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Autogenous deformation-induced stress evolution in cementitious materials
considering viscoelastic properties: A review of experiments and models
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Early-age cracking risk induced by autogenous deformation is high for cementitious materials of low water-
binder ratios. The autogenous deformation, viscoelastic properties, and stress evolution are three important
factors for understanding and quantifying the early-age cracking risk. This paper systematically reviewed the
experimental and modelling techniques of the three factors. It is found that the Temperature Stress Testing
Machine is a unified experimental method for all these three factors, with a strain-controlled mode for stress
evolution, hourly-repeated loading scheme for viscoelastic properties, and free condition for autogenous
deformation. Such unified method provides basis for developing various models. By coupling a hydration model

for volume fractions of hydrates, a homogenization model for upscaling of viscoelastic properties, and capillary
pressure theory for self-desiccation shrinkage, a unified model directly mapping the mix design to the early-age
stress can be constructed, which can help optimize the mix design to reduce the early-age cracking risk.

1. Introduction

Early-age cracking (EAC) is a common issue encountered during the
construction of concrete structures, which not only results in financial
losses for contractors but also compromises the durability and aesthetics
of the structures. As shown in Fig. 1, EAC is caused by a combination of
early-age behaviors and properties of cementitious materials, including
restrained volumetric deformation and mechanical properties, which
are influenced by mixture design and environmental factors (Maruyama
and Lura, 2019; Safiuddin et al., 2018). When the volumetric defor-
mation of hardening concrete is restrained, e.g., by adjacent structures,
early-age stress (EAS) builds up in the young concrete, potentially
resulting in EAC if the EAS exceeds the material’s tensile strength. The
development of strength can be reliably determined via standard testing
methods; however, acquiring EAS data presents a more challenging
aspect of risk assessment in EAC, and is therefore the main focus of many
EAC studies (Fairbairn and Azenha, 2019). In the EAS evolution process,
the restrained volumetric deformation is the root cause, while the me-
chanical properties determine the rate of EAS buildup per restrained
deformation. Therefore, it is necessary to consider the restrained volu-
metric deformation and mechanical properties as inputs in order to
calculate the EAS for evaluation of the EAC risk (Bentur and Kovler,
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2003).

The volumetric deformation relevant to EAC mainly includes ther-
mal, drying, and autogenous deformation. Thermal deformation is
induced during the heat release of hydration reaction and the heat
transfer between the concrete structures and the environment. Due to
the low thermal conductivity of concrete, the heat released by the hy-
dration reaction of cementitious materials accumulates within concrete
structures in the beginning and afterward slowly dissipates into the
environment, resulting in a heating and cooling process that leads to
thermal deformation (Klemczak and Zmij, 2019). Massive structures are
more prone to EAC induced by thermal deformation because the heat
dissipates more slowly, which results in fast temperature increase in first
two days of hydration and longer cooling process afterward. Such
cooling process induces negative thermal strains and further results in
tensile EAS that can cause EAC. Numerous strategies have been proven
to effectively ease thermal deformation, such as the use of supplemen-
tary cementitious materials (SCMs) to reduce the total hydration heat
(Safiuddin et al., 2018; Xin et al., 2022).

Drying shrinkage is induced by the moisture transfer between the
concrete structure and the environment. It is generally believed that the
moisture loss causes a decrease of internal RH, produces capillary
pressure to compress the microstructure, and leads to apparent drying
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shrinkage observed at the macroscale (Huang et al., 2021). Other
mechanisms are also involved in the drying deformation, including
changes in surface free energy, disjoining pressure, and interlayer water
movement (Tran et al., 2021). Contrary to the thermal deformation, EAC
induced by drying deformation is less pronounced in massive structures
because the moisture loss mostly occurs in the superficial layer of the
structure, while it proceeds much more slowly in the core. Moreover,
proper curing can effectively alleviate drying shrinkage at an early age
by preventing moisture loss from the material to the environment (Yang
et al., 2017).

The thermal and drying deformation depend not only on the material
itself but also significantly on structural size and the environment, as
heat and moisture transfer play a dominant role in inducing these de-
formations. In contrast, autogenous deformation (AD) is a material
behavior that is not related to any substance exchange between the
structure and environment. AD mainly arises from the consumption of
pore water by the hydration reaction, also known as “self-desiccation”,
and directly relates to the hydration of the cementitious material utilized
(Hu et al., 2013). The advancement of modern construction industries
tends to use greener cementitious materials with high performance,
which significantly affect AD and therefore the risk of EAC. For example,
high-performance concrete (HPC) and ultra-high-performance concrete
(UHPC) have a significantly higher risk of EAC regarding AD due to
lower water/binder ratios and the incorporation of silica fume (Wu
et al., 2017; Yang et al., 2019; Zhang et al., 2019a). Furthermore, con-
crete that uses high-volume slag or alkali-activated binders, which aim
to replace the Ordinary Portland Cement (OPC) has and reduce its high
carbon emission, shows a much higher EAC risk because of more sig-
nificant AD (Zhang et al., 2022a; Liang et al., 2023a).

Various experimental methods have been developed to mitigate the
high EAC risk induced by AD (Hu et al., 2013). However, among these
tests, the timing at which the measurement should be started, referred to
as “time-zero”, has always been a debatable issue (Darquennes et al.,
2011a; Filho et al., 2019). In view of the time-zero issue, a corrugated
tube test is commonly used because it is both convenient and accurate,
and allows the test to start immediately after placement of fresh mixture
(Wyrzykowski et al., 2017). In addition to experimental methods, mul-
tiple analytical models have also been proposed to predict AD (Tang
et al., 2021), most of which are based on the capillary tension theory.
Furthermore, several mitigation strategies have been advised to reduce
AD, including internal curing (by superabsorbent polymers, lightweight
aggregate, and recycled concrete aggregate), control of hydration re-
action, formation of expansive products, and use of shrinkage-reducing
admixtures (Yang et al., 2019; Schrofl et al., 2022; Mao et al., 2021;
Klausen and Kanstad, 2021; Zhan and He, 2019; Zhang et al., 2022b;
Moelich et al., 2022). Nevertheless, as shown in Fig. 1, restrained AD is
the root cause of EAS evolution, while material properties (especially
viscoelastic properties) determine the rate of EAS accumulation per AD.
Therefore, only knowing the AD is not sufficient to predict the EAS;
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hence, the EAC risk cannot be accurately quantified (Bentur and Kovler,
2003).

As the combined result of restrained AD and mechanical properties of
hardening cementitious materials, EAS is a straightforward indicator to
evaluate the EAC risk (Zhu et al., 2021). To quantify the EAS, several
testing methods have been devised to measure the EAS evolution when
the volumetric deformation is restrained, including the ring test, plate
test, longitudinal test, and substrate restraint test (Bentur and Kovler,
2003; Xin et al., 2020; Serdar et al., 2020). Among these tests, the
Temperature-Stress-Testing-Machine (TSTM) stands out with advan-
tages in explicit and flexible mechanical loading schemes, active tem-
perature control, and tunable restraint degree (Staquet et al., 2012),
which allow for a wide range of early-age tests for tensile and
compressive creep, elastic modulus, and coefficients of thermal expan-
sion and contraction (Nguyen et al., 2019). In addition, different
modelling schemes have been developed to simulate the EAS evolution
using analytical or numerical methods (Klausen, 2016; Liu and Schin-
dler, 2020; Liang et al., 2022a,b). These models use the measured AD
and viscoelastic properties as input to run simulations following a
constitutive relationship of linear viscoelasticity. While most models
have proved effective for simulating EAS using linear viscoelasticity,
they strongly rely on the measured AD and viscoelastic properties (i.e.,
elastic modulus and aging creep/relaxation). The costs, reliability, and
complexity of these early-age tests, including tests for AD, creep, and
EAS, hinder a thorough parametric study which requires numerous
experimental efforts. Thus, understanding the mechanisms behind these
material behaviors/properties and setting up corresponding modelling
schemes are important for the better evaluation of AD-induced EAC risk.

To summarize, the EAC is a complex issue concerning a blend of
multi-field and multi-scale mechanisms related to hydration of cemen-
titious materials, heat transport, moisture transport, and solid me-
chanics (including micromechanical analysis for homogenization of
material properties, viscoelastic analysis for stress evolution, and dam-
age analysis for high-stress level conditions). Studies (Fairbairn and
Azenha, 2019; Serdar et al., 2020) have provided a comprehensive
overview on the recent development of experimental and modelling
techniques for this issue. Acknowledging the significance of EAC
induced by AD, this paper aims to provide a more concise overview of
EAC induced by AD. Following the logic presented by Fig. 2, this paper
highlights that AD and viscoelastic properties are necessary input for
calculating the stress evolution, and provides details of the
state-of-the-art experimental and modelling techniques for 1) obtaining
autogenous deformation and viscoelastic properties and then 2)
obtaining the stress evolution, which then can lay basis for building an
end-to-end (i.e., from mix and environmental results to stress) experi-
mental or modelling scheme for the understanding of EAS evolution
induced by AD.

The structure of this paper is shown in Fig. 2. This paper focuses on
experimental and modelling techniques of AD, viscoelastic properties,

EAS evolution
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Fig. 1. Schematic figure for early age stress buildup and EAC.
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and their combined effect, i.e., the EAS evolution in early-age cemen-
titious materials. The experimental analysis is the basis of the modelling
technique, and therefore is introduced at the beginning of each section.
Sections 2 and 3 introduce the AD and viscoelastic properties. Then
section 4 summarizes the studies of the EAS which should be analyzed in
combination with AD and viscoelastic properties in previous 2 sections.
With the aim to build an end-to-end model for EAC prevention (i.e., from
mixture to the EAS), the sub-model 1 in Section 2 for AD prediction and
sub-model 2 in Section 3 for prediction of viscoelastic properties should
be used as the input for the final model in Section 4 to predict EAS with a
linear viscoelastic constitutive relationship.

