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1 ® GENERAL INTRODUCTION

This chapter presents the research significance of autogenous deformation-
induced early-age cracking issues of concrete structures. The research objectives
and methods are stated afterwards, and the outline of the thesis is given at the
end.
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1.1  Research significance

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 functionality, durability
and aesthetics of the structures. As shown in Figure 1-1, 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 [1,2]. When the volumetric deformation 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. In this process, the restrained volumetric
deformation is the root cause, while the mechanical properties determine
the rate of EAS evolution per restrained deformation and therefore the EAC
risk. Therefore, to calculate the EAS for evaluation of the EAC risk, it is
necessary to use the restrained volumetric deformation and mechanical
properties as inputs [3].

Mixture Environment EAS evolution

Binder, w/b ratio. Temperature, restraint,
aggregate, etc. humidity, radiation, etc.

! 1 7

Behaviors Properties . /
Autogenous, thermal, and Viscoelasticity, coefficient I

drying deformation of thermal deformation I \/{\ Time
EAS

Stress  Tengile strength

Figure 1-1 Schematic figure for EAS evolution and EAC

The volumetric deformation relevant to EAC mainly includes thermal,
drying, and autogenous deformation. Thermal deformation is a result of
heat release in the hydration reaction and the heat transfer between the
concrete structure and the environment. Due to the low thermal
conductivity of concrete, the heat released by the hydration reaction
accumulates within the structure in the beginning and then slowly
dissipates into the environment, resulting in a heating and cooling process
that leads to thermal deformation [4]. Massive structures are more prone
to EAC induced by thermal deformation because the heat dissipates more
slowly, which results in a long cooling process and more thermal shrinkage
that can induce tensile stress. Numerous strategies have been proven to
effectively ease thermal deformation, such as the use of supplementary
cementitious materials (SCMs) to reduce the total hydration heat [2,5].



CHAPTER 1 5

Drying shrinkage is induced by the moisture transfer between the concrete
structure and the environment. It is believed that the moisture loss causes
a decrease in internal RH, produces capillary pressure to compress the
microstructure, and leads to apparent drying shrinkage observed at the
macroscale [6]. Other mechanisms are also involved in the drying
deformation, including changes in surface free energy, disjoining pressure,
and interlayer water movement [7]. Contrary to the thermal deformation,
EAC induced by drying shrinkage is less pronounced in massive structures
because the moisture loss mostly occurs in the surface layers 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 [8].

The thermal and drying deformation depend not only on the material itself
but also on the structural size and the environment, as heat and moisture
transfer play a dominant role in inducing these deformations. In contrast,
autogenous deformation (AD) is a material behavior that is not related to
any substance exchange between the structure and the 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 [9]. The advancement of modern
construction industries tends to use greener cementitious materials with
high performance, which significantly affects 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 due
to AD because of lower water/binder ratios and the incorporation of silica
fume [10-12]. Furthermore, concrete that uses high-volume slag or alkali-
activated binders, which aim to replace Ordinary Portland Cement (OPC)
and reduce its carbon emission, shows a much higher EAC risk because of
higher AD [13].

Various experimental methods have been developed to quantify the AD
and accordingly, various strategies have also been proposed to mitigate the
high EAC risk induced by AD [9]. However, the timing at which the
measurement should be started, referred to as "time-zero", has been a
debatable issue [14,15]. 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 the placement of a fresh mixture
[16]. In addition to experimental methods, multiple analytical models have
also been proposed to predict AD [17], most of which are based on the
capillary tension theory. Furthermore, several mitigation strategies have
been advised to reduce AD, including internal curing (e.g, by
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superabsorbent polymers, lightweight aggregate, and recycled concrete
aggregate), control of hydration reaction, formation of expansive products,
and use of shrinkage-reducing admixtures [11,18-23]. Nevertheless, as
shown in Figure 1-1, 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; hence, the EAC risk cannot be accurately
quantified from AD alone [3].

As the combined result of restrained AD and evolution of mechanical
properties of hardening cementitious materials, EAS is a straightforward
indicator to evaluate the EAC risk [24]. 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 [3,25]. Among these tests, the
Temperature-Stress-Testing-Machine (TSTM) stands out with advantages
in explicit and flexible mechanical loading schemes, active temperature
control, and tunable restraint degree [26], which allow for a wide range of
early-age tests for tensile and compressive creep, elastic modulus, and
coefficients of thermal expansion and contraction [27]. In addition,
different modeling schemes have been developed to simulate the EAS
evolution using analytical or numerical methods [28,29]. 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 proven effective for simulating EAS using linear viscoelasticity,
their performance strongly relies on using the measured AD and
viscoelastic properties (i.e., elastic modulus and aging creep/ relaxation) as
the input. 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 experiments. Thus, a more efficient testing
system for early-age properties and behaviors would be beneficial for
further understanding the mechanisms of EAS evolution and establishing
appropriate modeling schemes to better evaluate AD-induced EAC risk.

1.2  Research objectives

The objectives of this thesis are as follows:

e To develop an efficient testing system for measuring multiple
early-age behaviors and properties relevant to EAC risk
assessment, including the EAS, AD, elastic modulus, aging creep,
and coefficient of thermal expansion/ contraction (CTE/ CTC).
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1.3

To develop a reliable modelling scheme for stress relaxation in
EAS evolution and validate it with the experimental results of the
new testing system.

To build a theoretical model for predicting EAS under more
general scenarios and apply data-driven techniques to build a
surrogate of the theoretical model to form a more efficient tool for
EAS prediction.

Research methods

To achieve the research objectives, this research comprises the following
three stages:

Step 1: Preliminary understanding of the testing and modelling techniques
of EAS evolution.

Use the TSTM to study EAS evolution in restrained high-volume
ground granulated blast furnace slag (GGBFS) concrete induced
by AD.

Build up a numerical modelling scheme to predict the EAS
evolution in the TSTM test, using the tested AD as input.

Step 2: Develop a TSTM for more efficiently testing the early-age properties
and behaviors.

Formulate the general design of the TSTM and develop
experimental methods for early-age properties and behaviors that
are relevant to EAC issues.

Validate the measurements of EAS, AD, elastic modulus, aging
creep,and CTE/ CTC.

Use a viscoelastic model to predict the EAS using the measured AD,
elastic modulus, and aging creep as input.

Study the effects of curing temperature on AD-induced EAS to
show the capabilities of the newly developed TSTM experimental
setup.

Step 3: Develop a reliable and efficient modelling scheme for simulating the
EAS evolution.

Examine and analyze representative viscoelastic modelling
schemes for simulating the stress relaxation, propose an optimal
modelling scheme for predicting the EAS evolution, and quantify
the performance of these models by using the experimental
results of the new TSTM.
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e Build a data-driven modelling scheme as the surrogate of a
Themo-Chemo-Mechanical (TCM) model for predicting EAS
evolution in general cases with higher efficiency.

1.4 Thesis outline

This thesis is composed of five parts (Figure 1-2)
PartI: A general introduction.

Chapter 1 serves as an introduction to the research significance, research
objectives and thesis outline.

Chapter 2 presents a literature review on the experimental and modelling
techniques of EAS evolution, autogenous deformation, and viscoelastic
properties.

Part II: A preliminary study of experimental and modelling techniques of
AD-induced EAS evolution based on TSTM tests and Bayesian inverse
modelling.

Chapter 3 shows a case study on EAS evolution in high-volume slag cement
concrete using TSTM tests and provides microscale explanations for the
observed macroscale behaviors.

Chapter 4 builds a Bayesian inverse modelling scheme to predict the EAS
evolution measured in the TSTM tests using the measured AD as input.

Part I1I: The design, development, validation, and application of a new Mini
TSTM.

Chapter 5 presents the design, experimental methods, and validation
analysis of the Mini TSTM.

Chapter 6 investigates the effects of curing temperature on AD-induced
EAS evolution using the Mini-TSTM.

Part IV: A reliable numerical scheme for stress relaxation and a surrogate
model for efficiently predicting EAS under general scenarios.

Chapter 7 analyzes representative viscoelastic models for simulating
stress relaxation and proposes a model for this.

Chapter 8 builds a TCM model for simulating the EAS evolution under
general scenarios and develops a data-driven surrogate for the TCM model
to improve the prediction efficiency.

Part V: Conclusions and prospects.
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Chapter 9 provides the main findings of this thesis and gives

recommendations for future studies.

111

#

Chapter 1- General introduction

Chapter 2- Literature review

Chapter 3- EAS induced by AD in high-volume GGBFS concrete

Chapter 4- Bayesian inverse modelling of aging creep for EAS

Chapter 5- Setup design, experimental methods, and validation tests of Mini-TSTM

Chapter 6- Effects of curing temperature on AD and EAS

Chapter 7- Modelling of stress relaxation in early-age cementitious materials

Chapter 8- A surrogate model of EAS based on Themo- Chemo- Mechanical simulation and active learning

Chapter 9- Retrospection, conclusions, and recommendations.

Figure 1-2 Thesis outline



10

CHAPTER 1




CHAPTER 2 11

2 e LITERATURE REVIEW

The risk of early-age cracking induced by (restrained) 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 risk of early age cracking. This
chapter systematically reviews the literature related to experimental and
modelling techniques for studying these three factors. It is found that the
Temperature Stress Testing Machine (TSTM) 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. In the end, summary of the relevant studies and outlook for
future work are provided.

Parts of this chapter have been published in Liang, M., Xie, ], He, S., Chen, Y,, Schlangen, E., &
Savija, B. (2024). Autogenous deformation-induced stress evolution in cementitious materials
considering viscoelastic properties: A review of experiments and models. Developments in the
Built Environment, 17, 100356.
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2.1 Introduction

As introduced in the chapter 1, the early-age stress (EAS) is the main
indicator for assessing the risk of EAC. Under full restraint conditions, the
EAS can be quantified by the volumetric deformation (i.e., autogenous
deformation (AD) in this thesis) and viscoelastic properties. The structure
of this chapter is shown in Figure 2-1. In this chapter, a literature review is
presented related to experimental and modelling techniques of AD,
viscoelastic properties, and their combined effect, i.e., the EAS evolution in
early-age cementitious materials. The experimental analysis is the basis of
the modelling technique, and is therefore introduced at the beginning of
each section. The AD and viscoelastic properties are introduced in sections
2.2 and 2.3. In section 2.4, the studies of the EAS are summarized which
should be analyzed in combination with AD and viscoelastic properties in
previous two sections.

..............

Autogenous
deformation

______________

mmmmm——————— o 7 Section 2.4
{ Input factors Y
nixture Evolution

Experiments

Section 2.3

1
f i

H [

H i
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] Environmental .

i ondition [ ety
H [

! ]

A /

Viscoelastic
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o e

Figure 2-1 Structure of the chapter
2.2  Autogenous deformation

AD (€ad) refers to volumetric deformation produced by continuous
hydration of cementitious materials, excluding the effects of applied load
and changes in temperature or moisture loss to the environment [30]. As
shown by Figure 2-2, AD mainly comprises two parts: the autogenous
swelling &w and self-desiccation shrinkage e&sqa. Furthermore, if the
temperature of the concrete is not constant, the apparent AD includes the
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thermal deformation &m, which must be deduced from the apparent AD to
get the real AD. The initial deformation (mostly chemical shrinkage)
happens before the solid skeleton formation, i.e.,, when the microstructure
is not rigid enough to induce any EAS, and therefore such initial
deformation can be neglected in EAC analyses [10]. On the other hand, self-
desiccation refers to the pore water consumption by continuous hydration
after the solid skeleton is formed. Following the theory of capillary
pressure [31], 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, tensile stress can be generated with a possible risk
of EAC. Another part of AD, autogenous swelling, happens mainly because
of the chemo-mechanical couplings between expansive hydration products
(e.g, ettringite) and the pore structure [32-34]. 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. However, autogenous swelling is often neglected or
underestimated [17], potentially because many AD tests start too late,
ranging from 1 day to several days, and may overlook a part of autogenous
swelling [34]. Another reason may be that the generation of expansive
products depends 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 also leads to early expansion and later shrinkage, also
makes it difficult to identify the “true” autogenous swelling and self-

desiccation shrinkage [35].
Hydration

[ Formation of solid

microstructure

Water absorption/
adsorption

Thermal Deformation J
€th

Autogenous swelling Autogenous Apparent autogenous
Esw deformation € g4 deformation
Figure 2-2 Mechanisms of autogenous deformation of cementitious materials
(Adapted from [33])
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2.2.1 Experiments for autogenous deformation

2.2.1.1 Methods

Following the definition of AD, the test needs to be performed with strict
sealing and temperature control. The sealing condition is to prevent
moisture loss of the specimen and to exclude drying deformation, while
temperature control 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 [36,37] or strain transducers
embedded in the core of the specimen [38]. 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 deformation indirectly based on the measurement of an
embedded thermo-couple [38,39] or other sensors such as an optical fiber
[40]. However, even though the thermal deformation can be well separated,
regardless of the accuracy of coefficient of thermal expansion/ contraction
(CTE/ CTC) that were used [41], the effects of temperature on hydration
kinetics still exist and may not be neglected. Therefore, active temperature
control is favorable for measuring pure AD by maintaining a strict constant
temperature during the test [42]. 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 [14], the
timing of the autogenous swelling peak for slag cement concrete [14], the
onset of RH drop [43], the onset of capillary pressure [44], and transition
point (between the fluid and solid state) determined from the autogenous
strain curve [15].

