
compliance 𝐽(𝑡, 𝑡')  and relaxation modulus 𝑅(𝑡, 𝑡')  are 
not completely independent. In general, the strain history at 
𝑡 can be expressed as: 

𝜀(𝑡) = 𝐽(𝑡, 𝑡')𝜎(𝑡') + B 𝐽(𝑡, 𝑡̂)
𝑑𝜎(𝑡̂)
𝑑𝑡̂

(-$(

(-$(!
𝑑𝑡̂ (11) 

where 𝑡̂  is the time step. According to the definition of 
relaxation modulus and the boundary of a relaxation test, 
Equation (11) can be expressed as below [43]: 

𝐽(𝑡, 𝑡')𝑅(𝑡′, 𝑡') +B 𝐽(𝑡, 𝑡̂)
𝑑𝑅(𝑡', 𝑡̂)
𝑑𝑡̂

(-$(

(-$(!
𝑑𝑡̂ = 1 (12) 

where 𝑅  is the relaxation modulus. Therefore, the creep 
compliance 𝐽(𝑡, 𝑡')  and the relaxation modulus 𝑅(𝑡, 𝑡') 
can be converted into each other through Equation (12).  

 Double power law model 

Over the past few decades, predictive creep models 
developed have primarily focused on the viscoelastic 
properties of concrete, frequently neglecting its hardening 
characteristics. The double power law model is an approach 
to account for the aging effect in concrete by capturing the 
evolution of elastic modulus [23,44,45]. Applying the double 
power law to early-age crack prediction and stress simulation 
in concrete has shown promising results [43,46,47]. In this 
study, the double power law [23], as presented in Equation 
(13), is used specifically for the early-age creep in AASC. 
Notably, for long-term creep, a logarithmic function  would 
be more appropriate [43,48].  

𝐽(𝑡, 𝑡') =
1

𝐸(𝑡') + 𝑎 ∙ E
1
𝑡'G

.

∙ (𝑡 − 𝑡')/ (13) 

where 𝐽(𝑡, 𝑡')  is the creep compliance function; 𝐸(𝑡')	 is 
the elastic modulus at loading time; a, b, and c are creep 
model fitting parameters that are obtained from tests; 𝑡 is 
the time of interest;	 𝑡′ is the concrete age (the time when 
creep testing load is applied); 𝑡 − 𝑡'	is the loading time.  
Before fitting Equation (13), the experimentally obtained data 
is first evaluated using a non-aging power function [43] to 
validate its accuracy, expressed as 

𝐽(𝑡) = 𝑎 ∙ 𝑡0 (14) 
where 𝑎 and 𝑟 are the fitting parameters. The accuracy of 
the model is further validated by calculating the root mean 
square error (RMSE) between the fitted and experimental 
creep compliance values. An RMSE value approaching zero 
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indicates that the model prediction closely aligns with the 
experimental data. The formula for RMSE is as follows: 

𝑅𝑀𝑆𝐸 = M∑ (𝑌/ − 𝑌0)!1

𝑁  (15) 

where 𝑁 is the amount of the considered points; 𝑌/	is the 
fitted value and 𝑌0 is the experimental value. 
According to Equation (14), the creep compliances at the 
selected ages are individually normalized with respect to the 
sustained load level to confirm the validity, as depicted in 
Figure 5. The results show that the creep compliance function 
𝐽(𝑡, 𝑡') show a strong correlation with the predicted model 

curves, as indicated by the close alignment between the 
experimental data (blue lines in Figure 5) and the model 
predictions (red lines in Figure 5). According to Equation (15), 
The maximum RMSE value of 4.84 x 10-6 which is close to zero 
(less than 1E-05), indicates that the model effectively 
captures the creep behavior of AASC within the early-age 
period. Additionally, the model predictions are highly 
accurate, with a maximum relative error of 1.8% (calculated 
as the RMSE divided by the mean measured compliance 
value), and their robustness is further supported by the 
prediction band of the 95% confidence interval, depicted as 
the light purple area in Figure 5.