2. Autogenous deformation

Autogenous deformation (AD) €44 refers to volumetric deformation
produced by continuous hydration of cementitious materials, excluding
the effects of applied load and changes in either temperature or moisture
(American Concrete Institute, 2008). As shown by Fig. 3, AD mainly
comprises two parts: the autogenous swelling &g, and self-desiccation
shrinkage &g4. Furthermore, if the temperature of the concrete is not
constant, the apparent AD includes the thermal deformation &4. The
chemical shrinkage happens before the solid skeleton formation, i.e.,
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when the microstructure is not rigid enough to induce any EAS, and
therefore chemical shrinkage can be neglected in many EAC analyses
(Wu et al.,, 2017). In comparison, self-desiccation refers to the pore
water consumption by continuous hydration after the solid skeleton is
formed. Following the theory of capillary pressure (Lura et al., 2003),
water consumption causes a drop in internal relative humidity (RH),
induces capillary pressure to compress the pore structure, and finally
leads to overall volume contraction. If the self-desiccation shrinkage is
restrained, considering the stiffness of the solid structure, tensile stress
can be generated and thus poses the EAC risk. Another part of AD, the
autogenous swelling, happens mainly because of the chemo-mechanical
couplings between expansive hydration products (e.g., ettringite) and
the pore structure (Barcelo et al., 2005; Carette and Staquet, 2018;
Carette et al., 2018). The production of ettringite causes an initial
expansion and therefore compressive stress in restrained concrete,
which delays the development of tensile stress and reduces EAC risk
(Liang et al., 2023a). However, autogenous swelling is often neglected
or underestimated (Tang et al., 2021), potentially because many AD
tests start too late, ranging from 1 day to several days, which may
directly skip the part of autogenous swelling (Carette et al., 2018).
Another reason may be that the generation of expansive products de-
pends highly on cement chemistry, such as the content of C3A and
gypsum, and only certain cements generate enough expansive products
to induce apparent expansion. Furthermore, thermal deformation,
which often leads to expansion and shrinkage, also makes it difficult to
identify the “true” autogenous swelling and self-desiccation shrinkage
(Orosz et al., 2017).

2.1. Experiments for autogenous deformation

2.1.1. Methods

Following the definition of AD, the test needs to be performed with
strict sealing and temperature control. The sealing condition is to pre-
vent moisture loss of the specimen and to exclude drying deformation,
while temperature should prevent thermal deformation and changes in
hydration kinetics that can be induced by temperature variation in the
specimen. The most common way to test AD is to measure the length
change of prismatic or cylindrical specimens with length sensors such as
Linear Variable Differential Transformers (LVDT) or laser transducers
attached at the side of the specimen (Staquet et al., 2012; Amin et al.,
2010) or strain transducers embedded in the core of the specimen
(Zhang et al., 2003). As a contactless measurement method, laser
transducers provide several advantages, including a more convenient

Fig. 3. Mechanisms of autogenous deformation of cementitious materials (Adapted from (Carette and Staquet, 2018)).
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assembly process, the ability to commence measurements earlier, and
the maintenance of high accuracy, exemplified by a resolution of 0.5 pm
(Serdar et al., 2020). The moisture loss and drying shrinkage can be
easily prevented with good sealing, but the effects of temperature on the
AD measurement require more complex measures. If strict temperature
control in the specimen is not possible, it is often necessary to separate
the real AD from the total deformation by deducing the thermal defor-
mation indirectly based on the measurement of an embedded
thermo-couple (Zhang et al., 2003; Bjgntegaard and Sellevold, 2001) or
other sensors such as an optical fiber (Viviani et al., 2007). However, it is
important to note that even if thermal deformation can be effectively
identified and separated from the total deformation using accurate co-
efficient of thermal expansion/contraction (CTE/CTC) (Li et al., 2021a)
and temperature data, the residual effects of temperature on the hy-
dration kinetics remain a significant factor and should not be over-
looked. Therefore, active temperature control is favorable for measuring
pure AD by maintaining a strict constant temperature during the test
(Lura et al., 2001). Another problem with these tests is that the test can
only start at least after setting when the cement paste is strong enough
for displacement measurement. Therefore, such tests may neglect the
initial part of AD and make the starting time of the AD measurement,
referred to as time-zero, a debatable issue. Studies on the time-zero
suggested different definitions, including the final setting time (Darqu-
ennes et al., 2011a), the timing of the autogenous swelling peak for slag
cement concrete (Darquennes et al., 2011a), the onset of RH drop
(Huang and Ye, 2017), the onset of capillary pressure (Ma et al., 2019),
and transition point from the autogenous strain curve (Filho et al.,
2019).

Another kind of AD test, the so-called corrugated tube test, over-
comes the time-zero issue by casting the cementitious material in a
plastic corrugated tube and then measures the length change from the
two sides (Mejlhede Jensen and Freiesleben Hansen, 1995), as shown in
Fig. 4(a). The corrugated tube is considerably stiffer in the radial than in
the longitudinal direction, which enables the measurement of linear
deformation by following the displacement of the corrugated tube at
either end. By putting the corrugated tube in a temperature-controlled
oil bath, the effects of temperature on AD measurement can be elimi-
nated (Lu et al., 2020a). A statistical study (Wyrzykowski et al., 2017)
has proven that the corrugated tube test is sufficiently sensitive to
identify the AD of different levels, despite the considerably high scatter
that may occur due to the inaccuracies in the initial measurement.
Moreover, because the standard corrugated tube is only 22 mm in
diameter (Mejlhede Jensen and Freiesleben Hansen, 1995), corrugated
tube tests were initially only used on cement pastes and fine-grained

©
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mortars. By changing the size of the corrugated tube, it has been also
possible to test the AD of concrete since the placement of material
(Carette et al., 2018), as shown in Fig. 4(b). Despite the advantages
mentioned above, the use of corrugated tube brings issues when filling
and compacting the fresh material, which necessitates extra attention
when casting the specimens.

Despite the convenience and accuracy of the corrugated tube test, the
AD it measures cannot directly be related to the EAS, which is a more
straightforward indicator of EAC. It was recently reported that the
specimen geometry influences the AD measurement (Sun et al., 2022a),
which poses questions about whether the corrugated-shaped specimen is
representative of real-world structures. The Temperature Stress Testing
Machine (TSTM), which is an important testing technique for many
early-age properties and behaviors of cementitious materials, involves
two specimens with identical or similar geometry—one tested under free
conditions and the other under restrained conditions—enabling a direct
correlation between the measured AD and EAS. The specimens are
sealed and covered by molds with embedded water channels for circu-
lating temperature-regulated water to actively control the temperature
inside the specimen. The deformation is measured by embedded bars in
the specimen with LVDTs. An example of such an AD test, called the
Autogenous Deformation Testing Machine (ADTM), is shown in Fig. 5
(Liang et al., 2023a; Lokhorst, 2001).

Based on the testing methods described above, multiple influencing
factors of AD have been investigated, mainly the effects of temperature,
mix design, and the use of mitigation admixtures.

2.1.2. Temperature

AD tests are conducted under a constant temperature to exclude the
influence of thermal deformation and different hydration kinetics. The
results of such tests can only provide limited guidance on real-world
applications where the temperature always varies. According to Klau-
sen et al. (2020), AD tested under a realistic temperature history differs
significantly from that under constant temperature. In the field of
cementitious materials, the maturity concept (F. Hansen and Pedersen,
1977) has been widely used to convert the mechanical properties of
specimens cured under a constant temperature to that of specimens
exposed to a realistic temperature history. The assumption for the
maturity concept is that temperature only influences the hydration rate,
and that this influence is independent of the hydration degree. However,
the mechanism of AD is more complex, which is not only related to
hydration degree, but also the RH, surface tension, and production of
expansive products such as calcium hydroxide and ettringite, which
questions the applicability of the maturity concept in AD prediction

O
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Fig. 4. Corrugated tube test: (a) standard design by (Mejlhede Jensen and Freiesleben Hansen, 1995), used mostly for cement paste and mortar (a: specimen; b: invar
reference specimens; c: steel plates; d: invar rods to connect the steel plates.); (b) enlarged corrugated tube test for concrete, designed by (Carette et al., 2018).
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(Bjontegaard and Sellevold, 2001; Jensen and Hansen, 1999; Jiang et al.,
2014a).

The exact influence of temperature on AD is complex because tem-
perature not only influences the RH drop and surface tension but also
results in different pore structures (Reinhardt and Stegmaier, 2006). All
of these parameters are related to the formation of self-desiccation
shrinkage (Lura et al., 2003). Lura et al. (2001) performed AD tests
based on the ADTM machine (as in Fig. 5) from 10 to 40 °C, and found
that higher temperatures lead to earlier onset of shrinkage but not
necessarily higher deformations. Similarly, the results of Carette et al.
(Carette and Staquet, 2018) suggested an earlier onset of shrinkage
when the temperature is higher. Furthermore, they also concluded that,
due to the higher RH, coarser porosity, and increased solubility and
decreased needle size of ettringite, the higher temperature tends to
decrease the total amplitude of both autogenous swelling and
self-desiccation shrinkage. However, Orosz et al. (2017) observed an
opposite trend, i.e., that higher temperature leads to higher autogenous
swelling, but they also mentioned the CTE may compromised their
measurement. Contradictory findings regarding the influence of tem-
perature on self-desiccation shrinkage were also found: with increasing
temperature, the studies (Carette and Staquet, 2018; Loukili et al., 2000;
Chu et al., 2012) observed decreased self-desiccation shrinkage while
others (Li et al., 2021a; Jiang et al., 2014a; Shen et al., 2016) saw an
increased one. Maruyama et al. (Maruyama and Teramoto, 2013) con-
ducted AD tests on UHPC material and found that the influence of
temperature is different before and after a so-called inflection point (i.e.,
when the maturity reaches 10-16 h). Before the inflection point, the AD
decreases with increasing temperature and then increases afterward.