Another kind of AD test, the so-called corrugated tube test, overcomes the
time-zero issue by casting the cementitious material in a plastic corrugated
tube and then measures the length change from the two sides [45], as
shown in Figure 2-3 (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
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oil bath, the effects of temperature on AD measurements can be eliminated
[46]. A statistical study [16] 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. However, because the standard corrugated tube is
only 22 mm in diameter [45], corrugated tube tests were initially only used
on cement pastes and fine-grained 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 [34], as shown in Figure 2-3 (b).

&
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Figure 2-3 Corrugated tube test: (a) standard designed by [45], 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 [34].

Despite the convenience and accuracy of the corrugated tube test, the AD it
measures cannot be directly related to the EAS, which is a more
straightforward indicator of EAC. It was recently reported that the
specimen geometry influences the AD measurement [47], which poses
questions about whether the corrugated-shaped specimen is
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representative of real-world structures. In view of the lack of EAS, the
Temperature Stress Testing Machine (TSTM) test is developed and
comprises two specimens with the same or similar geometry, one tested
under free condition and one tested under restrained condition, which
allows relating the measured AD to EAS. The specimens are sealed and
covered by molds with embedded water channels for circulating
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 used in chapter 3.

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.

2.2.1.2 Temperature

AD tests are usually 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 Klausen et
al. [48], AD measured under a realistic temperature history differs
significantly from that measured under constant temperature. In the field
of cementitious materials, the maturity concept [49] has been widely used
to estimate the mechanical properties under a varying temperature history
based on the mechanical properties measured under a constant
temperature. 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, this assumption does not hold for AD.
Specifically, except for hydration rate, the temperature also leads to
changes in RH and surface tension, which reduces the applicability of the
maturity concept for prediction of AD [39,50,51].

The exact influence of temperature on AD is complex because temperature
not only influences the RH drop and surface tension but also results in
different pore structures [52]. All these parameters are related to the
formation of self-desiccation shrinkage [31]. Lura et al. [42] performed AD
tests based on the ADTM machine (further discussed in chapter 3) from 10
to 40 °C and found that higher temperatures lead to earlier onset of
shrinkage but not necessarily higher deformations. Similarly, Carette et al.
[33] 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
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ettringite, the higher temperature tends to decrease the total amplitude of
both autogenous swelling and self-desiccation shrinkage. However, Orosz
etal. [35] observed an opposite trend, i.e., that higher temperature leads to
higher autogenous swelling, but they also mentioned the CTE may have
compromised their measurement. Contradictory findings regarding the
influence of temperature on self-desiccation shrinkage were also found:
with increasing temperature, some studies [33,53,54] observed decreased
self-desiccation shrinkage while others [41,51,55] saw an increased one.
Maruyama et al. [56] conducted AD tests on ultra-high-performance
concrete (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 hours). Before the inflection point, the AD
decreases with increasing temperature and then increases afterwards.

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.

2.2.1.3 Mixture

The influence of mixture design on AD can be summarized in 3 aspects,
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 structure and lower RH, which, according to the Kelvin-
Laplace equation, can induce higher capillary pressure and therefore
increase self-desiccation shrinkage. Sound experimental studies [38,57,58]
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 important
factor is the particle size distribution of cementitious materials: the larger
the particle size, the slower the RH decay and the larger 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 [59,60]. Many studies also
explored the influence of supplementary cementitious materials (SCMs) on
AD in OPC-based blended materials. Common SCMs include Ground
Granulated Blast- Furnace Slag (GGBFS), Fly Ash (FA), and Silica Fume (SF).
Many researchers have observed that GGBFS [34,42,51,58,61] and SF
[38,46,62] can significantly increase AD by reactive secondary hydration
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leading to continuous pore refinement and internal RH drop, while the use
of more inert SCMs like FA [46,51,62] and calcined dredging sediments [63]
decreases AD by slowing down the hydration process. Other cementitious
materials like UHPC [12,62] and limestone calcined clay cement (LC3) [64]
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
concretes, due to the more rapid reaction and a much denser pore structure
[65,66].

The influence of aggregate on AD can be summarized in 3 effects, including
effects of dilution, restraint, and internal curing. The use of aggregates
reduces the volume ratio of cementitious materials and directly reduces
development of AD in concrete [67]. Furthermore, natural dense
aggregates act as internal restraint in the cement matrix and lead to
decreased AD [68]. As shown in Figure 2-4, such restraining effects can
result in a heterogeneous strain field which can be visualized by digital
image correlation (DIC) to investigate the exact influence of aggregate size
and distribution [69,70]. On the other hand, water saturated porous
aggregate (e.g, lightweight aggregate, recycled concrete aggregate, etc.)
acts as an internal water reservoir which gradually releases water and
slows down the RH drop, alleviates the self-desiccation process, and
thereby decreases the AD [19,71,72]. However, it should also be noted that
the incorporation of porous aggregate leads to lower mechanical
properties, and optimizations on the exact aggregate type and volume is
necessary [73,74].
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Figure 2-4 An example of drying shrinkage captured by DIC, adapted from
[70]: (a) Minimum principal strains; (b) Maximum principal strains.
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2.2.1.4 Mitigation strategies

Most mitigation strategies for AD prevention are based on the following
mechanisms: control of hydration, reduction of surface tension of the pore
solution, the addition of internal restraint, formation of expansive products,
and internal curing [11].

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
[57,75]. Shrinkage-reducing agents (SRA) decrease the surface tension of
the pore solution to reduce the capillary pressure which leads to reduction
of AD [13,20-23,76]. Recently, Zhang et al. [77] developed a shrinkage-
reducing polycarboxylate superplasticizer which substantially reduces AD
by combining the effects of delayed hydration, reduced surface tension, and
formation of expansive products (i.e., portlandite). Internal restraint can be
achieved by aggregate (as in section 2.1.4), reinforcement [78], and various
types of fibers (e.g, steel fiber [12], cellulose fiber [79], Barchip fiber [80]
etc.). The formation of expansive products by calcium sulfoaluminate
cement [81,82] or CaO-based expansive agents [78,83] has been proven to
effectively compensate the self-desiccation shrinkage by producing
expansive products like ettringite and portlandite. Internal curing by 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 [72,84]. The use of
lightweight aggregate has been introduced in section 2.1.4. Despite having
anegative 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 [84]. The success of SAP was also observed in FA and GGBFS-
blended binders and LC3 pastes [85,86].

2.2.2 Modelling of autogenous deformation

There are two categories of models for predicting AD: empirical models
and analytical/ numerical models. Empirical models are the results of
statistical analysis of experimental data and are commonly used by
researchers and engineers. On the other hand, analytical or numerical
models aim to predict the AD by simulating the underlying mechanisms.



20 CHAPTER 2

2.2.2.1 Empirical models

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

Equ = Eque(Mix, env) X f(t, mix, env) (2-1)

where the eae and f are both dependent mainly on the concrete mixture
and environmental parameters. The form of an empirical model described
by Eq (2-1) is widely adopted by different design codes [87-90]. As the
autogenous swelling is seldom even mentioned in tests, the code-based
formulas assume AD a monotonically decaying function as given by Eq
(2-1). Contrarily, Carrete et al. [33,34] built a semi-empirical model based
on the corrugated tube test for concrete (Figure 2-3 (b)), that considers AD
as a sum of autogenous swelling and self-desiccation shrinkage which is
induced by ettringite formation and capillary pressure, respectively.

A new class of empirical model have been constructed based on Machine
Learning (ML) algorithms like Extreme Gradient Boosting or Artificial
Neural Network, which showed significantly better performance than
traditional empirical models [91,92]. The ML approach train sophisticated
statistical models with massive data to obtain generalizing capabilities for
predictions of AD in different scenarios and may be a promising approach
to replace the traditional (i.e., formula-based) empirical models.

2.2.2.2 Analytical and numerical models

Analytical and numerical models aim to predict the AD from the underlying
physico-chemical mechanisms, as shown in Figure 2-5. Constructing such
a model including all (or most) relevant mechanisms involves a multiscale
and multi-field analysis, and is still a challenge due to its complexity.
However, some studies managed to build such unified models. Pichler et al.
[93] employed a Kkinetic law [94] to simulate cement hydration 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. [95] 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 [96,97] at the
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macroscale to simulate the RH drop (i.e,, self-desiccation). Zhao et al. [98]
used the Hymostruc model [99-101] for calculating the RH drop and
Shimomura model [102] 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.
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Figure 2-5 Underlying mechanisms considered in theoretical models for AD
prediction

While the models mentioned above have already encompassed a
combination of complex mechanisms, there is still room for improvement.
Specifically, while the model in [95] did not extend further to mechanical
field to predict the AD, the models in [93,98] only assumed AD as the elastic
response of the microstructure to the capillary pressure, which is
problematic because the early-age cementitious material is a viscoelastic
material (if neglecting visco-elasto-plasticity at high stress condition).
Based on the capillary pressure theory and micro-poromechanics, Aili et al.
[103] concluded that the long-term AD evolves logarithmically, and that AD
is a viscoelastic response to self-desiccation. In view of the necessity of
considering creep in AD prediction, Gao et al. [104] used the Hymostruc
model [99-101] to obtain the microstructure and the RH drop. Based on
the simulated microstructure, they built the lattice fracture model [105]
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 simulated by using a penalized
effective modulus, which was determined by calculating the compression
creep of a simple one-dimensional loaded beam.
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Other models focused 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 empirical models for the input of pore size
distribution, RH drop, heat release, etc. Huang et al. [106] 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. [107] used a Kelvin-Voigt model to simulate the
aging viscoelasticity of cement pastes and calculated the self-desiccation
shrinkage based on poromechanics, using the experimental data of RH,
elastic modulus, and creep as input. Lu et al. [108] considered the AD as a
combination of the elastic part and the creep part and calculated the AD by
alinear superposition of incremental viscoelastic deformation based on the
internal capillary pressure theory. The early-age creep was obtained from
the activation energy concept [109]. Furthermore, the Pickett Effect was
incorporated to simulate the restraining effect of aggregate [68], which not
only resulted in a good prediction for Portland cement concrete but also for
alkali-activated slag and fly ash concrete [110].

These models for AD prediction are summarized and compared in Table
2-1. 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 [17]. By comparison, it seems that a
combination of Hymostruc and Lattice Fracture Model [104], 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. [104] and
many other models except for [93] 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 [104] only considered the
creep effects by effective modulus, while the superposition of incremental
creep strain was done with a simple one-dimensional beam, which did not
consider the real strain history in the elements. Finally, one more thing
worth being noted is that only the model of Pathirage et al. [95] explicitly
simulated the hygral field for RH drop in self-desiccation, while the others
only calculated the RH drop indirectly. However, their model [95] focused
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only on the self-desiccation and RH drop, and did not extend to the
mechanical field to predict the AD.

Table 2-1 Summary of analytical models for AD prediction

Elastic Driving  Mechanic
Ref. Pore RH Modulus Creep force al model
Capillary
Pichler et Kineticslawand  Micromech and . Micromech
al. others anics i crystalliz anics
[93] ation
pressure
Pathirage CEMHYD3D and ) i ) )
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Huang Empirical formula i Capillary Pororpech
[106] pressure anics
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2.3  Viscoelastic properties

Viscoelastic properties determine the rate of EAS buildup, 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 calculated as the slope of the stress-strain curve of
the load-increasing or -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
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imposed constant unit strain [111]. Due to the technical difficulties of
sustaining a constant strain in relaxation tests, creep tests are usually
conducted [112]. Specifications for tests of elastic modulus and creep and
their empirical formulas are beyond the scope of this chapter and can be
found in various designing codes for concrete structures and materials
[30,88,113-117]. In the following sections, the focus is on the mechanisms,
testing methods, and modelling schemes for quantifying the viscoelastic
properties.