 

   

   

   

Figure 5. Testing results of creep compliance (the blue solid lines refer to measurements obtained from testing, the red solid lines refer to 
predicted model by a non-aging power function and the light purple area represents the 95% confidence interval of creep compliance.): (a) t’=7.5 
h; (b) t’=8.8 h; (c) t’=10.2 h; (d) t’=11.6 h; (e) t’=13.1 h; (f) t’=22.3 h; (g) t’=24.7 h; (h) t’=47.2 h; (i) t’=149.2 h

Finally, in accordance with Equation (4), all the obtained basic 
data were utilized to fit the double power law function. The 
calculated creep compliance function is presented as follows: 

𝐽(𝑡, 𝑡') =
1

𝐸(𝑡') + 40.95x E
1
𝑡'G

%.3!4

(𝑡 − 𝑡')).45# (16) 

where 𝐸(𝑡') is obtained from Equation (3); 𝑡 and 𝑡' are in 
seconds; creep compliance function 𝐽(𝑡, 𝑡') is in (𝑚/𝑚)/
𝑀𝑃𝑎 . The calculated parameters reveal the influence of 

composition, aging time and loading duration on creep 
behavior [43]. Figure 6 compares the calculated and 
experimental creep compliance results. To more clearly 
illustrate long-term trends, the loading duration is extended 
to 200 h, although the experimental data (solid line in Figure 
6) only spans up to 360 seconds. This function provides a 
satisfactory fit, with an 𝑅2  value of 0.84, indicating a 
moderate yet reliable alignment with the early-age 
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viscoelastic properties. It should be noted that the model 
extrapolation into longer timescales is based on early-age 
creep data from minutes-long tests. While this approach has 
proven effective for early-age predictions, caution is needed 
when applying it to long-term predictions. Experimental 
validation of these predictions over extended periods will be 
critical. 

 
Figure 6. Evolution of creep compliances obtained from repeated 
minutes-long creep tests and modelling. Note that each dashed line 
begins with a short segment of experimental data, which appears 
small due to differences in the time scale. 

According to Equations (3), (5) and (16), the creep coefficient	
𝜑(𝑡, 𝑡') calculated in this study can be expressed as: 

𝜑(𝑡, 𝑡!) = 40.95x𝐸(𝑡!) ∙ /
1
𝑡!
1
".$%&

∙ (𝑡 − 𝑡!)'.&()

= 40.95x 330.88x
𝑡!

78.68 + 9.404x10*%𝑡!
9 ∙ /

1
𝑡!
1
".$%&

∙ (𝑡 − 𝑡!)'.&()	

=
1264.536

78.68 + 9.404x10*%𝑡!
𝑡′*'.$%&(𝑡 − 𝑡!)'.&() 

(17) 

where 𝑡  and 𝑡'  are in seconds. It is noteworthy that the 
results for the creep coefficient 𝜑 are relatively similar to an 
empirical equation reported in Ref. [34]. 
Previous studies have reported that the evolution of creep 
compliance for the short terms creep tests can be expressed 
by a power law function: 

𝐽(𝑡, 𝑡') = 𝛼 T
𝑡 − 𝑡′
𝑡%

U
7

 (18) 

where 𝑡% is the time unit, i.e. 1 s. It is commonly observed 
that the power-law exponent 𝛽 in concrete samples exhibits 
a narrow variation, ranging from 0.30 to 0.45 [49–51]. More 
interestingly, a range of values between 0.20 and 0.40 has 
also been observed in cement paste samples [37,45,52–54]. 
Although the predictive creep model used in this study is 
based on a double power law, the power-law exponent 𝛽 
(0.374) remains exactly within this range, underscoring the 
reliability of the results. It is noteworthy that there is a 
significant lack of literature focused on simulating the 
viscoelastic properties of AASC. Comparing the model data 
obtained from creep experiments with OPC concrete can 
provide valuable support for the findings of this study. 

 Creep-relaxation conversion 

According to Equations (9) and (10), the internal stress can be 
obtained directly, but requires the conversion from creep 
compliance to relaxation modulus. In this study, two 
representative methods for conversion are employed: 
numerical solution of the integral form [55] and the explicit 
exponential conversion method [56]. For the numerical 
solution, the creep compliance is substituted into Equation 
(12), and the corresponding relaxation modulus is then 
calculated. The explicit exponential conversion method, 
proposed by Li [30] and van Breugel [31], has shown strong 
accuracy for estimating early-age stress in both PC and 
AAS/AASF concrete. 

4.3.1 Numerical solution 
By numerically solving the integral relation Equation (12), the 
relaxation function 𝑅(𝑡, 𝑡') can be obtained from the given 
creep compliance function 𝐽(𝑡, 𝑡') as follows: 

𝑅(1, 𝑡') = 0  (19) 
  

𝑅(2, 𝑡') =
1

𝐽(𝑡′, 𝑡') (20) 

  
𝑅(𝑘 + 1, 𝑡')	

= 𝑅(𝑘, 𝑡') −
1

𝐽8,8:%
/∆𝐽",8(𝑅(𝑖 + 1, 𝑡') − 𝑅(𝑖, 𝑡'))
8&%

"$%

 

(21) 

  

	𝐽8,8:% =
𝐽(𝑘 + 1, 𝑘 + 1) + 𝐽(𝑘, 𝑘 + 1)

2  
 (22) 

  
∆𝐽",8 = 𝐽(𝑘, 𝑖 + 1) − 𝐽(𝑘, 𝑖)  (23)  

where 𝑘 is the time step, i.e., from 1 to	 𝑡. 