In summary, the applicability of maturity concept in predicting AD at
different temperature is questionable. The increasing temperature can
induce an earlier onset of self-desiccation shrinkage, which increases
EAC risk. Furthermore, even with low temperatures, the rate of self-
desiccation shrinkage of low-w/b ratio material is still significant,
which means that EAC risk induced by AD cannot be neglected even in
low-temperature environments.

2.1.3. Mixture

The influence of mixture design on AD can be summarized in 3 as-
pects, including the water-binder ratio (w/b), cementitious materials,
and aggregate. The influence of w/b on AD is clear. A lower w/b ratio
results in a denser pore structures and lower RH, which, according to the
Kelvin-Laplace equation, can induce higher capillary pressure and
therefore increase self-desiccation shrinkage. Sound experimental
studies (Zhang et al., 2003; Tazawa and Miyazawa, 1995; Lee et al.,
2006) verified that a lower w/b ratio induces faster self-desiccation
shrinkage and therefore results in a higher EAC risk.

The influence of cementitious materials is a broad topic. An impor-
tant factor is the particle size distribution of cementitious materials: the
larger the particle size, the slower the RH decay and the higher the pore
size. These two effects together lead to lower capillary stress and
therefore a decrease of AD if cement with larger particle sizes is used
(Bentz et al., 1999, 2001). Many studies also explored the influence of
supplementary cementitious materials (SCMs) on AD in OPC-based
blended materials. The commonly-used SCMs include Ground Granu-
lated Blast- Furnace Slag (GGBFS), Fly Ash (FA), and Silica Fume (SF).
Many researchers have observed that GGBFS (Carette et al., 2018; Lura
et al., 2001; Jiang et al., 2014a; Lee et al., 2006; Bouasker et al., 2014)
and SF (Zhang et al., 2003; Lu et al., 2020a; Ghafari et al., 2016) can
significantly increase AD by reactive secondary hydration leading to
continuous pore refinement and internal RH drop, while the use of more
inert SCMs like FA (Lu et al., 2020a; Jiang et al., 2014a; Ghafari et al.,
2016) and calcined dredging sediments (Van Bunderen et al., 2019)
decreases AD by slowing down the hydration process. Other cementi-
tious materials like UHPC (Zhang et al., 2019a; Ghafari et al., 2016) and
limestone calcined clay cement (LC3) (Nguyen et al., 2022) were also
reported to have significant AD. In addition, alkali-activated materials,
which aim to replace all OPC with industrial byproducts like GGBFS, FA,
metakaolin, etc., have been found to display a more significant AD
development that is often multiple times higher than OPC-based con-
cretes, due to the more rapid hydration kinetics and a much denser pore
structure (Li et al., 2019a, 2020a).

The influence of aggregate on AD can be summarized in 3 effects,
including effects of dilution, restraint, and internal curing. The use of
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aggregates reduces the volume ratio of cementitious materials and
directly reduces development of AD in concrete (Liu and Hansen, 2016).
Furthermore, natural dense aggregates act as internal restraint in the
cement matrix and lead to decreased AD (Lu et al., 2021). As shown in
Fig. 6, such restraining effects can result in a heterogeneous strain field
and can be visualized by digital image correlation (DIC) to investigate
the exact influence of aggregate size and distribution (Chen et al., 2018;
Gao et al., 2021). On the other hand, saturated porous aggregate (e.g.,
lightweight aggregate, recycled concrete aggregate, etc.) acts as an in-
ternal water reservoir which gradually releases water and slows down
the RH drop, alleviates the self-desiccation process, and thereby de-
creases the AD (Mao et al., 2021; Zhutovsky et al., 2002; Bentur et al.,
2001). However, it is crucial to acknowledge that incorporating porous
aggregates can adversely affect the mechanical properties of the con-
crete. Therefore, a careful optimization process is essential, taking into
account not only the type and volume of aggregate used but also its
shape, to effectively reduce AD while maintaining the necessary me-
chanical performance of the material (Akcay and Tasdemir, 2009;
Zhuang et al., 2016).

2.1.4. Mitigation strategies

Most mitigation strategies for AD prevention are based on the
following mechanisms: control of hydration, reduction of surface ten-
sion of the pore solution, the addition of internal restraint, formation of
expansive products, and internal curing (Yang et al., 2019).

For control of hydration, the use of SCMs is a common measure, as
discussed in section 2.1.4. In addition, superplasticizers and viscosity-
modifying agents that delay the hydration reaction can also decrease
AD (Tazawa and Miyazawa, 1995; Valcuende et al.,, 2012).
Shrinkage-reducing agents (SRA) decrease the surface tension of the
pore solution to reduce the capillary pressure which leads to reduction of
AD (Zhang et al., 2022a,b,c; Klausen and Kanstad, 2021; Zhan and He,
2019; Moelich et al., 2022). Recently, Zhang et al. (2022d) developed a
shrinkage-reducing polycarboxylate superplasticizer which substan-
tially reduces AD by combining the effects of delayed hydration, reduced
surface tension, and formation of expansive products (i.e., portlandite).
Internal restraint can often be achieved by aggregate (as in Section
2.1.4), reinforcement (Zhao et al., 2022), and various types of fibers (e.
g., steel fiber (Zhang et al., 2019a), cellulose fiber (Feng et al., 2022),
Barchip fiber (Shen et al., 2020a) etc.). The formation of expansive
products by calcium sulfoaluminate cement (Sirtoli et al., 2019, 2020)
or CaO-based expansive agent (Zhao et al., 2021, 2022) was proven to
effectively compensate the self-desiccation shrinkage by producing
expansive products like ettringite and portlandite. Internal curing by
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Fig. 6. Drying shrinkage captured by DIC, adapted from (Gao et al., 2021): (a) minimum principal strains; (b) maximum principal strains.
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either lightweight aggregate or superabsorbent polymers (SAP) is a
straightforward countermeasure against self-desiccation and has been
proven by many studies as a very effective solution (Bentur et al., 2001;
Justs et al., 2015). The use of lightweight aggregate has been introduced
in Section 2.1.4. Despite having a negative influence on the mechanical
properties, it was observed that the pre-wetted SAP partially fills with
portlandite during cement hydration, delays the main hydration peak,
and increases the hydration degree after a few days (Justs et al., 2015).
The success of SAP was also observed in FA and GGBFS- blended binders
and LC3 pastes (Snoeck et al., 2015; Chen et al., 2023).

2.2. Sub model 1: modelling the autogenous deformation

There are two categories of models for predicting AD: empirical
models and theoretical/physical models. The empirical models are the
results of statistical analysis of experimental data and are commonly
used by researchers and engineers due to their convenience. The theo-
retical/physical models aim to predict the AD by simulating the un-
derlying mechanisms.

2.2.1. Empirical models

Most formula-based empirical models assume that AD is the product
of two components, an ultimate AD &4, and a time-decaying function f
(mostly power function), as below.

Eau = Eaue (Mix, env) x f(t, mix, env) (@)

where the &4y and f are both dependent mainly on the mixture and
environmental parameters. The form of an empirical model as described
by Eq. (1) is widely adopted by different design codes (Lai et al., 2021;
Hubler et al.,, 2015a; Sakata and Shimomura, 2004; Raphael et al.,
2012). As the autogenous swelling is seldom mentioned even in tests, the
code-based formulas assume AD a monotonically-decaying function as
given by Eq. (1). Contrarily, based on the corrugated tube test for con-
crete (Fig. 4(b)), Carette and Staquet (2018), Carette et al. (2018) built a
semi-empirical model that considers AD as a sum of autogenous swelling
and self-desiccation shrinkage, which is induced by ettringite formation
and capillary pressure respectively.

Another kind of empirical model was constructed based on Machine
Learning (ML) algorithms like Extreme Gradient Boosting or Artificial
Neural Network, which showed significantly better performance than
traditional empirical models (Hilloulin and Tran, 2022; Bal and
Buyle-Bodin, 2013). The ML approach train sophisticated ML models
with massive data to obtain generalizing capabilities for predictions of
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AD in different scenarios and may be a promising approach to replace
the formula-based empirical models.