2.3.1 Elastic modulus

2.3.1.1 Macroscale tests for elastic modulus

Elastic modulus is positively correlated to compressive strength, as
revealed by macroscale loading-unloading tests [118]. Empirical formulas
are well established to infer the elastic modulus from either mixture
parameters or compressive strength data [113,119]. Therefore, the
influence of mixture parameters and environmental conditions on elastic
modulus is generally similar to that on strength [120]. Specifically,
regarding the influence of temperature, the maturity concept has also been
successfully applied to predict the evolution of elastic modulus [121,122].
Itis worth noting that the influence of aggregate on elastic modulus is more
significant than that on strength [119,123]. 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
of early-age elastic modulus. The early-age elastic modulus is difficult to
measure 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 testing at young
ages. One way to circumvent this difficulty is though in-situ testing. Boulay
etal. [124] devised a test rig called BTJADE (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 BTJADE 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 shaped. However, much larger specimens are
needed for TSTM testing. Elastic modulus at early ages can also be
measured indirectly, e.g.,, by the ultrasonic pulse velocity (UPV) [125].
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2.3.1.2 Microscale tests and modelling of elastic modulus

Microscale tests (106~10*4 pm) 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,
porosity, etc. [126,127]. Assuming that the distribution of the mechanical
properties of each kind of hydration product is Gaussian, statistical
nanoindentation tests have been used to extract the average mechanical
properties of each nanoscale (108~10¢ pm) phase in hydrated cement
paste. Except for Gaussian-based method, other methods like k-means
clustering [128] can also be used for the deconvolution process. This
allowed for the effective mechanical properties of the composite to be
calculated with micromechanical models using the averaged modulus and
volume fraction of each phase as input [126,129-131]. The real effective
elastic modulus is often obtained by microindentation test [132] to validate
the results of micromechanical models. Such micromechanical models
have been successfully used to predict the effective elastic modulus of
different cementitious materials, including blended cement pastes [133],
polymer-modified cement pastes [134], geopolymers [135,136], seawater-
mixed alite pastes [137], and nature pozzolan concrete [138]. However,
note that except for micromechanical models, Lattice Fracture Model [139-
142] and other FEM models [143] have also been used for upscaling of
mechanical properties 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 chosen
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 fractions of each micro phase, as in [94,144-146].
Although these models showed satisfactory accuracy in different cases,
difficulties still exist with the quantification of ITZ properties, which was
considered in [131,143,147].

2.3.2 Creep/ Relaxation

Viscoelastic properties can be quantified by both creep compliance and
relaxation modulus. With a linear viscoelastic constitutive relationship,
following the Boltzmann superposition, the creep compliance function and
relaxation modulus function are fully coupled and can be calculated if
either one is known [111]. Therefore, the creep compliance function and
relaxation modulus function are equivalent representations of the
viscoelastic properties of the material.



26 CHAPTER 2

2.3.2.1 Experiments for creep/ relaxation

Measuring the relaxation modulus is much more challenging than testing
the creep compliance, because the relaxation test requires not only the
strain measurement but also a loading system that actively adjusts the load
to maintain a constant strain, which is the principle behind the TSTM test.
On the other hand, the creep test only requires one to keep the load
constant and measure the strain, which is more straightforward and
therefore is adopted by most studies.

2.3.2.1.1 Macroscale testing

Macroscale testing directly provides input for simulating the EAS evolution.
While studies have been devoted to long-term creep [148], 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 when the creep
deformation is happening, which can last from hours to days, 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 [149-153]. The main advantage
of this test is that, with a load-holding stage of only three minutes,
hydration effects can be neglected, and the tested deformation then
represents the creep strain obtained at corresponding loading age.
Moreover, such a test allows for creep measurement in every hour and
measures the elastic modulus during every loading-unloading process.
Therefore, the hourly repeated minute-long quasi-static test alone is
already able to provide the input of viscoelastic properties for EAS
simulation. Another test that aims to exclude the effect of hydration on
creep measurement is the so-called equivalent systems test [154], where
part of the unhydrated cement is replaced with inert filler to emulate
specific microstructural features of the real hydrating systems. However,
as the results showed, real systems experienced much higher creep than
the equivalent inert systems.

There are also other macroscale creep tests, such as the flexural creep test
for eliminating the influence of shrinkage on creep [155-157], TSTM-based
tensile creep test [158], creep test with double feedback control [159], and
creep test coupled with acoustic emission measurement [160]. Macroscale
creep tests can be used to investigate influence of many factors. In blended
cement systems, it was found that the use of FA, quartz, and glass powder
significantly increases creep [161-163], while the use of GGBFS may
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decrease creep and the influence of GGBFS compositions was highlighted
[164,165]. In addition, the effects of other parameters on creep, such as
temperature [166], w/c ratio [167], lightweight aggregate [168], recycled
concrete aggregate [169], steel fiber [168,170], MgO [171], and SAP [172]
have also been extensively investigated by macroscale tests.

The temperature influences creep mainly by two mechanisms [173]: 1) a
temperature increase accelerates the bond breakages and restorations
causing creep, and thus increases the creep rate [166,174]; 2) a
temperature increase accelerates hydration and therefore reduces the
creep. For early-age concrete, the effect of hydration dominates and
therefore the maturity concept can still be used for predicting the basic
creep at the early age [173,175]. The increase of RH can increase the long-
term creep rate [174,176], and can be quantified by the microprestress-
solidification theory [173,177]. For EAS analysis, the influence of
compressive or tensile creep is important, because EAS evolution usually
starts with compressive stress due to the autogenous swelling (or
temperature increase) and then tensile stress due to the self-desiccation
shrinkage (or temperature decrease). However, a consensus regarding the
influence of creep in tension and compression has not been reached yet.
Atrushi [178] suggested that creep in tension is initially lower but
establishes a much higher rate than in compression. Similarly, Rossi et al.
[179] observed that compressive creep is more significant 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 [111,166,180,181].

2.3.2.1.2 Microscale testing

Microscale 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 have been widely used for obtaining the creep properties of
cementitious materials at the microscale [132,176,182-188]. A major
advantage of such test is that it can also quantify the long-term creep
properties, which is significantly faster than macroscale tests [189]. In
addition, micro-cantilever tests have also been used to characterize the
creep properties at microscale [190]. Microscale tests offered fundamental
understandings on creep mechanisms. Hu et al. [132] identified the
influence of Ca/Si ratio on creep modulus and quantified that the creep
modulus of CSH is 180 GPa. Liang et al. [ 186] found that the long-term creep
rate of cement paste appeared to be independent of loading duration,
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holding duration, indentation force amplitude, and unloading duration of
the microindentation tests, suggesting that it is an intrinsic material
parameter. Li et al. [188] observed that the deviatoric stress-induced
preferred orientation of crystallites significantly influences the creep
behavior. The influence of other parameters on the creep mechanisms of
cementitious materials at the microscale was also extensively investigated
by microindentation tests, such as the effects of capillary water [184,185],
relative humidity [191], initial viscosity [187], and porosity [192].

2.3.2.2 Modelling the viscoelastic properties

Models for creep predictions can be divided in two categories, empirical
models and analytical/numerical models. Empirical models are often the
statistical results of massive data of macroscale tests, while the analytical
models are developed from the perspective of micromechanics.

2.3.2.2.1 Empirical models
In empirical models, creep compliance function is usually expressed in the
following form:

1
J(to, 1) = E(ty) + CoC1(to) G2 (t — to) (2-2)

where the E is the elastic modulus; to is the time when load was applied; ¢
is the time of interest; t- tp is the time elapsed since the load is applied; Co is
a fitting parameter related to mixture and environment; C; is the function
of to, which describes the aging (i.e., evolution) of creep compliance, and
should also be dependent on mixture and environment; C: is the function
of t- t, which describes the non-aging creep, and should also be dependent
on mixture and environment. Many design codes [30,88,113-117] adopted
the Eq (2-2) as the form of their fitting formula of creep compliance. A
major difference between different codes may be the choice of the non-
aging function Cz, which is often a power function for description of short-
term creep [190,193] and a logarithmic function for long-term creep
[148,182,185,189,194]. Besides, improvements to the empirical formulas
have been achieved by incorporating additional parameters, such as the
fictitious degree of hydration [195,196], age-adjusted effective modulus
[197], and hydration degree of slag [165].

Another form of empirical models is the ML-based models, such as Artificial
Neural Network [198], Genetic Programming [199], Support Vector
Machine [200], ensemble model [174], and Deep Convolutional Neural
Networks [201]. These models were mostly trained on massive database
of creep tests [202,203], and show superior performance compared to
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traditional codes on predicting the creep behavior of cementitious
materials.

2.3.2.2.2 Analytical and numerical 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 [204-206], which considers aging as resulting from
the progressive solidification of a basic constituent that behaves as a non-
aging viscoelastic material. Based on the solidification theory, the
Microprestress-Solidification theory [111,171,177] 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 [162,166,171,207,208] 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 [209-211]. Then, rheological models can be used in a Finite
Element (FE) Model to calculate the creep behavior of concrete structures,
using the rate-type form and exponential algorithm [111,112,212,213].

Similar to the modelling methods of elastic modulus in section 2.3.1.2,
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 hydrated cement paste phases, such as C-S-H, CH,
unhydrated particles at microscale and aggregate, ITZ at mesoscale. In such
multiscale models [214,215], 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 [189,216], the elastic
micromechanical homogenization schemes such as Mori-Tanaka scheme
[217] or the Self-Consistent scheme [218] can be used to calculate the
effective creep modulus from a composite of phases with different creep
modulus and volume fractions. Kdnigsberger et al. [219] compared the
results of three micromechanical models with macroscopic samples of
cement paste, mortar, and concrete, and demonstrated the feasibility of
such upscaling method by micromechanical models. Baronet et al. [220]
proposed a two-scale micromechanical model to characterize the
logarithmic creep of concrete by coupling microindentation and uniaxial
compression creep test. Except for micromechanical models, FEM models
[221] and Lattice Fracture Models [222] can also be used for upscaling.
Following the solidification theory, that aging of creep is the progressive
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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 etal. [223].

For analysis of EAS, 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 introduced in section
2.3.1.2. A general description of such multiscale modelling scheme is shown
in Figure 2-6. For elastic modulus, a direct implementation of the elastic
micromechanical homogenization schemes (like in [126,129-131]), or a
simulation of a loading-unloading test by a lattice model (or other FEMs,
like in [139-143]) is sufficient. For creep modulus, the elastic
micromechanics needs to be implemented in Carson-Laplace space (like in
[214,215]), in which the relaxation and creep follow a quasi-elastic
constitutive relationship. If using the Lattice model or other FE models for
creep modulus (like in [221,222]), 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.
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Figure 2-6 General procedure of multiscale modelling for viscoelastic
properties of cementitious materials

2.4  Early-age stress

EAS is the combined result of restrained AD and aging viscoelastic
properties of concrete. Understanding and quantifying EAS is a significant
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step to further analyze the EAC risk. Intrinsically, EAS is the result of a
relaxation process, which aims to measure the stress evolution under a
series of imposed deformation (i.e., restrained AD that happens constantly
during hydration of restrained concrete). Therefore, the relaxation
modulus and AD are important input for the calculation of EAS, which can
be obtained either experimentally or numerically based on the approaches
described in section 2.2 and 2.3.

2.4.1 Experiments

There are many methods for the quantification or characterization of EAS,
such as the internal restraint test [224,225], rigid cracking frame test [226],
ring test [227-230], and temperature stress testing machine (TSTM)
[55,231]. 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 [25,28]. Moreover, a TSTM system
includes strict temperature control to simulate various realistic thermal
conditions. A TSTM system alone encompasses most required input
parameters and output results of an EAS model, and thus provides a solid
basis for a more thorough understanding of EAS buildup process and a
reliable prediction model for EAS. This section will then focus on the TSTM.

2.41.1 TSTMs

The general design of a TSTM system [27,28,55,232-236] is shown in
Figure 2-7. A TSTM system mainly comprises four parts: the free
deformation test, the restraint test, the thermal control, and the
deformation control. The free deformation test is the ADTM test used to
measure the AD, as described in section 2.2.1.1. The restraint test is the
main part of the TSTM system. In the restraint test, a dog-bone specimen,
with a similar geometry to that of the ADTM test, is actively restrained by
applying a force F at one end of the specimen. The value of Fis determined
by a feedback loop (FL1) to fulfill the deformation control, which keeps
adjusting the F to make the deformation & 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 Tw to keep the
temperature in the specimen T¢ following a pre-specified constant value or
profile, with a specially designed feedback loop FL2.
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Figure 2-7 A general schematic diagram of the TSTM systems

In line with the Figure 2-7, some representative TSTMs from the past four
decades are summarized in Table 2-2, distinguishing the specific
differences 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 use 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 result in a better measurement
accuracy and promote pre-installation efficiency. For the strain control (i.e.,
FL 1 in Figure 2-7), only the TSTM at the TU Delft uses a proportional-
integral-derivative (PID) controller, which continuously adjusts 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. The problem of different definitions for the time-zero was
also broadly discussed by studies of AD, as introduced in section 2.2.1.1.
which can be avoided if the EAS results are available.
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Table 2-2 Summary of representative TSTMs

Source Year L*W*H Strain Strain Time-
(mm) Measurement Control Zero
U 1500 Two-side, 2 Stress 0.01
Munich 1984 “150*150 LVDTs Stepping MPa
[232]
Technion
[233] "
Hohai 1990, 1500*15 Free-end, 1 Stepping Stress 0.01
. . 2015 0*150 LVDT MPa
University
[55]

NTNU 1995, 1000*88* Two-side, 4 Steppin Initial
[28234] 2012 100 LVDTs PPIng setting
TU Delft 1450*15 Two-side, 4 Setting

[235] 2000 0*100 LVDTs PID time

University
of 1200*80* Top-side, 4 . Setting
Queenslan 2018 80 LVDTs Stepping time
d[27]
Top-side 2
University LVDTs at two
1200*12 ends before 24 . Setting
of[gglg{o 2022 0*120 hours and two- Stepping time
side 2 LVDTs
afterward

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

1)

2)

3)

Due to the complexity of TSTM systems, the pre-test installation,
casting, and post-test disassembling procedures require a
substantial workforce [27]. For instance, the TSTM test conducted
at TU Delft requires the collaboration of 3-4 individuals over a
span of two entire working days, with each day consisting of eight
hours [235].