 
Figure 7. Relaxation modulus calculated by numerical solution. 

According to Equations from (19) to (23) to, the results of 
relaxation modulus calculated by numerical solution are 
shown in Figure 7. It is obvious that the relaxation modulus 
values decrease with time, which is consistent with the 
viscoelastic properties of AASC. However, from 166 h, the 
relaxation modulus (for example, 𝑡 = 7.5ℎ	𝑜𝑟	𝑡' = 8.1ℎ ) 
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does not converge to zero but instead to negative values. The 
results suggest that it may not capture the real stress 
relaxation over longer durations. This implies that during the 
relaxation process, stress not only diminishes but also 
reverses direction, which is an impractical phenomenon. 
However, a negative relaxation modulus, mathematically, can 
reflect the dominance of microstructural densification, which 
lead to rapid increment of E-modulus and can cause the 
relaxation modulus to appear as though it is decreasing, 
despite ongoing creep. This could be an argument especially 
for AASC, where the modulus increases rapidly in the early 
age. Actually, previous studies (Refs. [43,57]) have noted this 
issue, attributing it to the high nonlinearity of the relaxation 
modulus, which often leads to underestimation by numerical 
solution. The negative relaxation modulus only appears 
initially and is mainly an issue in very early-age materials with 
high creep, but is negligible in long-term creep analysis. 

4.3.2 The explicit exponential conversion 
Based on the linear superposition principle of creep and 
relaxation, the total strain 𝜀 is composed of an elastic part 
𝜀;<  and a creep part:	 𝜀 = 𝜀;< + 𝜀/ . In the fully restrained 
relaxation testing, the total strain is zero: 

𝜀 = 𝜀;< + 𝜀/ = 0 (24) 
By applying Hooke’s Law to express the linear relationship 
between the elastic strain and stress, i.e. 𝜎 = 𝐸(𝑡=)𝜀;<, and 
taking derivative both sides, Equation (24) can be expressed 
as below: 

1
𝐸(𝑡))

𝑑𝜎
𝑑𝑡 = −

𝜀/
𝑑𝑡 (25) 

Assuming that the creep strain at a particular time 𝑡' can be 
formulated using the double power law function, i.e., 
𝐽(𝑡, 𝑡') = 𝑎(1 𝑡'⁄ ).(𝑡 − 𝑡')/ , Equation (25) can be 
reformulated as: 
 

1
𝐸(𝑡))

𝑑𝜎
𝑑𝑡 = −𝜎 ∙ 𝑎(1 𝑡'⁄ ). ∙ 𝑐(𝑡 − 𝑡')/&% (26) 

It should be noted that both 𝑎 and 𝑛 are fitting parameters 
of the creep model. Integrating Equation (26) and taking the 
initial stress as	𝜎), we get: 

𝜎
𝜎)
= 𝑒&>((!)∙B∙C% (!⁄ E"C(&(!E

#
 (27) 

Thus, it can be expressed as the form of relaxation modulus: 

𝑅(𝑡, 𝑡') = 𝑒%&FC(,(!E>C(!E𝐸(𝑡') (28) 
By substituting the experimentally determined elastic 
modulus and creep compliance into Equation (28), an explicit 
expression for the relaxation modulus can be obtained, as 
shown in Figure 8. Note that the exponent in Equation (28) is 
exactly the negative of the creep coefficient.  
Compared to the numerical solution (Figure 7), the explicit 
exponential conversion method (Figure 8 ) provides a more 
intuitive and computationally efficient approach, yielding a 
reasonable relaxation modulus for virtual relaxation tests 
[57,58]. This method avoids the iterative calculations required 
in Equations (19) to (23). Additionally, the relaxation modulus 
by the explicit exponential conversion method exhibits a 

more significant decay curve at early stage. As the results of 
explicit exponential conversion method converge to zero over 
time, it is expected to provide a more accurate long-term 
prediction, capturing the material behavior under prolonged 
strain. 

 
Figure 8. Relaxation modulus calculated by the explicit exponential 
conversion method. 