2.2.2. Theoretical models

Theoretical models aim to predict the AD from the underlying
mechanisms at different physical fields, as shown in Fig. 7. Constructing
such a model including all (or most) relevant mechanisms involves a
multiscale and multi-fields analysis, typically with a hygro-field for
moisture transport, chemo-field for hydration reaction, thermo-field for
heat transport, and mechanical field for deformation calculation. Such
multi-field model is still a challenge due to its complexity. However,
some studies managed to build such unified models. Pichler et al. (2007)
employed a kinetic law (Bernard et al., 2003) to simulate the hydration
reaction of cement with different chemical constituents and obtain the
overall hydration kinetics and microstructural parameters (products by
volume percentage). Assuming capillary pressure (induced by
self-desiccation) and crystal pressure (induced by ettringite formation)
as the main driving force of AD, they applied micromechanics to
calculate the elastic deformation of a homogenized composite as the AD,
by homogenizing the elastic modulus of different phases from the scale
of Calcium-Silicate-Hydrate (C-S-H) to concrete. Pathirage et al. (2019)
used the Cement Hydration in Three Dimensions (CEMHYD3D) model at
the microscale to obtain the material properties as input for a
Hygro-Themo-Chemo (HTC) model (Di Luzio and Cusatis, 2009a,b) at
the macroscale to simulate the RH drop (i.e., self-desiccation). Zhao
et al. (2019a) used the Hymostruc model (Koenders and van Breugel,
1997; van Breugel, 1995; Ye et al., 2003) for calculating the RH drop and
Shimomura model (Shimomura and Maekawa, 1997) for calculating the
pore size distribution. Based on the micromechanics, the homogenized
elastic properties of concrete were obtained by an upscaling process
from C-S-H to concrete, and the AD was calculated as the elastic
response to the capillary pressure.

While the models mentioned above have already encompassed a
combination of complex mechanisms, room for improvements still exist.
Specifically, while the model in Pathirage et al. (2019) did not extend
further to mechanical field to predict the AD, the models in Pichler et al.
(2007), Zhao et al. (2019a) only assumed AD as the elastic response of
the microstructure to the capillary pressure, which is problematic
because the early-age cementitious material is at least a viscoelastic
material (if neglecting visco-elasto-plasticity at high stress condition).
Based on the capillary pressure theory and micro-poromechanics, Aili
et al. (2018) concluded that the long-term AD evolves logarithmically
and that AD is a viscoelastic response to self-desiccation. In view of the
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Fig. 7. Underlying mechanisms for theoretical models of AD prediction.
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necessity of considering creep in AD prediction, Gao et al. (2022) used
the Hymostruc model (Koenders and van Breugel, 1997; van Breugel,
1995; Ye et al., 2003) to obtain the microstructure and the RH drop.
Based on the obtained microstructure, they built the lattice fracture
model (Schlangen and Garboczi, 1997) and applied internal loads
(calculated by the capillary pressure) on the lattice beams to simulate
the compression of the microstructure induced by self-desiccation. The
creep effects were considered by using a penalized effective modulus,
which was determined by calculating the compression creep of a simple
one-dimensional loaded beam.

Other models focused more on the quantification of the driving force
(i.e., capillary pressure in most cases) and mechanical field, left out the
HTC field, and used experimental data or other empirical models for the
input of pore size distribution, RH drop, heat release, etc. Huang et al.
(2020) used a series of empirical models for the input of RH, hydration
degree, saturation degree, elastic modulus, etc., and then calculated AD
as the elastic response to the capillary pressure. Hu et al. (2019a) used a
Kelvin-Voigt model to simulate the aging viscoelasticity of cement
pastes and calculated the self-desiccation shrinkage based on poro-
mechanics, using the experimental data of RH, elastic modulus, and
creep as input. Lu et al. (2020b) considered the AD as the combination of
the elastic part and the creep part and calculated the AD by a linear
superposition of incremental viscoelastic deformation based on the in-
ternal capillary pressure theory. The early-age creep was obtained from
the activation energy concept (Klug and Wittmann, 1974). Furthermore,
the Pickett Effect was incorporated to simulate the restraining effect of
aggregate (Lu et al., 2021), which not only resulted in a good prediction
for Portland cement concrete but also for alkali-activated slag and fly
ash concrete (Li et al., 2021b).

The models for AD prediction are summarized and compared in
Table 1. All models considered capillary pressure as the driving force
behind self-desiccation shrinkage. This is valid for early-age material
because the capillary pressure is the main driving force for RH above
40-50%, while other mechanisms, including disjoining pressure, surface
tension, and interlayer water, mostly occur at RH lower than 40%,
which is generally not the case for early-age materials (Tang et al.,
2021). By comparison, it seems that the model in Gao et al. (2022), i.e., a
combination of Hymostruc and Lattice Fracture Model, is until now the
most complete model that encompasses the hydration reaction,
self-desiccation, and the viscoelastic response to the capillary pressure
from the microscale. It should still be noted that the model of Gao et al.
(2022) and many other models except for Pichler et al. (2007) only
considered the self-desiccation shrinkage as AD and considered the
capillary pressure as the driving force. This is understandable since the
self-desiccation shrinkage is indeed the most relevant risk factor
regarding EAC. However, the contribution of autogenous swelling
should not be neglected, otherwise the EAS calculated based on the AD
will be overly conservative. Another concern is that the constitutive
model of the mechanical field in Gao et al. (2022) only considered the
creep effects by effective modules, while the superposition of incre-
mental creep strain was done with a simple one-dimensional beam,
which did not take account of the real strain history in the elements.
Finally, one more thing worth being noted is that only the model of
Pathirage et al. (2019) explicitly simulated the hygro-field for RH drop
in self-desiccation, while the others only calculated the RH drop indi-
rectly. However, their model (Pathirage et al., 2019) focused only on the
self-desiccation and RH drop, and did not extend to the mechanical field
to predict the AD.

3. Viscoelastic properties

Viscoelastic properties determine the rate of EAS buildup per
restrained AD, which can be quantified by two kinds of parameters:
elastic modulus for elasticity and creep compliance or relaxation
modulus for viscosity. In a loading test, elastic modulus can be calcu-
lated as the slope of the stress-strain curve of the load-increasing or
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Table 1
Summary of analytical models for AD prediction.
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Ref. Pore RH Elastic Modulus Creep Driving force Mechanical model
Pichler et al. Kinetics law and others Micromechanics - Capillary and Micromechanics
(2007) crystallization pressure
Pathirage et al. CEMHYD3D and HTC model - - - -
(2019)
Huang et al. Empirical formula - Capillary pressure Poromechanics
(2020)
Zhao et al. Shimomura HymoStruc Micromechanics - Capillary pressure Micromechanics
(2019a) model model
Aili et al. (2018) Empirical formula Micromechanics with non-aging Capillary pressure Micro-poromechanics
properties
Gao et al. (2022) HymoStruc Properties of each micro phase Capillary pressure Lattice Fracture Model with effective
(obtained from literatures) modulus for creep effects
Hu et al. (2019a) Test Test Test Test Capillary pressure Poromechanics
Lu et al. (2020b, Test Test Test Activation energy Capillary pressure Poromechanics with Pickett effect

2021) concept

-decreasing part. Creep compliance refers to the strain elapsed with time
induced by a constant unit load, while the relaxation modulus refers to
the stress elapsed with time induced by an imposed constant unit strain
(Bazant and Jirasek, 2018). Due to the technical difficulties of sustaining
a constant strain in relaxation tests, creep tests are mostly conducted and
used to quantify the viscosity with creep compliance (Bazant and Wu,
1974). Specifications for tests of elastic modulus and creep and their
empirical formulas can be found in various designing codes for concrete
structures and materials (American Concrete Institute, 2008; Hubler
et al., 2015a; fib, 2013; American Concrete Institute Committee 209
(ACI), 1992; Brussels, 1986; EN, 2002; AASHTO, 2012). In the following
sections, the focus is on the mechanisms, testing methods, and modelling
schemes for quantifying the viscoelastic properties.

3.1. Elastic modulus

3.1.1. Macroscale tests for elastic modulus

Elastic modulus is positively correlated to the compressive strength,
as revealed by macroscale loading-unloading tests (Rashid et al., 2002),
and empirical formulas were well established to infer the elastic
modulus from either mixture parameters or compressive strength data
(fib, 2013; Zhou et al., 1995). Therefore, the influence of mixture pa-
rameters and environmental conditions on elastic modulus is generally
similar to that on strength (Neville, 2011). Specifically, regarding the
influence of temperature, the maturity concept was also successfully
applied to predict the evolution of elastic modulus (Geng et al., 2021;
Waller et al., 2004). Nevertheless, it is worth noting that the influence of
aggregate on elastic modulus is more significant than that on strength
(Zhou et al., 1995; Beushausen and Dittmer, 2015). The aggregate
stiffness positively influences the elastic modulus of concrete, evidenced
by the testing results (Zhou et al., 1995; Beushausen and Dittmer, 2015)
and micromechanical analysis (da Silva et al., 2013). Moreover, despite
the good accuracy of empirical formulas in prediction of elastic
modulus, they are mostly calibrated for mature concrete, which casts
doubts on predictions on early-age elastic modulus. The early-age elastic
modulus is difficult to test by traditional loading-unloading methods
because of the large number of tests needed for obtaining the elastic
modulus at different ages and the challenges of preparing very soft
specimens for loading test at young ages. One way to circumvent this
difficulty is though in-situ testing. Boulay et al. (2014) devised a test rig
called BTJASPE (French acronym for BeTon au Jeune Age, mesure de la
Deformation Endogene) to monitor the development of elastic modulus
immediately after casting by continuously applying compression load.
The BTJASPE setup uses LVDTs to measure the strain and the mold uses
temperature-regulated water to control the sample temperature. TSTM
is also suitable for this test; furthermore, it allows testing of the elastic
modulus under tension since most TSTM specimens are dog-bone.
However, much larger specimens are needed for TSTM testing.

Another novel method allowing for the continuous measurement of
elastic modulus since casting time is the ambient response method.
Following such method, the elastic modulus of the hardening cementi-
tious materials can be calculated based on modal identification of a
composite beam (Serdar et al., 2020). Elastic modulus at early ages can
also be measured indirectly, e.g., by the ultrasonic pulse velocity (UPV)
(Carette and Staquet, 2016).