The choice of threshold value in TSTMs employing stepping
control to achieve full restraint is subjective and can impact the
accuracy of the testing process [25,37].

The positioning of LVDTs for strain measurement, which provides
input for the feedbackloop for the actuator (i.e., FL1 in Figure 2-7),
plays a crucial role in ensuring the reliability of TSTM systems [37].
Consequently, recent studies on enhanced TSTMs have placed
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significant emphasis on this aspect [27,236]. By analyzing the
TSTMs outlined in Table 2-2, certain key points have emerged
regarding the arrangement of LVDTs for strain measurement: 1)
Rather than measuring deformation 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
crosshead 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 numerical models; 3) Itis 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 [27] and
implementing roller supports [236].

2.4.1.2 Influencing factors

Despite the aforementioned concerns, TSTMs still led to important findings.
Igarashi et al. [233] 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
[237,238]. Zhu et al. [239] 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 the fact that the failure mechanisms of restrained aging
concrete are different from those under uniaxial tension test, a
comprehensive review summarized that most EAC happens at a tensile
stress- strength ratio of 0.5-0.9 [24], and therefore a maximum 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 input [240].

Furthermore, with TSTM, the influence of temperature on AD-induced EAC
was more systematically investigated. Lura et al. [42] found that the
temperature increase did not induce higher AD, but led to higher EAS rate.
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Similar observations were obtained by Li et al. [41]. Klausen et al. [241]
conducted comprehensive TSTM tests on various influencing factors and
concluded that temperature and the restraint degree are the most
influential. Moreover, they also emphasized the considerable variation
between different batches of the same cement, which is similarly described
in corrugated tube test for AD [16]. In addition, several TSTM-based tests
focused on the influence of mixture parameters, such as SCMs like GGBFS
[229,242-245], FA [5,161], and SF [246], alkali-activated materials [237],
recycled aggregates [247], and MgO expansive agent [248].

2.4.2 Modeling 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 2.2 and
2.3, the EAS can be directly calculated based on a viscoelastic model. 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 relaxation numerically [111]. To avoid the
complexity of such procedures, one can also use a semi-empirical solution
given by Bazant and Kim [249]. On the other hand, Wittmann and van
Breugel etal. [237,250,251] obtained an explicit conversion function based
on the definition of a relaxation test, which is significantly easier than the
numerical method based on the integral relationship between creep and
relaxation. In recent years, both methods have shown good applicability in
prediction of EAS. Wei et al. [252] converted the creep compliance given by
the MPS theory using the numerical solution of the creep-relaxation
integral, and successfully predicted the EAS under varying temperature in
restrained concrete with good precision. On the other hand, based on the
explicit conversion function, Li et al. [110,237,253] 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 creep-relaxation
integral. Instead, it is also possible to simulate the EAS from the perspective
of creep. For example, Klausen [28] first calculated the incremental creep
strain based on the Boltzmann superposition, 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
experimental 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
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indeed an 1D restraint test. Modelling the EAS in real structures requires
the use of FE models. It should be, however, noted that directly
implementing the integral of linear viscoelastic constitutive relation in FEM
is difficult, because the strain/ stress history of every previous time step
would need to be stored to perform the linear superposition over the whole
computation process, which is difficult for large models. Instead, the
exponential algorithm [111,212,213] based on the rate-type form can
circumvent such problem by changing the integral into a rate-type form
and only requires storing 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 [209] 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 [29,254,255].

2.5 Conclusions

For many specially designed cementitious materials, like High
Performance Concrete (HPC), Ultra-High-Performance Concrete (UHPC),
alkali activated materials, etc., which often has a very low internal 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 chapter systematically reviewed relevant experimental
and modelling methods and obtained the following findings:

1) The corrugated tube test allows to test AD since setting time and
is sensitive enough to distinguish the influence of multiple factors
on AD development, including the influence of temperature,
cementitious materials, and various admixtures. Changing the
corrugated tube size (i.e., using a larger tube) allows for AD tests
of concrete. Multiple mitigation strategies of AD 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.

2) The applicability of maturity concept for prediction of AD under
varying temperature history is questionable. The influence of
temperature on AD is complex because temperature not only
leads to change of hydration kinetics but also the internal RH, the
surface tension, and the pore structure, which all significantly
influences the self-desiccation process. Temperature increase
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3)

4)

5)

6)

7)

8)

leads to earlier onset of self-desiccation shrinkage and faster
increase of EAS. However, it should also be noted that even in low-
temperature, the magnitude of AD can be high, despite a later
onset, and therefore the AD-induced EAC risk cannot be neglected.
The capillary pressure theory provides a good prediction of self-
desiccation shrinkage. The AD is the viscoelastic response of the
microstructure to the capillary pressure, induced by RH drop in
the hydration process. Therefore, incorporation 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, and
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 input for EAS analysis.

The microscale mechanical tests, including nanoindentation and
microindentation tests, offered a fundamental understanding of
the elastic modulus and creep, and provides input for multi-scale
modelling. By either micromechanical homogenization schemes
(e.g, Mori-Tanaka or Self-Consistent) or microscale FE models
(e.g., Lattice fracture model), combined with a hydration model
(e.g, Hymostruc 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 a combined result of AD and viscoelastic
properties. TSTM tests can measure EAS under different
temperatures and restraint degrees. Besides, the AD of a dummy
specimen with a similar geometry and temperature history to 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.

With the experimental or modelling results of AD, elastic modulus,
and creep, the EAS can be calculated by the integral of linear
superposition. Conversion of creep function to relaxation function
is often an important step. To run an FE analysis on EAC, the
exponential algorithm based on the rate-type form is a more
efficient method to avoid directly solving the integrals which
requires to store huge amounts of internal variables.

Combining the modelling schemes reviewed in this chapter,
including the hydration models for volume change of hydrates,
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2.6

homogenization schemes (or FE models) 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, experimental and
numerical tools for EAC analysis should emphasize AD, viscoelastic
properties, and EAS to obtain a comprehensive understanding of EAC
issues. Based on this review, the following should be considered for further
improvement in the experimental and numerical tools for EAC analysis:

1)

2)

3)

4)

TSTM tests 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) relevant to EAC.

The effects of temperature on AD should be further examined.
Contradictory findings have been reported in the literature
regarding the influence of temperature on AD. The complexity of
this issue is that temperature not only influences the hydration
kinetics, but also expansive hydration 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 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
measurements of early-age AD and EAS, several repeated tests
may also be needed for each mixture. Due to the complexity of the
TSTM system, the cost of such a test is high and therefore more
efficient testing methods should be developed to obtain more
testing data in a broad range of mixture parameters.

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. Although a
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
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5)

input of viscoelastic properties is needed to validate or improve
the applicability 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
reaction, heat transfer, and viscoelastic mechanical response. The
computational cost of solving such a complex multi-field model is
high. Building a surrogate model by data-driven approaches to
replace the complex multi-field model can promote the
computational efficiency.



40

CHAPTER 2




CHAPTER 3 41

3 @ EARLY-AGE STRESS EVOLUTION INDUCED BY
AUTOGENOUS DEFORMATION IN HIGH-VOLUME

GGBFS CONCRETE

Autogenous deformation and the stress evolution in restrained high-volume
ground granulated blast furnace slag (GGBFS) concrete is investigated in this
chapter. The Temperature Stress Testing Machine (TSTM) and Autogenous
Deformation Testing Machine (ADTM) were used to study the macro-scale
autogenous deformation and stress evolution of high-volume GGBES concrete
with w/b ratios of 0.35, 0.42, and 0.50. The early-age cracking (EAC) risk
(quantified by the stress to strength ratio) and stress relaxation were analyzed
extensively based on ADTM and TSTM results. Furthermore, Environmental
Scanning Electron Microscopy (ESEM), X-Ray Diffraction (XRD), and
Mercury Intrusion Porosimetry (MIP) were used to explain the micro-scale
origin of the autogenous deformation of high-volume GGBFS concrete. It was
found that the ettringite formation in the first two days results in autogenous
expansion, which can delay the appearance of tensile stress. The magnitude of
autogenous expansion depends on the ettringite content and pore size. The w/b
ratio of 0.42 showed optimal performance because it resulted in the highest
amount of ettringite and, consequently, the highest autogenous expansion. In
comparison, significant autogenous shrinkage after the expansion peak is
present in GGBFS concrete with the w/b ration of 0.35, which therefore results
in a high early-age cracking risk.

Parts of this chapter have been published in Liang, M, Chang, Z, Zhang, Y, Cheng, H, He, S,
Schlangen, E, & Savija, B. (2023). Autogenous deformation induced- stress evolution in high-
volume GGBFS concrete: Macro-scale behavior and micro-scale origin. Construction and Building
Materials, 370, 130663.
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3.1 Introduction

Ground granulated blast furnace slag (GGBFS) is a promising alternative
cementitious material to replace ordinary Portland cement (OPC), which
not only reduces carbon dioxide emissions but also improves workability
[256] and shows comparable or even higher compressive strength [257],
flexural strength [258] and elastic modulus [259] at later ages. Although
GGBEFS can reduce the early-age cracking (EAC) risk induced by thermal
deformation by decreasing the hydration heat release [260-262], the
active pozzolanic reaction of GGBFS leads to continuous pore refinement
and a decrease of internal relevant humidity, which enhances the self-
desiccation effects and therefore results in increased autogenous
deformation (AD) [46,108,263]. As restrained AD often leads to cracks in
concrete structures [225], the EAC risk in high-volume GGBFS should be
prevented.

Many studies investigated the EAC risk of GGBFS-blended concrete, using a
temperature stress testing machine (TSTM) [61,229,242,245,264] or aring
test [230]. Contradictory findings regarding the influence of GGBFS on the
EAC risk were reported. This is understandable considering the difference
in testing details, including the thermal boundaries, material differences,
etc. For example, in non-isothermal conditions, the addition of GGBFS
certainly decreases the EAC risk since thermal shrinkage is highly reduced.
Such declaration is mostly tenable in massive concrete structures where
thermal shrinkage dominates. However, for medium- or thin-concrete
structures, autogenous shrinkage, which is inevitable and can induce stress
continuously, is more important for EAC. Despite the disagreement, there
is an agreement that GGBFS increases autogenous shrinkage, which
indicates potentially higher EAC risk [10,46,58,62,91,108,263].

Published studies on EAC risks of GGBFS concrete mostly focused on a low
replacement ratio of OPC (0~50%). In addition, an ideal isothermal
condition at constant temperature was often unreachable, making it
difficult to decouple the autogenous and thermal deformation. Meanwhile,
the EAC analysis of high-volume GGBFS concrete with different water-
binder ratios is scarce. In view of these limitations, TSTM tests are
conducted to understand the autogenous shrinkage and early-age stress
(EAS) evolution of high-volume GGBFS concrete with a 70% replacement
rate of OPC and w/b ratio ranging from 0.35 to 0.5. An OPC concrete mix is
tested as a reference. A thorough analysis of the coupling influence of
autogenous shrinkage, elastic modulus, and stress relaxation on EAS
evolution was conducted. MIP, XRD, and ESEM tests were performed to
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provide an in-depth understanding of the AD of high-volume GGBFS
concrete with different w/c ratios.

3.2 Experimental methods
3.2.1 Materials

Three GGBFS mixes, with CEM I1I/B 42.5 as the cementitious material, with
the w/b ratios of 0.35, 0.42, and 0.50 were studied. Furthermore, a
reference mix using CEM 1 42.5 as the cementitious material and a w/b
ratio of 0.42 was also tested. Both CEM 11I/B and CEM [ was supplied by the
ENCI. Netherlands. The detailed mixture proportions are given in Table 3-1.
The mix labels indicate the difference in cementitious materials and w/b
ratio. For example, “C3-50" stands for the mix using CEM I1I/B with a w/b
ratio of 0.50. The chemical compositions of utilized CEM I11/B 42.5 and CEM
[42.5 are given in the Table 3-2. Superplasticizer (SP) MasterGlenium 51
with a water-reducing rate of 35% was used for mixes with w/b = 0.42 and
0.35. The compressive strength of each mix was tested on three cubic
samples with a side length of 150mm at ages 1, 3, 7, 14, and 28 days. The
evolution of compressive strengths was measured and reported in Figure
3-1.

Table 3-1 Concrete mixes used in TSTM tests (kg/m?)

Cement Sand Gravel Slum Setting
Sample o Cement w/b (0-4 (4-16 SP (mml):) time
p mm) mm) (hour)
CEM
C3-50 111/B 320 050 8118 1032 0 90 8
C3-42 I(I:IIE/]\Ig 320 042 8118 1032 048 60 7.8
C3-35 I(I:IIE/]\Ig 320 035 8118 1032 190 40 7.5

C1-42 CEM I 320 042 8118 1032 048 50 7.4
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Table 3-2 Oxide composition of utilized cementitious materials (wt.%)

Composition CEMIII/B CEM I
Ca0 47.11 64.00
SiO2 29.11 20.00
Al;03 10.02 5.00
MgO 5.89 -
SOs3 2.82 293
Fez03 1.19 3.00
Naz0 0.28 0.58
801 mm 335 76,43
70 B C3-42 64.11
& B C3-50
ieo - C1-42 56.1 - 6.12
‘gso 450 45.69 2003
ﬁao 37.45 9.6
>
-é ) 30.438 23.4 e i
§20 11.8 4.8
10{ 883, .
0

1 day 3 day 7 day 14 day 28 day

Figure 3-1 Compressive strength measurements (The bar is the average value
and the line indicates the standard deviation obtained from three cubic
specimens).