 Stress prediction 

The accurate prediction of internal stress in the AASC during 
hardening is crucial for understanding its mechanical 
performance under restrained conditions. As discussed in 
previous sections, this study employs a viscoelastic 
framework featuring a double power law to effectively 
simulate stress evolution based on data from repeated 
minutes-long creep tests. 
Figure 9 compares the predicted internal stress with 
experimental measurements (For detailed calculation code, 
see Supplementary information). The explicit exponential 
method (the red dashed line with an RMSE of 0.123 MPa) 
accurately captures the general trend of stress development 
in AASC, demonstrating superior accuracy and closely aligning 
with the experimental results. The numerical method (the 
blue dashed line with an RMSE of 0.670 MPa) shows notable 
deviations relative to the experimental data, especially during 
the later stages, indicating less accuracy. This supports the 
conclusion from the previous section that the explicit 
exponential method not only offers better accuracy but also 
enhances computational efficiency by avoiding complex 
iterative procedures. In contrast, the numerical method 
requires further improvement [55], as issues such as non-
physical negative values in the relaxation modulus become 
increasingly evident over time. 
The poor performance of the elastic model, indicated by the 
highest RMSE, highlights the critical need to incorporate 
viscoelastic effects. Neglecting these factors results in an 
incomplete understanding of stress development, especially 
during early-age periods when the material is most 
susceptible to cracking [12,59,60]. To accurately capture stress 
mechanisms, it is essential to consider creep and stress 
relaxation. 
The TSTM system employed by this study accurately models 
viscoelastic effects, demonstrating reliability for examining 
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the time-dependent mechanical properties of the AASC. 
These findings offer valuable insights into early-age stress 
development in AASC. 

 
Figure 9. Experimental and numerical results of the internal stress. 

 Conclusions 

In this study, the viscoelastic properties of alkali-activated slag 
(AAS) concrete at early age were systematically investigated 
through an experimental approach using minutes-long creep 
tests conducted on a Temperature Stress Testing Machine 
(TSTM). The findings provide key insights into the time-
dependent behavior of AASC, emphasizing the importance of 
viscoelastic effects, such as creep and stress relaxation, in 
early-age stress prediction. The following key conclusions can 
be drawn from this study: 

1. The experimental method, which involved repeated 
minutes-long creep tests, proved effective in 
quantifying the early-age viscoelastic behavior of AASC 
during hardening. The TSTM enabled precise 
measurement of time-dependent creep and stress 
evolution, providing reliable data for inform predictive 
models. This method is particularly valuable for 
studying the rapid viscoelastic changes in the early 
hydration stages of AASC. 

2. The results demonstrate that viscoelastic effects, 
including creep and stress relaxation, must be 
considered by models when predict early-age stress 
development in AASC. Using the double power law 
function to model creep behavior showed close 
alignment with experimental data, highlighting its 
applicability for predicting short-term creep of both 
unrestrained and restrained AAS materials. 

3. Converting creep compliance into a relaxation modulus 
is critical for simulating the stress relaxation behavior of 
AASC. This study compared two conversion methods, 
numerical solution and explicit exponential method, 
finding that the explicit exponential method provides 
more accurate long-term predictions. Effectively 
modelling stress relaxation is crucial for understanding 
how AASC dissipates stress over time, especially in crack 
prediction. 

4. Future research should investigate the role of 
temperature fluctuations in viscoelastic behavior, as 

thermal variation during early hydration can 
significantly impact stress development. Additionally, 
further studies should focus on integrating real-world 
influences such as environmental factors and long-term 
loading conditions into advanced viscoelastic models to 
improve the accuracy of stress prediction. 
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Appendix A 

In addition to the repeated minutes-long creep tests, the test 
duration was extended. Starting from 28 d, a constant 
compressive load of 80 kN was applied and maintained for 7 
days. Figure A1 compares the creep coefficient after 28 days 
with the results reported in Ref. [41]. 
In the study [41], the specimens were demolded 24 h after 
casting and subsequently subjected to two different curing 
regimes for 28 days: sealed curing and moist curing. For the 
sealed curing, the specimens were wrapped in plastic film and 
stored in a room maintained at 20 ± 2 °C. In the moist curing 
regime, the specimens were placed in a fog room with 100% 
relative humidity. Following the 28-day curing period, some 
specimens remained under their respective curing conditions, 
while others were transferred to a controlled environment 
with a temperature of 23 ± 2 °C and a relative humidity of 55 
± 5% to test their creep properties. 
The RMSE between the sealed specimen from Ref. [41] and 
the specimen in this study is 0.1532, while the RMSE for the 
moist curing specimen is 0.0281. It is generally impossible that 
the environmental conditions are exactly the same during 
different experiment. Additionally, systematic and human 
errors are inevitable. With these constraints, the results of 
this study can be considered acceptable. As discussed in Ref. 
[41], the influence of curing conditions on creep properties is 
linked to microstructure variations. The results confirm the 
reliability of the repeated minutes-long creep tests on the 
TSTM in the long term. 
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Figure A1. Comparison of creep coefficient from 28 days with 
Kostiuchenko [41]. 
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