3.1.2. Microscale tests and micromechanical modelling for elastic modulus

The microscale tests of elastic modulus aim for a more fundamental
understanding and lays foundations for a reliable prediction model. OPC
paste can be seen as a composite of various hydration products,
including phases like C-S-H, calcium hydrate, unhydrated particles, etc.
(Constantinides and Ulm, 2004; Tennis and Jennings, 2000). Assuming
the distribution of the mechanical properties of each kind of hydration
product is a Gaussian distribution, statistical nanoindentation tests have
often been used to extract the average mechanical properties of each
phase in hydrated cement paste, allowing for the effective mechanical
properties of the composite to be calculated based on a micromechanical
model using the averaged modulus and volume fraction of each phase as
input (Constantinides and Ulm, 2004; Sorelli et al., 2008; Da Silva et al.,
2014; Li et al,, 2019b). Except for Gaussian-based method, other
methods like K-Means Clustering (Chen et al., 2021) can also be used for
the deconvolution process. The real effective elastic modulus is often
obtained by microindentation test (Hu et al., 2020a) to validate the
results of micromechanical models. Such methods have been success-
fully used to predict the effective elastic modulus of different cementi-
tious materials, including blended cement pastes (Wilson et al., 2018),
polymer-modified cement pastes (Gobel et al., 2018), geopolymers
(Fang et al., 2021; Luo et al., 2021), seawater-mixed alite pastes (Sun
et al.,, 2022b), and nature pozzolan concrete (Wilson et al., 2017).
However, note that except for the micromechanical model, Lattice
Fracture Model (Savija et al., 2020; Zhang et al., 2017, 2019b, 2020) and
other FEM models (Lee and Park, 2008) are also able to do the upscaling
from several phases to the effective properties of the composite. Once
the homogenization scheme (either by micromechanics, Lattice Fracture
Model, or other FEM methods) is settled and validated by nano- and
micro-indentation, the time-dependent elastic modulus can be obtained
by using a hydration model which provides evolution of volume frac-
tions of each micro phases, as in Bernard et al. (2003), Krishnya et al.
(2021), Princigallo et al. (2003), Smilauer and Bittnar (2006). Despite
that these models showed satisfactory accuracy in different cases, dif-
ficulties still exist with the quantification of interfacial transition zone
(ITZ) properties, which was considered in Li et al. (20199b), Lee and
Park (2008), Liang et al. (2017).
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3.2. Creep/relaxation

The viscoelastic properties can be quantified by both creep compli-
ance and relaxation modulus. With a linear viscoelastic constitutive
relationship, following the Boltzmann superposition, the strain history
induced by a varying stress history can be calculated as:

i

e(1) =J (1o, 17) 6(t0) + /J(t’,tf)a('t’)dz' 2

fo+

where the ¢ is the strain; ¢ is the stress; J is the creep compliance
function; t( is the time when the load is first applied; t¢ is the time step of
interest; The dot (-) notation above a variable is the operation of taking
the derivative with respect to time. Then, considering the boundary of a
relaxation test (i.e., e(tf) = 1) and definition of relaxation modulus, Eq.
(2) leads to:

I
1=J(to, 1) R(t0, 1) + / J(t, zf)R(a;, £)dr 3)
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where R is the relaxation modulus. Eq. (3) means that the creep
compliance and the relaxation modulus are not independent from each
other. Despite being obtained from mechanical tests with different
boundary conditions, creep compliance and relaxation modulus are
equivalent representation for the viscoelastic properties of the material
(Bazant and Jirasek, 2018).

3.2.1. Experiments for creep/relaxation

Measuring the relaxation modulus is much more challenging than
testing the creep compliance, because the relaxation test needs not only
the strain measurement but also a loading system that actively adjusts
the load to maintain the constant strain, which is the principle behind
the TSTM test. For the creep test, one only needs to keep the load con-
stant and measure the strain, which is more straightforward and there-
fore is adopted by most studies.

3.2.1.1. Macroscale testing. Macroscale testing directly provides input
for the EAS simulation. While studies have been devoted to long-term
creep (Charpin et al., 2018), the main interest of EAC analysis is the
early-age creep, which requires multiple creep measurements during
early stages of hydration. In other words, the specimen needs to be
loaded multiple times to obtain the creep at different ages. However, at
early age during the load-holding stage, which can last from hours to
days, when the creep deformation is happening, the properties of the
hardening specimen also evolve very fast. As a result, the measured
deformation during the load-holding stage is a combined effect of creep
and hydration. In view of this, hourly repeated minute-long quasi-static
tests for creep have been proposed (Irfan-ul-Hassan et al., 2016; Del-
saute et al., 2016; Ausweger et al., 2019; Huang et al., 2019; Delsaute
etal., 2017). The main advantage of this test is that, with a load-holding
stage of only 3 min, the hydration effects can be neglected, and the
deformation tested then represents well the creep strain obtained at
corresponding loading age. Moreover, such a test allows for creep
measurement in every hour, and obtains the elastic modulus in every
loading-unloading process. Therefore, the hourly repeated minute-long
quasi-static test alone is already able to provide the input of visco-
elastic properties for EAS simulation. Another test that aims to exclude
the effect of hydration on creep measurement is the so-called equivalent
systems test (Wyrzykowski et al., 2019), where part of the unhydrated
cement is replaced with inert filler to emulate specific microstructural
features of the real hydrating systems. However, as their results showed,
the real systems experienced much higher creep than the equivalent
inert systems.

There are also other improved macroscale creep tests. By assuming
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that the drying shrinkage is symmetric about the neutral plain and does
not influence the deflection, the four-point bending test was proposed to
measure the creep properties, which is reflected by the deflection
measurement (Liang and Wei, 2019; Wei et al., 2020; Farah et al., 2019).
The TSTM-based creep test allows for measurement of compressive and
tensile creep with specified temperature history, thanks to the capacity
of the designed setup (Dabarera et al., 2021). Another kind of
TSTM-based creep test, i.e., a double feedback control test (Zhu et al.,
2018), was proposed to test the creep deformation under restraint
condition. Such test was specified to restraint test controlled by a
threshold value of the deformation. In each testing increment, two
feedback loops were implemented, including the control of the defor-
mation by a threshold value and the control of the load at a constant
value. The total creep deformation was then the sum of the measured
creep in all testing cycles. Furthermore, the creep strain measurement
can also be combined with other more advanced monitoring techniques,
such as acoustic emission measurement (Li et al., 2021c) to quantify the
influence of damage degree on the creep measurement. Macroscale
creep tests investigated many influencing factors. In blended cement
systems, it was found that the use of FA, quarts, and glass powder
significantly increases creep (Zhao et al., 2019b; Hu et al., 2020b; He
et al., 2019), while the use of GGBFS may decrease creep and the in-
fluence of GGBFS compositions was highlighted (Gu et al., 2019; Del-
saute et al., 2021). In addition, the effects of other parameters on creep,
such as temperature (Briffaut et al., 2012), w/c ratio (Shen et al., 2017),
lightweight aggregate (Zheng et al., 2019), recycled concrete aggregate
(Silva et al., 2015), steel fiber (Zheng et al., 2019; Zhu et al., 2020a),
MgO (Zhao et al., 2020), and SAP (Li et al., 2022a) were also extensively
investigated by macroscale tests.

The influence of temperature on creep was mainly by two different
mechanisms (Bazant et al., 2004): 1) A temperature increase accelerates
the bond breakages and restorations causing creep, and thus increases
the creep rate as seen by studies (Briffaut et al., 2012; Liang et al.,
2022c¢); 2) A temperature increase accelerates the hydration and
therefore reduces the creep. For early-age concrete, the effects of hy-
dration dominates and therefore the maturity concept can still be used
for predicting the basic creep at the early age (Bazant et al., 2004; De
Schutter, 2004). The increase of RH can increase the long-term creep
rate (Liang et al., 2022c; Frech-Baronet et al., 2017), and can be quan-
tified by the microprestress-solidification theory (Bazant et al., 2004; Yu
et al., 2020). For EAS analysis, the influence of compressive or tensile
creep is important, because EAS typically initiates with compressive
stress resulting from expansion, subsequently transitioning to tensile
stress as shrinkage happens. However, a consensus regarding the influ-
ence of creep in tension and compression has not been reached yet. The
testing results of Atrushi (2003) suggested that creep in tension is lower
initially but establishes a much higher rate than in compression. Simi-
larly, Rossi et al. (2013) observed that compressive creep is more sig-
nificant than tensile creep, but they also saw that compressive and
tensile creep are similar under drying conditions. By contrast, many
other studies suggested that compressive and tensile creep are similar,
and that it is justifiable to use compressive creep to substitute tensile
creep (Bazant and Jirasek, 2018; Briffaut et al., 2012; Klausen et al.,
2017; Wei et al., 2018).

3.2.1.2. Micro-scale testing. Micro-scale creep tests aim to reveal more
fundamental mechanisms of creep behavior and lay foundation of
micromechanical prediction models for predicting creep properties.
Minutes-long micro- or nano-indentation tests are widely used for
obtaining the creep properties of cementitious materials at the micro-
scale (Hu et al., 2020a; Frech-Baronet et al., 2017; Zhang et al., 2014;
Wei et al., 2017a; Mallick et al., 2019a,b; Liang and Wei, 2020a,b; Li
et al., 2021d). One major advantage of such test is that it can efficiently
also quantify the long-term creep properties, which is significantly faster
than macroscale tests (Vandamme and Ulm, 2013). In addition,
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micro-cantilever tests have also been used to characterize the creep
properties at microscale (Gan et al., 2020). Microscale tests offered
fundamental understandings on creep mechanisms. Hu et al. (2020a)
identified the influence of Ca/Si ratio on creep modulus and quantified
that the creep modulus of CSH is 180 GPa. Liang et al. (Liang and Wei,
2020a) found that the long-term creep rate of cement paste appeared to
be independent of loading duration, holding duration, indentation force
amplitude, and unloading duration of the microindentation tests, sug-
gesting it is an intrinsic material parameter. Li et al. (2021d) observed
that the deviatoric stress-induced preferred orientation of crystallites
significantly influence the creep behavior. The influence of other pa-
rameters on the creep mechanisms of cementitious materials at the
microscale was also extensively investigated by microindentation tests,
such as the effects of capillary water (Mallick et al., 2019a,b), relative
humidity (Suwanmaneechot et al., 2020), initial viscosity (Liang and
Wei, 2020b), and porosity (Li et al., 2022b).