3.22 ADTMand TSTM

The Autogenous Deformation Testing Machine (ADTM) and Temperature
Stress Testing Machine (TSTM) have been developed to test the AD and the
stress it induces[235]. Herein, the ADTM and TSTM tests were conducted
by following the workflow in Figure 3-2. Two wooden molds with low heat
conductivity were used for casting of prism and dog-bone specimens,
which were then sealed and tested under free and restrained conditions,
respectively. Isothermal conditions were ensured by circulating
temperature-regulated water around the concrete specimens in wooden
molds.
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Figure 3-2 ADTM and TSTM testing procedure

The ADTM is used for testing the AD of concrete (Figure 3-3). Wooden
plates with low thermal conductivity were assembled to form a mold for
casting prismatic samples with the size 1000x150x100 mm3. By wrapping
the sample with plastic film, moisture exchange with the environment was
prevented to exclude the effects of drying shrinkage. To exclude the
influence of temperature, temperature-regulated water was circulated in
the surrounding wooden mold through the embedded water channel
(Figure 3-3 (c)). A steel plate was applied on the inner surface of the
wooden mold to enable fast heat conduction (Figure 3-3 (d)). Three
thermo-couples were embedded in the sample to monitor the temperature
development, as shown by the red dots in Figure 3-3 (a). A feedback loop
between the measurement of the middle thermo-couple and an externally-
connected cryostat was used to regulate the water temperature and
maintain the temperature of the sample at 20 degrees. Four Linear Variable
Differential Transformers (LVDTs) were configured at two sides of the
sample and the average of the deformation at the two sides was taken as
the measurement of autogenous shrinkage. The LVDTs on the same side
were connected with a quartz bar, which has a low coefficient of thermal
expansion so that any potential deformation of mounting base due to heat
change cannot influence the deformation measurement of the specimen.
With the measures above, the influence of thermal and drying deformation
can be excluded, and the AD can be measured.
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Figure 3-3 Autogenous Deformation Testing Machine (ADTM)

The TSTM (Figure 3-4) is used to restrain AD and measure stress
development. In the TSTM, the principles of the mold assembly, water
circulation, and LVDT configurations are the same as in the ADTM
introduced above. The load applied by the actuator was continuously
adjusted to keep the deformation of the specimens measured by four
LVDTs at 0, based on a Proportion Integration Differentiation (PID) control
algorithm. To ensure that all AD -induced stress is accounted for, the TSTM
test has to be started before the concrete hardens [265]. Herein, the TSTM
tests were started 7.0 hours after casting, which is earlier than the final
setting time of the cement paste of all studied mixes. Before the LVDTs
could be set up, the load was controlled by the displacement of the
clamping head measured by 2 LVDTs. Afterwards, the 4 LVDTs at the two
sides of TSTM were set up and used to control the load. During the first
stage, when the concrete was not hardened (within the first 7 hours after
casting), the stress measured was less than 0.01 MPa, and therefore only
the stress after 7 hours was accounted for in the experimental results of
this chapters. Due to unforeseen factors such as power-off, the testing
duration for each test differs somewhat, ranging from 647 hours to 804
hours.
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Figure 3-4 Temperature Stress Testing Machine (TSTM): (a) TSTM schematic
diagram; (b) TSTM setup.

3.2.3 Corrugated tube test

In the process of AD, the aggregate mainly plays the role of restraint [68],
while the AD mainly originates from the cement paste. Therefore, it is also
important to measure the AD of cement paste. Considering that this chapter
is mainly about the influence of GGBFS, only the 3 relevant mixes were
incorporated into this test. Hence, the corrugated tube tests [45] were
conducted to measure the autogenous shrinkage of cement paste of C3-35,
C3-42,and C3-50, and the measurements were initiated immediately after
casting.

3.2.4 Material characterization

Material characterization tests were performed to reveal microscale
origins that explain the corresponding macroscale behavior (i.e, AD and
EAS) of high-volume GGBFS concrete. By analyzing the consumption of C3A
and C4AF, Darquennes et al. [242] inferred that the autogenous expansion
in GGBFS concrete is a result of ettringite formation. Indeed, as the most
active phase of clinker, the C3A begins immediately to react with gypsum
and forms ettringite once it dissolves in water. According to [266], the
additional sulfur and alumina in GGBFS can highly promote ettringite
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formation. Afterwards, ettringite tends to grow in the pores and expand,
applying crystalline pressure on the pore walls, thereby inducing
autogenous expansion. Hence, the magnitude of autogenous expansion
depends on the volume/ amount of ettringite and the pore size distribution
[267]. In other words, autogenous expansion can happen only when the
volume of ettringite is sufficient to fill the pores. To investigate the effects
of ettringite formation on AD , we employed ESEM to qualitatively study
the distribution of ettringite and QXRD/ MIP to quantitatively analyze the
change of ettringite amount and pore structure. In this section, the cement
pastes of the three mixes containing GGBFS C3-35, C3-42, and C3-50 were
tested. Each sample was cast and cured at a room temperature of 20
degrees and the hydration was stopped at the desired ages using the
solvent exchange with isopropanol.

Since autogenous shrinkage is driven by capillary tension induced by self-
desiccation and can be well explained by Kelvin’s Law [31,32,268], the pore
structure evolution is important for the analysis of the autogenous
shrinkage process. Therefore, the mercury intrusion porosimetry (MIP)
test was conducted. Paste specimens were crushed into small pieces and
stored in the vacuum container to remove isopropanol after hydration was
stopped. Note that, in the MIP test, it is necessary to use small pieces of
specimens (with a size typically smaller than 4 mm) to avoid the influence
of ink-bottle pores [269]. According to [269], it is optimal to prepare the
sample with a slow cutting process. However, specimens younger than 3
days were too soft to bear the clamping force applied by the cutting
machine, as well as the cutting force. Instead, the specimens were soft
enough to be easily crushed into small pieces with a gentle force by a steel
block. Note that, due to the damage induced in the sample preparation
process and the assumption and limitations of the MIP test itself [270,271],
the results herein do not necessarily represent the absolute value of the
true pore size distribution. However, considering that all specimens
undergo the same process, qualitative results regarding the pore structures
will still be comparable, allowing for further analysis of the influence of
pore structures on AD . The intrusion process of the mercury was as follows:
1) a low-press state from 0 to 0.170 MPa; 2) a high-pressure state from
0.170 to 210 MPa; 3) an unpressurized state from 210 MPa to 0.170 MPa.
The pore radius was calculated based on the Washburn equation, with the
surface tension of mercury being 0.485 N/m and the contact angle between
mercury and sample being 140° [272].

As the hydration products also directly influence the AD process, ESEM and
XRD were used to analyze the evolution of microstructure and chemical
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compositions. For ESEM, 2mm-thick samples were ground using 4000 grit
abrasive paper for 5 minutes and polished using synthetic silk polishing
cloth (MD-Dac from Struers) charged with 3 pm and 1 pm diamond pastes
for 2 consecutive 30-minute sessions. During grinding and polishing, an oil-
based lubricant (DP-Lubricant Brown from Struers) was used as a cooling
fluid. Between each grinding and polishing interval, the sample was
immersed in an ultrasonic bath filled with pure ethanol for 30 seconds to
remove debris. Afterwards, samples were carbon coated and moved into
an FEI QUANTA FEG 650 ESEM. An accelerating voltage of 10 kV and a
working distance of 10 mm were used throughout the research. The XRD
test was carried out on a Philips PW 1830/40 powder diffractometer using
the Cu K-alpha radiation. The adopted acceleration voltage was 40 kV and
the X-ray beam current was 40 mA. The XRD data were collected with a
step size of 0.03° for a 20 range from 5° to 60°.

3.3 Results
3.3.1 AD

The AD as measured by the ADTM are shown in

Figure 3-5. The results show that the AD of all 4 mixes is characterized by
an autogenous expansion phase in the first 1~3 days, followed by
autogenous shrinkage. For the mix C3-50, a second expansion peak can be
observed, which resembles the second peak of the heat release rate of
GGBFS concrete [273,274] and may therefore be attributed to the
continuous hydration of slag after the first day. For the mixes C3-35, C3-42,
C3-50, and C1-42, the expansion peak of 52.4, 84.8, 55.3, and 28.9 p-strain
are reached at 40, 38, 27, and 33 hours, respectively. Comparing the
expansion phase of the 4 mixes, the following patterns can be observed:

1) Significant autogenous expansion in the first two days
characterized the AD process. The magnitudes of early
autogenous expansion for C1-42, C3-42, and C3-50 are higher
than the subsequent autogenous shrinkage. For C3-35, the
autogenous expansion is compensated by a fast shrinkage process
atalater age (around 600 hours).

2) The high-volume GGBFS mixes show much higher expansion than
the OPC mix.

3) From the GGBFS mixes, C3-42 shows higher expansion than the
others. C3-50 and C3-35 have a similar expansion magnitude, but
C3-50 shows a longer expansion phase.
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Figure 3-5 AD measured by ADTM

Taking the first expansion peak as time-zero, the shrinkage process of the
4 mixes is shown in Figure 3-6. The results show that, after the expansion
peak, all high-volume GGBFS mixes show higher autogenous shrinkage
than the OPC mix, which is in accordance with published literature [51,57].
Within the first 100 hours, the high-volume GGBFS concrete with alow w/b
ratio (C3-35) shows drastic autogenous shrinkage, and afterwards, a
similar shrinking rate can be observed for the three GGBFS concretes. With
a higher w/b ratio, C3-50 shows a second expansion peak, which seems to
be favorable for avoiding EAC. A slightly faster shrinking rate is also
observed for C3-50 compared with the mix of alower w/b ratio C3-42. This
contradicts existing studies [38,55] which concluded that alower w/b ratio
corresponds to lower porosity and smaller pore size, and should have
higher autogenous shrinkage. However, due to the limitations (e.g,
temperature instability and friction) of the ADTM, the AD curve is not
smooth, and considering the measurement error that may be involved, the
slight difference between the shrinking phase of C3-42 and C3-50 should
not be seen as significant.
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Figure 3-6 Autogenous shrinkage zeroed at the expansion peak
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The AD s of cement pastes of C3-35, C3-42, and C3-50, measured by the
corrugated tube test [45], are shown in Figure 3-7. Note that, due to the
incorporation of the aggregate and much smaller sectional size of
specimens used in the corrugates tube test, the absolute values of the AD
measured by ADTM are significantly lower than those measured by
corrugate tube tests. Figure 3-7 (a) shows the AD curve by setting the time-
zero the same as the ADTM, and Figure 3-7 (b) shows the AD after the
expansion peak. The results of all 3 GGBFS cement pastes resemble the
behavior of their concrete counterparts: first, an expansion phase that lasts
around 30 hours, followed by the shrinkage phase. Similar to the results of
concrete, the C3-42 shows the highest expansion peak and the C3-50 shows
a lower shrinking rate after the first expansion peak. However, due to the
effects of dilution and restraint incorporated by aggregate and the
interfacial transition zone, the results of paste still preserve obvious
differences with concrete: 1) the expansion peak of C3-50 is notably higher
than that of C3-35, and the second expansion peak seems to be less obvious;
2) the shrinking rate of C3-42 is higher than C3-50.
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Figure 3-7 AD measured by the corrugated tube test: (a) After the same time-
zero as ADTM results; (b) After the expansion peak.

Overall, the results show that AD of high-volume GGBFS mix is
characterized by a high expansion peak, which can delay the appearance of
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tensile stress at an early age and therefore reduce the EAC risk. After the
expansion peak, the GGBFS mixes undergo a faster autogenous shrinkage
than the OPC mix. Especially for concrete with a low w/b ratio at 50~150
hours, the drastic autogenous shrinkage indicates a high EAC risk.
Comparing all the GGBFS mixes, both paste and concrete results indicate
that the mix with a medium w/b ratio (i.e, 0.42) shows the highest
expansion that can reduce the EAC risk.

3.3.2 Stress Evolution

3.3.2.1 Stress results

Under isothermal conditions ensured by water circulation, wood mold
insulation, and constant room temperature, the AD is restrained by the
TSTM, resulting in stress development as shown in Figure 3-8. The stress
evolution resembles the pattern observed in AD results: all mixes display
an initial compression phase and then go to tension phase. The expanding
and shrinking process observed in the ADTM corresponds well with the
stress decrease (i.e.,, compression) and increase (i.e., tension) observed in
the TSTM. The initial compression phase has a similar duration as the
autogenous expansion measured by the ADTM, which proves the validity
of combined ADTM and TSTM testing. The following can be observed from
the TSTM results:

1) The GGBFS mix with alow w/b ratio (C3-35) shows a fast increase
of stress between 50-150 hours, which indicates a high risk of EAC.

2) The OPC mix (C1-42) shows the shortest expansion phase and the
slowest stress evolution rate, which is even slower than the GGBFS
mix with a higher w/b ratio (C3-50).

3) The GGBFS mix with medium w/b ratio (C3-42) undergoes a
compressive stress similar to C3-35. Note that, although C3-42 has
much higher expansion as measured in the ADTM, the lower
elastic modulus and higher relaxation (see later in section 3.2.3)
limits the compressive stress level that can be induced by the
restrained expansion. However, compared to C3-50, the
compressive stress in C3-42 is noticeably higher, which
compensates for more shrinkage-induced tensile stress after the
expansion peak and finally leads to a similar tensile stress level.



CHAPTER 3 53

Stress/ MPa

0 100 200 300 400 500 600 700 800
Time/ hours

Figure 3-8 Stress evolution in restrained concrete measured by TSTM

3.3.2.2 Stress-strength ratio

The stress-strength ratio is a straightforward index to assess the EAC risk
at different ages. The tensile strength of concrete is closely correlated with
the compressive strength and can be predicted accurately by a closed-form
formula [118,275,276]. To quantitatively evaluate the EAC risk, the formula
proposed by the Model Code 2010 [113] is used herein to estimate the
development of splitting tensile strength as follows:

2
£,(t) = { 0.3 x f.3, f. <50 MPa (3-1)
212 xIn(1+ 0.1 xf,) f, =50 MPa

where f«(t) is the estimated tensile strength at the age of t hours; f: is the
compressive strength measured at thours, as shown in section 3.2.1. In this
chapter, the compressive strength tested at 1, 3, 7, 14, and 28 days is used
to estimate the tensile strength at corresponding ages, and then a quadratic
spline [277] is used to interpolate the estimated tensile strength in a
continuous time range. By dividing the stress results of Figure 3-8 with the
estimated tensile strength, the stress-strength ratio of the 4 mixes is
obtained (Figure 3-9). Note that the negative values in Figure 3-9 mean that
the specimen is in a compressive phase and therefore shows no EAC risk.
The stress-strength ratio of mixes C3-35, C3-42, C3-50, and C1-42 exceeds
0 at 70, 127, 200, and 412 hours, respectively; at this point, the tensile
stress starts to develop. The stress-strength ratio results show a similar but
more straightforward and clearer pattern than the stress results, allowing
for the following observations:

1) The stress-strength ratio of the mix C3-35 shows a rapidly
increasing rate before 150 hours and a steady increasing
stage afterward. A value of 0.417 is reached at 785 hours. It
should be noted that the limit state value of the tensile stress-
strength ratio commonly used in engineering design practice
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is 0.5 [278]. Furthermore, the ratio of 0.417 is a result of
autogenous shrinkage-induced stress under a (favorable)
curing temperature of 20 degrees, while the stresses due to
thermal and drying shrinkage are not considered. Therefore,
the stress-strength ratio of the mix C3-35 indicates a high EAC
risk.

2) The OPC mix develops tensile stresses at the latest age and
reaches a stress-strength ratio of (only) 0.018 at 691 hours,
which proves that autogenous shrinkage-induced stress has
negligible influence on the EAC of OPC concrete with a
medium w/b ratio (0.42).

3) Although the tensile stress in C3-42 develops earlier than in
C3-50, their stress-strength ratio maintains at a level lower
than 0.2 at the first 672 hours and shows a similar increasing

rate.
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Figure 3-9 Stress-strength ratio

3.3.2.3 Stress relaxation

Stress relaxation is a significant factor that must be considered in the
quantification of early-age stress evolution in restrained concrete since the
creep/ relaxation of early-age concrete is very high [174,201,238]. This
chapter aims to provide a qualitative understanding of how relaxation
influences stress accumulation. Because the stress level is below 50% of
tensile strength, it is reasonable to assume an ideal viscoelastic constitutive
model of concrete. Thereby, the stress is formed by the elastic part o« and
relaxed part or, expressed as [253]:

o(t) = 0 () = 0re (V) (3-2)

where o(t) is the overall stress measured by the TSTM tests. If the aging
relaxation modulus or the aging creep compliance is known, following the
Boltzmann superposition principle, the total stress can be expressed as the
following convolution:
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o(t) = J-tR(tO,t)é(to) dt, (3-3)
0

where R (to, t) represents the aging relaxation modulus at time t when the
load is applied at to; € represents the enforced strain. To account for the
influence of relaxed stress on the overall stress evolution, the relaxed stress
is directly calculated by subtracting the elastic stress from the overall stress
measured by the TSTM. The elastic stress can be calculated as:

t

0a® = [ B de (3-4)

where E is the elastic modulus. Applying the mid-point rule and assuming
the time step At as 1 hour, the calculation of Eq(3-4) can be expressed as:

- 1
6o (t) = Z B(t+500) X Az(t) X At (3-5)
0

Substituting Eq(3-5) in Eq(2-1), the stress can be expressed as:

- 1
Ore(t) = z E(t+ EM) X Ae(t) X At —o(t) (3-6)

Due to the close correlation with compressive strength [119,123,279], the
elastic modulus E(t) is estimated herein by applying the formula
recommended by the Model Code 2010 [113]. Note that the validity of this
estimation was confirmed by comparing the influence of various formulas
and the estimated results of the C3-50 with the elastic modulus tests, which
will be shown in the Chapter 4. The formula used for estimating the elastic
modulus is as follows:

HON:
Wﬁ (3-7)

where Ew is a coefficient and equals 21500 MPa; axis the coefficient for
different aggregates ranging from 0.7 to 1.2. Considering the aggregates
used in the tests are mainly quartzite gravel, aris taken as 1.0 in this study.
Following Eq ((3-5)~(3-7)), the elastic and relaxed stress can be calculated,
as shown in Figure 3-10. A significant influence of relaxation on stress
accumulation before the expansion peak is observed, which directly results
in the decrease of compressive stress and accelerates the occurrence of
tensile stress. Afterwards, the relaxed stress steadily decreases and most
elastic stress is preserved as the total stress. This can also be seen from the
similar increase rate of the overall stress and elastic stress. The results here
show that the influence of creep/ relaxation on the EAC risk of GGBFS

E(t) = Ecoag (
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concrete is negative during the autogenous expansion. The high
creep/relaxation at an early-age compromises the effect of early-age
autogenous expansion and reduces the compressive stress in the first 1~3
days and exposes the restrained concrete to tensile stress earlier.
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Figure 3-10 Relaxed stress: (a) C3-35; (b) C3-42; (c) C3-50; (d) C1-42.
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3.3.3 AD due to ettringite formation

3.3.3.1 ESEM results

Representative ESEM images of the 3 GGBFS mixes C3-35, C3-42, and C3-
50 at 1 day are shown in Figure 3-11. The 5000 x images were taken at
porous areas of the samples and the 20000x images were the zoomed-in
view of one of the large pores. The 5000x ESEM images show that ettringite
mostly appears in porous regions where continuous hydration happens
and fibrous CSH grows. The 20000x SEM images show the existence of rod-
like ettringite in all mixes. The GGBFS mixes with higher w/b ratios (i.e,
0.42 and 0.50) have more porous areas and tend to obtain more ettringite
with larger rod sizes. In the C3-50 mix, scattered ettringite grows in large
pores, which indicates limited crystalline pressure and therefore lower
autogenous expansion. On the other hand, in the mix C3-42, dense clusters
of ettringite with large rod sizes fill in relatively smaller pores, which
indicates considerable crystalline pressure resulting in higher autogenous
expansion. These observations are consistent with the aforementioned
ADTM and TSTM tests of all 4 mixes.

(c) C3-50
Figure 3-11 SEM images of ettringite formation: (a) C3-35; (b) C3-42; (c) C3-
50. (left: porous area; right: zoomed-in view of large pores)
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3.3.3.2 XRD and Rietveld Refinement

The ADTM/ TSTM tests show high autogenous expansion in high-volume
GGBFS concrete, indicating a high amount of ettringite. Therefore, the
GGBFS mixes C3-35, C3-42 and C3-50 were selected to conduct XRD
analysis at the age of 2 days, which is the approximate timing of autogenous
expansion peaks observed in ADTM/ TSTM tests. Meanwhile, to
distinguish the pattern of how ettringite content evolves with time, the
ettringite content of the mix C3-42 at 1, 2, and 3 days were also tested.
Before the XRD test, 10% silicon was added to the sample powder as an
internal standard, and then Rietveld refinement [280] was conducted to
decompose the raw XRD curve. By predefining the mineral types of
different hydration products and clinkers that exist in early-age GGBFS
paste, the decomposition is conducted based on the program BGMN [281]
and the ICDD database. As shown in Figure 3-12, considerably good fitting
performance was obtained for all XRD patterns of all samples, whose
weighted profile R-factors (Rwy) were all lower than 2.0%.

—— Raw Data: C3_35_2d —— Fitted Data: C3_42_2d
300 Fitted Data: C3_35_2d Raw Data: C3_42_3d |
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Figure 3-12 XRD pattern and Rietveld refinement

The intensity of ettringite at around 9 degrees measured by the QXRD and
the mass fraction of ettringite calculated by Rietveld refinement are shown
in Figure 3-13. Note that the generation of calcium hydroxide (CH) can also
be a reason for such autogenous expansion [282]. However, in the high-
volume slag system the CH is mostly consumed by the pozzolanic reaction
of slag and therefore its content is low. In the QXRD results, the CH contents
of all samples are below 1% and therefore they are ruled out as the reason
inducing the expansion and will not be shown and discussed here. The
results are consistent with the ADTM/ TSTM results in the following 2
aspects:

i Comparing the GGBFS samples with different w/b ratios at 2 days



CHAPTER 3 59

(i.e., C3-35-2d, C3-42-2d, and C3-50-2d), the sample C3-42-2d
contains the highest amount of ettringite. The ADTM/ TSTM tests
exhibited the consistent pattern that the C3-42 sample obtained
the highest expansion peak and high compressive stress.

ii. Comparing the GGBFS samples with the same w/bratioat 1, 2,and
3 days (i.e., C3-42-1d, C3-42-2d, and C3-42-3d), it is found that a
considerable amount of ettringite is produced in the first day, and
then keep increasing until the second day. Afterward, the amount
of ettringite starts to decrease and transform into calcium
monosulfoaluminate. This is also consistent with the ADTM/
TSTM finding that the expansion peaks of GGBFS mixes all occur
during the second day.
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Figure 3-13 Ettringite content measured by XRD: (a) Intensity; (b) Mass
fraction calculated by Rietveld refinement

3.3.3.3 MIP results

The pore structure not only influences the capillary tension that can be
induced by self-desiccation, but also determines the crystalline pressure
that can be generated by the ettringite formation. Given this, the MIP tests
are conducted on the 3 high-volume GGBFS cement pastes at 1 and 3 days.
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The results are shown in Figure 3-14 and Figure 3-15. The following can be
inferred from the MIP results:

1)

2)

The rank of the critical pore entry radius (CPER) (i.e., the point
where the steepest slope of the dV/dlogD curve is observed in
Figure 3-14) is C3-35<< C3-42< C3-50. The “<<” means that the
CPER ofthe C3-35 is much smaller than others. The “<” means that
the CPER of the C3-42 is lower than C3-50 after 1 day, but similar
after 3 days. According to Kelvin’s equation, the capillary tension
that can be induced by self-desiccation is also dependent on the
pore size: smaller pores correspond to higher capillary tension
and, therefore, cause higher autogenous shrinkage. In the ADTM/
TSTS tests, the C3-35 showed the fastest autogenous shrinkage
and therefore generated more tensile stress. Overall, based on
Kelvin's Equation, the ADTM/ TSTM results of all the GGBFS mixes
can be explained by the rank of CPER.

After 1 day, the CPER of the mix C3-42 is lower than that of C3-50,
which means that the pore size of C3-42 is generally much smaller
than C3-50. Therefore, even though with similar ettringite
amounts and overall porosity, the pores of C3-42 are easier to fill,
and more crystalline pressure can be applied to the pore walls.
This explains why the expansion peak of the C3-42 is significantly
higher than that of C3-50.
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Figure 3-14 Pore size distribution at ages of: (a) 1 day; (b) 3day
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Figure 3-15 Porosity of different mixes derived from MIP results

3.4 Discussion

Based on the ADTM/ TSTM tests and ESEM/ XRD/ MIP tests, the influence
of adding high-volume GGBFS on EAC risk is a complex result of the changes
in AD and mechanical properties. In the first 2 days after casting, ettringite
formation induces significant autogenous expansion. After 2 days, GGBFS
either acts as filler or promotes the pozzolanic reaction, which
continuously refines the pores and consumes water. As a result, the
capillary pressure that can induce autogenous shrinkage is increased,
according to Kelvin's equation. Therefore, in the first 2 days, the influence
of GGBEFS is favorable for preventing EAC risk, because high expansion
introduces compressive stress and delays the occurrence of tensile stress.
However, due to the high early-age creep/ relaxation, most of the
compressive stress that would have accumulated by the autogenous
expansion is relaxed. The advantage of the autogenous expansion cannot
leverage the increased autogenous shrinkage afterward, and therefore the
EAC risk induced by autogenous shrinkage of high-volume GGBFS concrete
is higher than that of OPC concrete.