3.2.2. Sub model 2: modelling the viscoelastic properties

Models for creep predictions includes two categories, empirical
models and analytical/numerical models. The empirical models are
often the statistical results of massive data of macroscale tests, while the
analytical models are from the perspective of micromechanics.

3.2.2.1. Empirical models. In empirical models, creep compliance
function is usually expressed in the following form

1
J(t(), t) =——+4 CoC (Io)Cz(t — t[])

E() G

where the E is the elastic modulus; tg is the time when load was applied; t
is the time of interest; t-t is the time elapsed since the load is applied; Cy
is a fitting parameter related to mixture and environment; C; is the
function of ty, which describes the aging of creep compliance, and
should also be dependent on mixture and environment; Cs is the func-
tion of t-tg, which describes the non-aging creep, and should also be
dependent on mixture and environment. Many design codes (American
Concrete Institute, 2008; Hubler et al., 2015a; fib, 2013; American
Concrete Institute Committee 209 (ACI), 1992; Brussels, 1986; EN,
2002; AASHTO, 2012) adopted Eq. (4) as the form of their fitting for-
mula of creep compliance. A major difference between different codes
may be the choice of the non-aging function Cy, which is often a power
function for description of short-term creep (Gan et al., 2020; Bazant and
Osman, 1976) and a logarithmic function for long-term creep (Charpin
et al., 2018; Zhang et al., 2014; Mallick et al., 2019b; Vandamme and
Ulm, 2013; Torrenti and Le Roy, 2018). Besides, improvements to the
empirical formulas have been achieved by incorporating other repre-
sentative parameters, such as the fictitious degree of hydration (De
Schutter and Taerwe, 2000; Jiang et al., 2014b), age-adjusted effective
modulus (Wang and Gong, 2019), and hydration degree of slag (Del-
saute et al., 2021).

Another form of empirical models are the ML-based models, such as
Artificial Neural Network (Bal and Buyle-Bodin, 2014), Genetic Pro-
gramming (Gandomi et al., 2016), Support Vector Machine (Li et al.,
2021e), ensemble model (Liang et al., 2022c), and Deep Convolutional
Neural Networks (Liang et al., 2022d). These models were mostly
trained on massive database of creep tests (Bazant and Li, 2008; Hubler
et al., 2015b), and show superior prediction accuracy compared to
traditional codes on predicting the creep behavior of cementitious
materials.

3.2.2.2. Theoretical models. Before discussing the analytical models for
creep, it is important to note that for EAS analysis, the input of creep
compliance needs to be a fast-aging function. An important theory to
describe the aging of creep is the solidification theory (Carol and Bazant,
1993; Hedegaard, 2020; Zdenek Bazant et al.), which considers aging as
resulting from the progressive solidification of a basic constituent that
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behaves as a non-aging viscoelastic material. Based on the solidification
theory, the Microprestress-Solidification theory (Bazant and Jirasek,
2018; Zhao et al., 2020; Yu et al., 2020) was developed and constantly
improved to describe the influence of temperature and RH. For
description of the non-aging term of creep, rheological models including
Kelvin Chain and Maxwell chain (Hu et al., 2020b; Briffaut et al., 2012;
Zhao et al., 2020; Hilaire et al., 2013; Hedegaard et al., 2015) can be
used, by fitting the governing equation of the rheological model with the
experimental data. To describe aging, a spectrum of rheological chains is
needed, which can often be calculated with the continuous retardation
chain method (Bazant and Xi, 1995; Jirasek and Havlasek, 2014; Bazant
et al., 1995). Then, rheological models can be used in a Finite Element
Model (FEM) to calculate the creep behavior of concrete structures,
using the rate-type form and exponential algorithm (Bazant and Jirasek,
2018; Bazant and Wu, 1974; Yu et al., 2012; Di Luzio et al., 2020).

Similar to the modelling methods of elastic modulus in Section 3.1.2,
based on the microscale and macroscale tests, multiscale models were
built to describe the overall creep behavior of a multiphase composite
based on the input of the build-block phases, such as CSH, CH, unhy-
drated particles at microscale and aggregate, ITZ at mesoscale. In such
multiscale models (Honorio et al., 2016; Li et al., 2021f), the creep
compliance is often quantified as creep modulus and the input of each
single phase needs to be obtained from nanoindentation tests. Based on a
quasi-elastic relationship between creep and relaxation in the
Carson-Laplace space (Vandamme and Ulm, 2013; Aili et al., 2020), the
elastic micromechanical homogenization schemes such as Mori-Tanaka
scheme (Mori and Tanaka, 1973) or the Self-Consistent scheme (Hill,
1965) can be used to calculate the effective creep modulus from a
composite of phases with different creep modulus and volume fractions.
Konigsberger et al. (2021) compared the results of three micro-
mechanical models with macroscopic samples of cement paste, mortar,
and concrete, and demonstrated the feasibility of such upscaling method
by micromechanical models. Baronet et al. (2022) proposed a two-scale
micromechanical model to characterize the logarithmic creep of con-
crete by coupling the microindentation and uniaxial compression creep
test. Except for the micromechanical model, other FEM models (Hu
et al., 2019b) and Lattice Fracture Models (Gan et al., 2021) can also be
used for such upscaling. Following the solidification theory, that aging
of creep is the progressive volume change of hydration products and
unhydrated particles, the aging creep can be obtained by coupling the
micromechanical models and a hydration model, as done by Lavergne
et al. (Lavergne and Barthélémy, 2020).

For analysis of EAS, the time-dependent viscoelastic properties (i.e.,
aging creep and elastic modulus) are important input. The multiscale
modelling schemes for creep and elastic modulus are similar, as intro-
duced in Section 3.1.2. A general description of such multiscale
modelling scheme is shown in Fig. 8. For elastic modulus, a direct
implementation of the elastic micromechanical homogenization
schemes (like in Constantinides and Ulm (2004), Sorelli et al. (2008), Da
Silva et al. (2014), Li et al. (2019b)), or a simulation of a
loading-unloading test by a lattice model (or other FEMs, like in Savija
et al. (2020), Zhang et al. (2019b), Zhang et al. (2017), Zhang et al.
(2020), Lee and Park (2008)) is sufficient. For creep modulus, the elastic
micromechanics needs to be implemented in Carson-Laplace space (like
in Honorio et al. (2016), Li et al. (2021f)), in which the relaxation and
creep follow a quasi-elastic constitutive relationship. If using Lattice
model or other FEMs for creep modulus (like in Hu et al. (2019b), Gan
et al. (2021)), the input of creep of each phase needs to be discretized
into rheological chains, and then the integral of creep needs to be
calculated by either direct integration or by a more efficient algorithm,
like the exponential algorithm.

4. Early-age stress

EAS is the combined result of restrained AD and aging viscoelastic
properties of concrete. Considering the heterogeneity of concrete, in-
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Fig. 8. General procedure of multiscale modelling for viscoelastic properties of
cementitious materials.

ternal restraint formed by aggregate can also induce stress, which is
often referred to as “eigen-stress”. As a concept at the micro- or meso-
scale, the eigen-stress can influence the mechanical properties such as
strength and stiffness (Awasthy et al., 2023). In this paper, the EAS
modelling is mainly on macroscale and is induced by external restraint.
Understanding and quantifying EAS is a significant step to further
analyze the EAC risk. Intrinsically, EAS is the result of a relaxation test,
which aims to measure the stress evolution under a series of imposed
deformation (i.e., restrained AD that happens constantly during the
hydration of restrained concrete). Such relaxation test can be described
by the following integral,

o(t)= 5)

/1 R(to,1)€(t)d1o

0

where R (tg, t) is the relaxation modulus; e(to) is the imposed defor-
mation; (-) is the derivative with respect to time. Eq. (5) clearly illus-
trates that if the aging viscoelastic properties R (to, t) and the AD &(tg)
are known, the EAS can be directly calculated. However, the complexity
lies in the quantification of R (t, t) and &(tp), either experimentally or
numerically based on the approaches described in Sections 2 And 3.