Among the high-volume GGBFS concrete with w/b ratios of 0.35, 0.42, and
0.50, the w/b ratio of 0.42 appears to be the most favorable choice when
considering the compressive strength and the EAC risk quantified by the
stress/ strength ratio. Such an advantage is achieved mainly by the
compatibility of ettringite formation and pore size evolution. The highest
amount of ettringite is generated in C3-42 which can fill the pores and
apply crystalline pressure to induce high autogenous expansion. In the mix
C3-35, less ettringite is produced, and therefore only limited autogenous
expansion is observed. Afterwards, along with the fast decrease of the pore
size and the internal relative humidity, the autogenous shrinkage goes fast
and results in the rapid increase of tensile stress. For the mix C3-50,
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although the ettringite amount is comparable with the C3-42, larger pore
size limits the effective contact between ettringite and the pore walls, and
therefore only limited autogenous expansion is observed. However, note
that the observations are valid when it comes to AD , while when thermal
and drying deformation is involved, more factors like e.g., the structural
size need to be considered and thus the final EAC risk for different mixes
may change.

The presented study found an agreement between the macroscale TSTM/
ADTM tests and microscale ESEM/ XRD/ MIP tests. However, in the TSTM/
ADTM test results, the fluctuations of measurement with time still indicate
a potential error in the macroscale test. This error can be attributed to the
temperature instability and the friction between the sample and the
supporting plate. Because the dog-bone specimens of TSTM tests are all
larger than 1 meter, almost all TSTM tests (including this study) are
conducted horizontally [28,37,232,234,236]. The self-weight of concrete
and the contact between the specimen and the supporting table makes the
influence of friction unavoidable, which may cause jumps in the stress and
deformation measurements. Based on the temperature regulating system
introduced in section 3.2.2, the temperature at the middle thermocouple is
fixed at 20 degrees. To show how temperature control influences the
measurement, the temperature measurement of the C3-42 is given as an
example, as shown in Figure 3-16. It is found that the temperature in the
middle part of the dog-bone specimen was well controlled at 20 degrees,
with an error range of 0.05 degree. The temperature at the two ends of the
specimen, where water circulation cannot reach, has a temperature close
to the room temperature of around 19.5 degrees. To keep the temperature
of the middle part specimen at 20 degrees, the water with a temperature of
around 20.7 degrees circulates the middle part of the sample. Therefore,
the measurement indicates that a temperature difference of less than 1
degree exists in both length-wise and depth-wise direction. Moreover,
because the room temperature is not strictly constant, it can influence the
temperature of the specimen at the two ends directly, and can also
influence the feedback control to adjust its water temperature, indicating a
change of temperature at the specimen surface also happens. All the factors
mentioned above are potentially responsible for measurement jumps in
both AD and restraint stress.
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Figure 3-16 Temperature measurement of C3-42

Conclusions

To investigate the EAC risk of high-volume GGBFS concrete, herein ADTM
and TSTM tests were performed to measure the AD and induced EAS of
high-volume GGBFS concrete with w/b ratios ranging from 0.35~0.5. In
addition, an OPC mix with a medium w/b ratio is also tested as a reference.

ESEM/

XRD/ MIP tests were also performed to study the mechanisms of

AD of GGBFS concrete at the microscale. The results of the macro-scale
ADTM/ TSTM tests and micro-scale ESEM/ XRD/ MIP tests agree well. The
following conclusions can be drawn:

iy

2)

3)

4)

High-volume GGBFS concrete shows higher autogenous
expansion in the first two days and higher autogenous shrinkage
afterwards than OPC concrete.

The EAC risk induced by AD of high-volume GGBFS concrete is
higher than that of OPC concrete, because the compressive stress
induced by early-age autogenous expansion is limited by high
creep/ relaxation, and the higher autogenous shrinkage of GGBFS
concrete plays a more significant role in tensile stress evolution.
The w/b ratio of 0.42 might be the optimal choice for high-
volume GGBFS concrete because it produces the highest amount
of ettringite and develops compatible pore size to ensure
effective contact between ettringite and pore walls, which further
leads to the highest autogenous expansion and therefore high
compressive stress as observed in this study.

The w/b ratio of 0.35 appears to be risky for high-volume GGBFS
concrete in terms of EAC potential. Due to the fast decrease of
pore size and porosity, autogenous shrinkage of the high-volume
GGBFS concrete with a w/b ratio of 0.35 happens drastically after
the expansion peak, which then results in the highest stress/
strength ratio.
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4 @ BAYESIAN INVERSE MODELLING OF AGING
CREEP FOR PREDICTING THE EARLY AGE

STRESS EVOLUTION

This chapter presents a Bayesian inverse modelling scheme of aging creep for
predicting the early-age stress (EAS) evolution induced by the AD in ground
granulated blast furnace slag (GGBES) concrete. An FE model for simulating
the stress evolution in TSTM tests was established by a self-defined material
subroutine based on the Rate-type creep law. By characterizing the creep
compliance function with a 13-unit continuous Kelvin chain, forward
modelling was first conducted to predict the stress development. Then, inverse
modelling was conducted by Bayesian Optimization to efficiently modify the
constant aging terms in the empirical formulas of the codes for the aging creep.
The major findings of this chapter are as follows: 1) the magnitude of
compressive stress that occurs as a consequence of high autogenous expansion
in GGBFS concrete is low because of high relaxation and low elastic modulus;
2) the codes highly underestimated the early-age creep of GGBFS concrete.
Although the codes could predict creep reasonably well after 200 hours, they
significantly underestimated its magnitude in the early ages; 3) The proposed
inverse modelling method with Bayesian Optimization can be used to adjust the
aging terms of the code formulas to reproduce the experimental results. The
adjusted creep compliance function of GGBFES showed a much faster aging speed
at early ages than the one proposed by the codes.

Parts of this chapter have been published in Liang, M., Li, Z, He, S., Chang, Z,, Gan, Y., Schlangen, E.,
& Savija, B. (2022). Stress evolution in restrained GGBFS concrete due to autogenous deformation:
Bayesian optimization of aging creep. Construction and Building Materials, 324, 126690.
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4.1 Introduction

Viscoelastic properties (i.e. creep/ relaxation) are necessary input that
significantly influence the performance of EAS prediction models
[237,238,283]. Early age creep can be modelled by a power law function
[166,193,284], which can then be used as the input for EAS prediction
models. However, early-age creep tests require decoupling of the effects of
hydration and creep. Moreover, the potential difference between
compressive and tensile creep [158,179] also poses challenges in modeling
the EAS with the measured aging creep function as input. This is because
the EAS development is a process from compression to tension, while the
measured aging creep function is typically obtained from either
compressive or tensile creep test. In addition, the aging creep function
requires a continuous (or at least frequent) measurement throughout the
early age of concrete, which makes the tests even more difficult. Although
there are many standard codes providing prediction formulas of creep for
normal concretes, the incorporation of high-volume GGBFS and difficulties
of testing the very early-age creep raise questions regarding the
applicability of these formulas [162,164,190,285].

In view of the difficulties of obtaining an appropriate input of aging creep
function, therein a Bayesian inverse modelling scheme is proposed to infer
the aging creep function and predict the EAS evolution based on the rate-
type creep law. Two TSTM and ADTM testing results (i.e.,, C3-35 and C3-50)
from Chapter 3 were used to show the efficiency of proposed modelling
schemes, based on the creep functions of two representative international
codes. The creep/ relaxation behavior was implemented as a 13-units
Kelvin chain in 3D FE modelling based on the Rate-type creep law with a
self-defined material constitutive subroutine. The proposed model was
validated by forward modelling. The effects of aging creep on EAC were
quantified under the framework of Euro code and ACI code by inverse
modelling based on Bayesian optimization.

4.2 Forward modelling by rate-type creep law

The stress evolution is a direct index of EAC potential of concrete. The EAC
potential p(t) can be derived by normalizing the EAS evolution o(t) with the
tensile strength development f{t) as follows:

a(t)

p(t) = [70) (4-1)
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An objective of the proposed model is to predict the EAS evolution o(t) of
GGBFS concrete in fully restrained TSTM tests.

4.2.1 Stress superposition and computational dilemma

Since EAC analysis focuses on undamaged concrete, it can be assumed that
the previous state of stress and deformation of concrete does not influence
the mechanical response of concrete at later stages. In other words, the
mechanical responses of concrete in different time steps are independent
from each other. Therefore, the Boltzmann superposition principle can be
applied to sum all mechanical responses of concrete at all time steps to
form an overall mechanical response. In TSTM tests, the relative distance
of two embedded bars is restrained (see Chapter 3), which corresponds to
a typical relaxation scenario. Therefore, the EAS evolution o(t) can be
expressed as the following convolution:

o(t) = f R(to, t) de(ty) (4-2)
0

where t is the age of concrete; to is the age when loads are applied; ¢ is the
imposed strain (in this study, € refers AD); R is the relaxation function. To
compute the stress superposition in TSTM tests, we first divide the
continuous process of AD by a time interval At. Assuming that, in each time
interval 4t, the AD occurs immediately at the onset and is constant until the
end of the interval (as shown in Figure 4-1 (a)). With a fully restrained
boundary condition, the AD (ie, imposed strain) first causes an
instantaneous elastic stress at the onset of each time interval which
gradually decreases due to relaxation effects. Figure 4-1 (b) shows the
stress history of each time interval corresponding to the strain history of
Figure 4-1 (a). The red line in Figure 4-1 (b) is the instantaneous elastic
stress increase induced by imposed strain at the onset of each time interval,
while the green line is the relaxation history of the stress.
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Figure 4-1 Illustration of stress superposition: (a) AD history; (b) Stress of
each time interval

Following Eq (4-2), the stress evolution after tsin Figure 4-1 will be the sum
of all the stress curves (i.e., green curves), which can be expressed as:

a(t) = g R(ty,t) +&;R(t,, t) +e5R(t3, 1) +&,R(Ly, 1) (4-3)

The case showed by Figure 4-1 illustrates the computational dilemma of Eq
(4-2), which requires to restore every stress history curve of each previous
time interval and sum them up. In the simple example depicted in Figure
4-1, which only has 4 timesteps, 4 terms of stress histories are needed to
count the whole stress evolution history. In real cases, where many
timesteps are needed, direct implementation of Eq (4-2) in FEM is very
difficult because storing all the stress histories of every element is very
computationally demanding.
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4.2.2 Rate-type Creep Law

The rate-type creep law [111,213] can efficiently solve the computational
dilemma introduced in section 4.2.1. The relaxation function R (¢, t) is
difficult to measure because the strain must be adjusted to a constant value
in every time-interval. Therefore, it is more practical to characterize the
measure creep. The integration form of strain is expressed as:

e(t) = f J(to, ©) do(to) (4-4)
0

where | is the creep compliance function. Rearranging Eq (4-4) into the
incremental form from ¢ to ti; and assuming a linear stress variation in
each time interval, one can obtain the quasi-elastic constitutive equations:

Ao = E*Ae —o* (4-5)
B At
e 4-6
fttl. H](to, ti+1)dt0 ( )
0" =E fotiU(tO' tir) — J(to, ty)]ddt, (4-7)

where Ao and Ae are difference of stress and strain between two
consecutive time steps t; and ti.1. Note that the integration in Eq (4-7) still
requires to revisiting the stress history, which makes FEM modelling very
difficult. By implementing the rate-type Creep Law [111,213], the integral
can be transformed to a series oflinear differential equations, which are the
governing equations of the Kelvin chain rheological model with multiple
sets of springs and dashpots. The creep compliance function can be
expressed as a Dirichlet series:

t—to

N
1 1 _tot
J (t’t)on(to)+jzzlEf(to) (1=e ) (4-8)

where N is the number of Kelvin chain units; Ejand y;is the elastic modulus
and retardation time of j-th Kelvin chain unit. Assuming that the variation
of stress within each time interval is linear, substituting Eq (4-8) into Eq
(4-6)~ (4-7), and calculating the integral by mid-point rule, one can obtain
the expression of E*and o™ as follows:

1

1 s
m-l_zyﬂm(l— (1-e ”J)A_]t)

B = (4-9)
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N At
() = Bt ) (1—e M) e (tr) (+-10)
j=1
t
1 _ti—to
5t = e W gdt (4-11)
j( L) fE](tO) 0
0
_At ) A
& (tipg) = € Mg (t;) trg e )2 Ao (4-12)

where t" is the average of two consecutive time steps t;and ti.1. Eq (4-5) and
Eq ((4-9)~ (4-12)) form the incremental viscoelastic constitutive
relationship for simulating the development of stress induced by AD . Note
that the £ of each Kelvin chain unit is the internal state variable, which is a
second-order strain tensor that must be updated in each integration point
according to Eq (4-12) at every time step.