4.1. Experiment

The EAS can be tested by well-designed passive or active restrained
tests (Serdar et al., 2020), such as the internal restraint test (Semianiuk
etal., 2017; Lura et al., 2009), rigid cracking frame test (Spingenschmid,
1998), ring test (Briffaut et al., 2016; Gao et al., 2013; Shen et al., 2019,
2020b), and temperature stress testing machine (TSTM) (Shen et al.,
2016; Klausen et al., 2019). Among these tests, a TSTM system appears
to be the most versatile because it can not only measure the EAS, but also
AD and creep if given a different boundary condition (Xin et al., 2020;
Klausen, 2016). Moreover, a TSTM system includes strict temperature
control to simulate various realistic thermal conditions. A TSTM system
alone encompasses all required input and output of Eq. (5), and thus
provide a solid basis of a more thorough understanding and a reliable
prediction model for EAS. This section will then focus on the TSTM.
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4.1.1. TSTMs

The general design of a TSTM system, which is broadly adopted by
most TSTM studies such as Nguyen et al. (2019), Klausen (2016),
Lokhorst (2001), Shen et al. (2016), Springenschmid et al. (1994),
Igarashi et al. (2000), Bjgntegaard (1999), Ou et al. (2023), is shown in
Fig. 9(a). A TSTM system mainly comprises four parts: the free defor-
mation test, the restraint test, the thermal control and the deformation
control. The free deformation test is the ADTM test, which aims for
measurement of the AD as described in Section 2.1.1 (Fig. 5). The re-
straint test is the main part of the TSTM system. In the restraint test, a
dog-bone specimen, which has the similar geometry to that of the ADTM
test, is restrained by actively applying a force F at one end of the spec-
imen. The value of F is determined by a feedback loop (FL1) to fulfill the
deformation control, which keeps adjusting the F to make the defor-
mation ¢, in the straight part of the specimen constant. Both the free and
restrained specimens are connected to a cryostat, which keeps adjusting
the water temperature T, to keep the temperature in the specimen T,
following a pre-specified constant value or profile, with a specially
designed feedback loop FL2. An example of such a TSTM is shown in
Fig. 9(b).

In line with Fig. 9(a), some representative TSTMs in the past four
decades are summarized in Table .2, distinguishing the specific differ-
ences between TSTMs in specimen size, strain measurement methods,
strain control algorithms, and time-zero settings. All selected TSTMs use
specimens longer than 1000 mm. For strain measurement, TSTMs all
have different methods, but it is worth noting that the TSTM from
University of Adelaide and University of Tokyo both arranged LVDT on
top side of the specimen, which was reported to have better measure-
ment accuracy and promote pre-installation efficiency. For the strain
control (i.e., FL 1 in Fig. 9(a)), only the TSTM at the TU Delft uses a
proportional-integral-derivative (PID) controller, which continuously
adjust the load F according to the deformation measurement &, to fulfill
the restraint condition, while others use stepping control which requires
the load adjustment whenever the change of measured deformation
exceeds a certain threshold. Finally, it is also interesting that different
TSTMs have different time-zeros, either defined by the minimum EAS or
by specifying the setting time. It is worth noting that, definition of time-
zero was also broadly discussed by studies of AD, as introduced in
Section 2.1.1, which can be avoided if the EAS results are available.

Despite providing valuable data about EAS, the TSTM faces certain
challenges when it comes to practical implementation. Some major
concerns are discussed as follows:

1 Due to the complexity of TSTM systems, the pre-test installation,

casting, and post-test disassembling procedures demand a substan-
tial workforce (Nguyen et al., 2019). For instance, the TSTM test
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Fig. 9. TSTM systems: (a) a general schematic diagram; (b) the TSTM at the TU
Delft, designed in Lokhorst (2001).
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Table 2
Summary of representative TSTMs (Liang et al., 2023b).
Source Year L*W*H (mm) Strain Measurement Strain Time-Zero
Control
TUM (Springenschmid et al., 1994) 1984 1500 *150*150  Two-side, 2 LVDTs Stepping Stress 0.01
MPa
Israel IT (Igarashi et al., 2000), Hohai U (Shen 1990, 1500*%150*150 Free-end, 1 LVDT Stepping Stress 0.01
et al.,, 2016) 2015 MPa
NTNU (Klausen, 2016; Bjgntegaard, 1999) 1995, 1000*88*100 Two-side, 4 LVDTs Stepping Initial setting
2012
TU Delft (Lokhorst, 2001) 2000 1450%150*100 Two-side, 4 LVDTs PID Setting time
UQ (Nguyen et al., 2019) 2018 1200*80*80 Top-side, 4 LVDTs Stepping Setting time
UTokyo (Ou et al., 2023) 2022 1200%120%120 Top-side 2 LVDTs at two ends before 24 h and two-side 2 Stepping Setting time

LVDTs afterward

conducted at TU Delft necessitates the collaboration of 3-4 in-
dividuals over a span of 2 entire working days, with each day con-
sisting of 8 h (Lokhorst, 2001).

2 The choice of threshold value in TSTMs employing stepping control
to achieve full restraint is frequently subjective and has the potential
to impact the accuracy of the testing process (Xin et al., 2020; Sta-
quet et al., 2012).

3 The positioning of LVDTs for strain measurement, which provides
input for the feedback loop for the actuator (i.e., FL1 in Fig. 9(a)),
plays a crucial role in ensuring the credibility of TSTM systems
(Staquet et al., 2012). Consequently, recent studies on enhanced
TSTMs have placed significant emphasis on this aspect (Nguyen
et al.,, 2019; Ou et al., 2023). By analyzing the TSTMs outlined in
Table 1, certain key points have emerged regarding the arrangement
of LVDTs for strain measurement: 1) Rather than measuring defor-
mation only on one side of the specimen, it is advisable to measure it
on both sides. This approach enables the detection of potential
eccentric deformations; 2) Instead of measuring deformation at the
cross-head of the dog-bone specimen, it is preferable to measure it at
the straight part. The absence of stress concentration in this region
ensures more reliable results, which can be used as input for nu-
merical models; 3) It is crucial to avoid directly attaching the LVDTs
to the loading grip. Otherwise, any slip between the loading grip and
the specimen will also be included in the strain measurement,
resulting in possible errors.

4 In existing TSTMs, where specimens are tested horizontally, friction
between the hardened specimen and the mold at the bottom can
introduce errors in stress measurement. Proposed measures to reduce
friction include using Teflon sheets (Nguyen et al., 2019) and
implementing roller supports (Ou et al., 2023).

4.1.2. Influencing factors

Despite the aforementioned concerns, TSTMs still led to important
findings. Igarashi et al. (2000) found that the AD-induced EAC happened
when the stress-strength ratio reached 50%, and they pointed out the
significant influence of relaxation on EAS evolution. Note that the
strength data used in the calculation of stress-strength ratio refer to
strength data obtained in traditional strength test (e.g., direct tensile
strength test or tensile-splitting test), rather than the real strength of the
specimen that is in the TSTM test. The importance of relaxation was also
highlighted by other studies (Li et al., 2020b; Azenha et al., 2021). Zhu
et al. (2020b) found that the EAC induced by thermal deformation
happened when the stress-strength ratio reached 76%, and proposed a
combined stress-strain failure criterion for evaluation of EAC risk.
Despite that the failure mechanisms of restrained aging concrete are
different with that under uniaxial tension test, a comprehensive review
summarized that most EAC happens at a tensile stress-strength ratio of
0.5-0.9 (Zhu et al., 2021), and therefore the ratio of 0.5 is often adopted
in structural designs to prevent EAC.

In some other more specific failure criterions of EAC, which are
mostly a variant of the stress-strength ratio, the EAS remains a necessary
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input (Xin et al., 2021). Besides, with TSTM, the influence of tempera-
ture on AD-induced EAC was more systematically investigated. Lura
et al. (2001) found that the temperature increase does not induce higher
AD, but led to higher AD rate and higher EAS. Similar observations were
obtained by Li et al. (2021a). Klausen et al. (2022) conducted compre-
hensive TSTM tests on various influencing factors, and concluded that
temperature and the restraint degree remain to be the most influential
factors. Moreover, they also emphasized the considerable variation be-
tween different batches of the same cement, which is similarly described
in corrugated tube test for AD (Wyrzykowski et al., 2017). In addition, a
number of TSTM-based tests were about the influence of mixture pa-
rameters, such as SCMs like GGBFS (Liang et al., 2023a; Shen et al.,
2020b; Darquennes et al., 2011b,c; Markandeya et al., 2018), FA (Xin
et al., 2022; Zhao et al., 2019b), and SF (Ji and Kanstad, 2018),
alkali-activated materials (Li et al., 2020b), recycled aggregates (Bend-
imerad et al., 2020), and MgO expansive agent (Wang et al., 2022).

4.2. EAS model: modelling the EAS using AD and viscoelastic properties
as input

Modelling the EAS basically requires three inputs: the AD, the creep/
relaxation, and the elastic modulus. With the measurement or modelling
results of AD and viscoelastic properties, as introduced in sections 2.0
and 3.0, the prediction of EAS should be straightforward by calculating
the integral as in Eq. (5). The last key point is the conversion from the
measured creep compliance to the relaxation modulus. Such conversion
can be done by solving the integral relation between creep and relaxa-
tion (Eq. (3)) numerically (Bazant and Jirasek, 2018) as below:

R(ty,1)=0 (6-1)
Rlty,2) = — 6-2)
O T(to, 10)
1 k—1
R(to, k + 1) =R(to, k) — > AJix(R(tg, i+ 1) = R(to, 1)) (6-3)
Jek+1 4=
k+1,k+1 kk+1
Jk.k+I:J( + 1,k + 2)+J(, +1) 6-4)
Ay =J(k,k+1) — J(k, k) (6-5)

in which t is the loading time; t is the time when load is applied; k is
the time step equal to 1, 2, ..., t. Note that the numerical procedures Egs.
(6-1)~(6-5) need to be implemented for every ty to obtain the full
relaxation modulus R (to,t) as input for the EAS calculation. To avoid the
complexity of such procedures, one can also use a semi-empirical solu-
tion given by Bazant and Kim (Bazant and Kim, 1979). Different from
Egs. 6-1)~(6-5, which was derived based on a linear superposition of
creep/relaxation (Eq. (2)), Wittmann and van Breugel et al. (Li et al.,
2020b; Wittmann, 1974; Van Breugel, 1980) obtained another conver-
sion function, which is significantly easier than Egs. (6-1)~(6-5). Such
form started by assuming the total strain € is composed of an elastic part
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ge and a creep part e.. Under the boundary condition of a relaxation
process, the total strain e should be zero:

EytE = 0 (7'1)

Express the elastic strain &, by Hooke’s Law and take the derivative
with respect to time, one gets:

1 do B de.

E(t) di  dr (7-2)

Assuming that the non-aging creep at a specific ty follows a power
law function (i.e., J (t-tg) = a(t-ty)™), Egs. (7)-(2) can be rewritten as:

1 do_
E(ty) dt

n—1

— oan(t —ty) (7-3)

Integrating Eqgs. (7)—(3) and assuming the initial stress is 6o, one gets
the ratio between the stress ¢ and initial stress cg:

O _ o Ewal—1) " (7-4)
[

which can be rewritten as the form of relaxation modulus:
R(ty, 1) = ' /0 IEW) (1) (7-5)

Note that the exponent in Egs. (7)-(5) is exactly the creep coefficient
defined as the ratio of creep strain to elastic strain. Compared to Egs. (6-
1)~(6-5), Egs. (7)-(5) is clearly a simpler way to obtain relaxation
modulus. In recent years, both methods have shown good applicability
in prediction of EAS. Wei et al. (2017b) converted the creep compliance
given by the MPS theory using the conversion method of Egs. (6-1)~
(6-5), and successfully predicted the EAS under varying temperature in
restrained concrete with good precision. On the other hand, using Egs.
(7)-(5), Li et al. (2020b, 2021b, 2022c) successfully predicted the EAS
induced by restrained AD of alkali-activated material in multiple testing
cases. In addition, it is also worth noting that some methods do not
require to obtain the relaxation modulus and solve the integral in Eq.
(5). Instead, it is also possible to simulate the EAS from the perspective
of creep. For example, Klausen (2016) first calculated the incremental
creep strain based on Eq. (2), and then assuming both the AD and
thermal deformation were restrained, they calculated the incremental
EAS with an elastic relation, which also matched well with the experi-
mental observation.

Note that the models mentioned above about EAS were all based on a
1D restrained case, since the validation data is from the TSTM test,
which is exactly an 1D restraint test. Modelling the EAS in real structures
requires the use of FEM models. It should however be noted that directly
implementing the linear viscoelastic constitutive relation as described
by Eq. (2) or Eq. (5) in FEM is difficult, because the strain/stress history
of every previous time step would need to be stored to do the linear
superposition over the whole computation process, which is difficult for
large models with a lot of meshes and degrees of freedom. Instead, the
exponential algorithm (Bazant and Jirasek, 2018; Yu et al., 2012; Di
Luzio et al., 2020) based on the rate-type form of Eq. (2) or Eq. (5) can
circumvent such problem by changing the integral into a rate-type form
and only requires to store some internal variables of the retardation
chains across the calculation process. Based on the Kelvin chain model,
the creep compliance function can be directly used as input to fit a
continuous retardation chain (Bazant and Xi, 1995) and then the EAS
evolution of any structures can be calculated by a proper boundary
condition in FEM. Note that with the Kelvin chain model, the input is
directly from the creep test and therefore the conversion from creep to
relaxation is not needed either. Using the exponential algorithm with
Kelvin chain, numerical studies have successfully predicted the EAS
results of a TSTM test (Liu and Schindler, 2020; Liang et al., 2022a,b).

5. Conclusions

For many specially-designed cementitious materials, like HPC,
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UHPC, alkali activated materials, etc., which often have a very low in-
ternal RH and dense microstructure, AD-induced EAC risk is high. To
evaluate and understand the EAC risk, the AD, viscoelastic properties,
and EAS are the key points. This paper systematically reviewed relevant
experimental and modelling methods and obtained the following
findings:

1) The corrugated tube test allows for testing AD from the setting time
and is sensitive enough to distinguish the influence of multiple fac-
tors on AD development, including the influence of temperature,
cementitious materials, and various admixtures. Changing the
corrugated tube size allows for AD tests of concrete. Multiple miti-
gation strategies including the use of more inert SCMs for controlling
hydration, SRA for reducing surface tension in the pores, and internal
curing either by light aggregate or SAPs, were proved to be effective
in many studies.
The applicability of the maturity concept is questionable in predic-
tion of AD under a varying temperature history. The influence of
temperature on AD is complex because temperature not only leads to
a change of hydration kinetics but also to changes in the internal RH,
the surface tension, and the pore structure, which all significantly
influences the self-desiccation process. It is clear that temperature
increase leads to earlier onset of self-desiccation shrinkage and faster
increase of EAS. However, it should also be noted that even at low-
temperature, the magnitude of AD is still high, despite a later
onset, and therefore the AD-induced EAC risk cannot be neglected.
The capillary pressure theory was proved by many studies to give a
good prediction of self-desiccation shrinkage. The AD is the visco-
elastic response of the microstructure to the capillary pressure,
induced by RH drop in the hydration process. Therefore, incorpo-
ration of creep deformation in such models is important. In addition,
another part of AD, which is induced by expansive products like
ettringite, is often neglected in both modelling and experimental
works, which can cause overestimation of EAS.

The viscoelastic properties, including the elastic modulus and creep,

can both be tested with an in-situ hourly-repeated loading scheme.

Such method leads to high-resolution measurement of the evolution

of very early-age elastic modulus and creep, which are important

inputs for EAS analysis.

The microscale mechanical tests, including the nanoindentation and

microindentation tests, offered fundamental understandings of the

elastic modulus and creep, and paved a way for multi-scale model-

ling. Either by micromechanical homogenization schemes (e.g.,

Mori-Tanaka or Self-Consistent) or microscale FEM models (e.g.,

Lattice fracture model), combined with a hydration model (e.g.,

CEMHYD3D or CEMHYD3D), the time-dependent evolution of elastic

modulus and creep can be calculated. The viscoelastic properties are

not only an important input for EAS, but also for AD at microscale,
which is considered as the viscoelastic response of the microstructure
to the internal capillary pressure.

The EAS evolution is the combined result of AD and viscoelastic

properties. TSTM test can provide EAS results under different tem-

peratures and restraint degrees. Besides, the AD of a dummy spec-
imen with a similar geometry and temperature history as a TSTM
specimen, which is called the ADTM in a TSTM system, can also be
tested in free condition. Thus, the TSTM system provides a unified
testing scheme of AD and EAS, which helps to build up the models of

EAS.

7) With the experimental or modelling results of AD, elastic modulus,
and creep, the EAS can be calculated by the integral of linear su-
perposition. Conversion of creep function to relaxation function is
often an important step. To run FEM analysis on EAC, the expo-
nential algorithm based on the rate-type form is a more efficient
method to avoid directly solving the integrals which requires storing
huge amounts of internal variables.
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8) Combining the modelling schemes reviewed in this paper, including
the hydration models for volume change of hydrates, homogeniza-
tion schemes (or FEMs) for upscaling of viscoelastic properties, and
the capillary pressure theory for self-desiccation shrinkage, a unified
model can be constructed, which enables to predict the EAS directly
based on the composition of utilized mixtures.

Outlook

EAS is an important indicator of the EAC risk, and it is strongly
dependent on the AD and viscoelastic properties. Therefore, experi-
mental and numerical tools for EAC analysis should lay equal emphasis
on AD, viscoelastic properties, and EAS to obtain a comprehensive un-
derstanding of EAC issues. Based on this review, following works should
be considered for further improvement in the experimental and nu-
merical tools for EAC analysis:

1) TSTM test should not only focus on the EAS and AD evolution, but
also the evolution of viscoelastic properties, which are important
input for EAS analysis and modelling. Rather than the strain-
controlled test in the EAS measurement, an hourly-repeated
loading scheme can be incorporated into the TSTM test to measure
the viscoelastic properties at every hour. Thereby, the TSTM itself
can be a unified testing system for the three important early-age
properties/behaviors (AD, EAS, and viscoelastic properties) rele-
vant to EAC.

The effects of temperature on AD should be further examined. Con-
tradictory findings have been found in literatures regarding the in-
fluence of temperature on AD. The complexity of this issue is that AD
not only influence the hydration kinetics, but also expansive hy-
dration products like ettringite that leads to autogenous swelling and
RH, porosity, and surface tension that significantly influences the
self-desiccation process.

The efficiency of TSTM tests should be further improved. To obtain
the AD, EAS, and viscoelastic properties, at least two TSTM tests
should be conducted for each mixture. Moreover, considering the
scatter in measurement of early-age AD and EAS, several repeated
tests may also be needed for each mixture. Due to the complexity of
current TSTM system, the cost of such a test is high and therefore
more sustainable and efficient testing methods should be developed
in order to obtain more testing data in a broad range of mixtures.
The modelling schemes of EAS should be further examined and
developed. The lack of data for early-age viscoelastic properties is
one of the main challenges in validating such models. Despite that
solid theoretical basis is present, a systematic validation of these
modelling schemes for predicting EAS is still missing. Therefore, a
thorough investigation based on comprehensive and reliable input of
viscoelastic properties is needed to validate or improve the appli-
cability of EAS models.

Efficient and reliable data-driven models should be developed for
analyzing the EAC risks. Due to the complexity of EAC issues, a
unified model in this field requires to couple multiple physical and
chemical mechanisms, including (but not limited to) hydration re-
action, heat transfer, and viscoelastic mechanical response. The
computational cost of solving such a complex multi-fields model is
high. Building a surrogate model by data-driven approaches to
replace the complex multi-fields model can promote the computa-
tional efficiency.
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