4.2.3 FEM configuration

4.2.3.1 Meshes and boundary conditions

The Rate type creep law is implemented by a self-defined subroutine of
material mechanical constitutive behavior in the commercial FEM software
COMSOL Multiphysics. A numerical dog-bone TSTM specimen is generated
as shown in Figure 4-2, which is discretized by evenly distributed
hexahedral mesh. At the transition area from the two ends to the middle, a
denser mesh is adopted to assure numerical precision. The FE model
uncertainties are significant factors influencing the optimization results.
Since the input parameters (except for creep aging terms) are derived from
tests, the only variation lies in the FE configurations, including step size,
step convergence criterion, meshing schemes, etc. These parameters were
calibrated at the beginning to get reliable results. Roller boundaries are
attached to the purple areas in Figure 4-2 (b) (i.e., bottom sides and the
lateral sides of the two ends), which ensures zero displacement in the
direction normal to the boundary surface.

(b)

Figure 4-2 Numerical dog-bone specimen: (a) mesh; (b) boundary conditions
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The influence of meshing sizes on modelling results is presented by

comparing the results of four different meshing sizes, including original

mesh size, 1 coarser mesh size (166.7% of current mesh size), and 2 finer

mesh size (71.4% and 55.6% of original mesh size), as shown below.

166.7% original mesh size (number of elements = 270)

@

(b) original mesh size (number of elements = 1150)

(c) 71.4% original mesh size (number of elements = 3038)

S

S

S

KKK
N
N

s

(d) 55.6% original mesh size (number of elements = 6318)

Figure 4-3 Four meshing schemes (a-d)

166.7%, 100%, 71.4%, and 55.6% of

th the element number of 270, 1150, 3038, and 6318

ize, wi

1 mesh si

igina

the or

respectively.

Taking C3-50 as an example, the results of the 4 meshing schemes are

shown below. It can be found that all 4 meshing schemes can produce
similar results. The difference between different meshing schemes remains

almost invisible from the whole-time range. Minor difference can only be
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seen on amplified time range. Therefore, the current FEM configurations
can efficiently guarantee the repeatability of the numerical model with the
same material input.
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Figure 4-4 Results of 4 different meshing schemes in (a) 0-28 days and (b)
between 630-650 hours

4.2.3.2 Constitutive relationship and input parameters

Considering AD as an isotropic deformation in all directions, the quasi-
elastic constitutive equation described by Eq (4-5) can be rewritten as
follows:

Ao = E*(Ae — Agyy) — o (4-13)
where Aeqq is the autogenous strain in each time interval; o” is the state

variable that stores the previous load histories and should be updated in
every time step according to Eq ((4-9)~ (4-12)). In this model, there are
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three kinds of input material properties and behaviors: autogenous strain
£aqd(t), elastic modulus E(t), and creep compliance function J(ts, t). The
testing results of AD and compressive strength of C3-35 and C3-50 from
tests in Chapter 3 are used as inputs of the model. The results of
compressive strength are used to calculate the E(t) [286]:

1
£ = Eude (12) (410

where f{t) and E(t) are the compressive strength and elastic modulus at an
age t, respectively; Ew is a coefficient and equals to 21500 MPa; aris the
coefficient for different aggregate ranging from 0.7 to 1.2. Considering the
aggregates used in the tests are mainly quartzite gravel, arequals to 1.0 in
this study. Note that the selection of a proper estimation formula for the
elastic modulus can influence the modelling results. The influence of 4
international codes (i.e., Eurocode 2, Model Code 2010 and codes made by
American Concrete Institute (ACI) and Canadian Standards Association
(CSA)) [30,286-288] on the simulation results were investigated, by using
their different formulas in the model. As an example, the simulation of w/b
=0.50 was conducted. Based on the compressive strength at different ages,
the elastic modulus can be calculated according to formulas in the 4
international codes, shown as follows.

35

30
£
[C) 25
2
=
B2t
=
g
2
o 15
——Eurocode 2
10 ——fib MC2010|{
ACI
—CsA
. ‘ ‘ ‘ ,
0 5 10 15 20 25 30
Time /Day
Figure 4-5 Elastic modulus of the mix w/b = 0.50 based on 4 international
codes

Furthermore, based on the calculated elastic modulus based on four
different international codes, the stress results are shown below. The
difference between the codes’ estimation on elastic modulus is reflected in
the stress results: 1) Because Eurocode 2 and fib MC2010 has similar
estimation on elastic modulus, their stress results are also close; 2) Because
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ACI and CSA tend to underestimate the elastic modulus, their stress results
showed lower compressive and tensile stress among the whole-time range.
The parametric study presented here also validate the reasonability of the
proposed model.
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Figure 4-6 Stress results of the mix C3-50 using formulas of elastic modulus of
4 international codes

The bottleneck of this model lies in the creep compliance function J (ty, t),
which is difficult to test because: 1) the creep tests last for a certain period
of time, which makes it difficult to decouple the influence of hydration from
creep, especially for very early age concrete; 2) creep tests only allow
measuring the creep compliance function at discrete loading ages, while J
(to, t) is a continuous function characterized by a 3D surface.

4.2.4 Kelvin-chain spectrum

To overcome the issue of missing creep compliance data, this study
parameterizes the creep compliance function J (t5 t) into a continuous
Kelvin chain spectrum under the framework of two international standard
codes: Eurocode 2 [288] and ACI-209R [30]. First, the ] (to, t) recommended
by the codes is used as input in this model to evaluate the performance of
the codes; then, inverse modelling is conducted by Bayesian optimization
to find the most appropriate J (to, t) of GGBFS concrete C3-35 and C3-50 in
chapter 3. Both of these codes follow the Double Power Law [193], and
their formulas can be expressed as:

1
J@',t) = E@) + CoC1 () C(8) (4-15)
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where Co is a coefficient related to general concrete properties and
environmental conditions, such as compressive strength at 28 days,
relative humidity, etc.; Cz is a power function to describe the aging of creep
compliance, which only depends on age of loading to; Cz is a power function
representing the non-aging term, which depends on the time length of
loading & (é=t-tp). In the rate-type law, the creep compliance function is
expressed as a Kelvin chain model (i.e., a Dirichlet series as Eq (4-8)).
Therefore, to incorporate the creep compliance data of codes in the FEM
model, the Kelvin chain parameters (i.e., Ej, yj for j = 1: N) should be fitted
by the function Eq (4-15).

However, directly fitting the Ej, 1 is problematic because of weak points
such as non-unique solutions [204]. This study implements a general
procedure of fitting the Kelvin chain parameters with a continuous
spectrum [209], which guarantees a unique and stable solution. A 13-units
Kelvin chain (j=13 in Eq (4-8)) is used to describe the creep compliance
function Eq (4-15) in the first 28 days. First, the retardation time  is
chosen as a priori to prevent ill-conditioned equation system as follows
[289]:

pj=10"%, j=1:13 (4-16)
The continuous form of the non-aging term is expressed as follows [213]:
[e9) 1 _i
(%) =f 7 (1 —e M)dinu) (4-17)
o 5j

Using the Laplace transform and Widder’s formula, the solutions of Ej can
be derived [209]:

1 ; (=kep)* (k)
In this study, the spectrum of third order (k=3) is used. The fitting results
of the mixes C3-35 and C3-50 from Chapter 3 are shown in Figure 4-7,
which shows that the fitted Kelvin chain can mimic the codes with good
precision.
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Figure 4-7 Fitting results of Kelvin chain with codes: (a) Eurocode w/b= 0.35;
(b) Euro code w/b= 0.50; (c) ACI w/b= 0.35; (d) ACI w/b= 0.50.

L0

4.2.5 Modelling the EAS using creep functions from codes

The procedure of forward modelling is shown in Figure 4-8, based on the
framework of FEM model established in section 4.2.2~4.2.4. In TSTM tests,
the stress is calculated by normalizing the restraint force with the area of
cross-section of the dog-bone specimen. In the FEM model, as shown in
Figure 4-9, the modelling result of stress evolution ou is calculated at the
middle section of the specimen and expressed as follows:

_ J] 0x dy dz

on(®) =222 (4-19)

where o is the component of stress tensor in xx direction (ie., axial
direction of dog-bone specimen); A is the cross-section area of the yz plane
at x = 0. The metric Root Mean Squared Error (RMSE) is used to assess the
modelling accuracy by averaging the residual error at each time step:

Se(ow (8) = ar ()

ttotal

RMSE =

(4-20)

where om(t) and or(t) are the modelling and testing results of stress at time
step ¢, respectively.
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Figure 4-9 Stress contour at 640h (w/b=0.5), the units in the legend bar is Pa.
4.3 Inverse modelling

Creep tests of concrete at early age are difficult to perform because the
influence of hydration cannot be fully decoupled. For example, for a
concrete specimen under sustained loads from an age of 12 hours to 36
hours, the measured creep compliance curve fromJ (12, 12) to] (12, 36) can
be derived by subtracting the shrinkage strains from the measured total
strains. Then with the experimental results, the creep compliance function
J (12, t) will be fitted by either power function or logarithmic function,
which aims to represent the creep strain development since the age of 12
hours when a unit load is applied. However, this process assumes that the
concrete properties (e.g., elastic modulus, creep etc.) remain constant
during 12~36 hours, while in reality the microstructure of concrete
changes drastically in that period. In view of the testing difficulties of aging
creep, this study uses inverse modelling to unravel the aging patterns of
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creep [290-292]. An objective function is first defined to measure the
agreement between modelling and experimental results. Then, Bayesian
Optimization is implemented to find the best-fit parameters of aging creep
and achieve a minimum in the objective function.

4.3.1 Definition of the objective function
In forward modelling, the accuracy of the FEM model can be defined as:
RMSE = fleqa(t), E(t),J (¥, 1), or(1)] (4-21)

where fis a complex implicit function represented by the FEM model. With
the function f, inverse modelling can be defined as the following
optimization process: given the input of AD €44(t), elastic modulus E(t) and
testing results or(t), find the creep compliance function J(to, t) that can give
best modelling results. Thus, the objective function of inverse modelling
can be expressed as:

argmin f{J(t’, t)|eqq(t), E(t), o7 (£)} (4-22)

As in Eq (4-15), the creep compliance function /(g t) is a surface controlled
by E(t), constant term Co, aging term C: and non-aging term C>. It should be
noted that, in both codes, the terms Co and Cz are dependent on mixture and
environmental parameters, while the aging term C: remains constant for
all conditions. In other words, the codes assume that the aging kinetics of
creep of different concretes under different environmental conditions is
the same. This assumption can cause significant errors [153,174]. Therefore,
the optimization process focuses on the aging term Ci. The aging term C; of
both codes is generalized as a power function controlled by coefficients a,
b, and c:

¢ .
b+tra’

AClIcode: G, (t) = — (4-24)

Eurocode: C, (t") =

(4-23)

Then the inverse modelling process can be further described as:
arg min f{Cl (t,' a,b, C)lsad (t)' E(t)' or (t)' CO' C2 (t - t,)} (4'25)

Note that the function f is non-differentiable and computationally
expensive, since calculating the function fmeans running the FEM model to
get the stress result of the whole time-range. Therefore, an efficient
optimization algorithm is needed. Bayesian Optimization is used herein,
which includes Gaussian Process (GP) [293] and a well-defined acquisition
function. The workflow of this process is shown in Figure 4-10.
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Figure 4-10 Workflow of inverse modelling

4.3.2 Bayesian optimization

Solving Eq (4-25) is computationally expansive because 1) running an FE
model is computationally expansive; and 2) high dimensionality of
parameters produces a large sample space. By fitting the objective function
with a probabilistic model, Bayesian Optimization is a smart sampling and
efficient global optimization algorithm for expensive black-box function
[294,295]. The workflow of Bayesian Optimization in this study is shown
as Figure 4-11.

Ramdomly select a sample
point of aging creep (L.e.,
ab.c) to start FEM

'S A
Fit and update the GP model
using all samples.

Conduct training process Calcp Inte l.he ALHION
g thenew sampled data function using the updated
' L GP model J

'S "
Determine the next sampling
point (i.e.. a,b,c) according to

If iteration budget is not reached | 8cquisition function Z

If iteration budget 1s reached
'S A

Return the solution

\ >
Figure 4-11 Workflow of Bayesian Optimization

By assuming that the objective function Eq(4-25) follows the multivariate
Gaussian distribution, the objective function can be fitted by Gaussian
Process (GP). For i-th sampling point of aging creep Xi= (a; b; ci), the
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implementation of GP is by fitting the kernel of the covariance matrix as
follows:
kX1, X1) - k(X1 Xn)
K = : : + 020l (4-26)
k(Xn X1) - k(Xn Xn)
in which k is the covariance kernel calculated by an exponential function of
the second norm of the difference value between two samples [296]; n is
the number of sample points of aging creep that are incorporated in the GP
model; oneise is the standard deviation of the noise, which follows a normal
distribution. Denote the multivariate Gaussian distribution of n sample
points of aging creep as Din = ( X1n, Y1:n ), and then the performance (ie,
RMSE of FEM) of the next sample point (i.e., (n+1)-th sample point) can be
predicted by Bayesian rules for multivariate Gaussian distribution as
follows [293]:

Yr1ID10~ N (0(Xnt1), 6° K1) + Goise) (4-27)
in which
U(Xn+1) = KK Y1 (4-28)
0 KXn+1) = kKXp1, Xns1) — KT (K + 07055, 7'k (4-29)
k= [k(Xni1,X1) k(Xp41,X3) -+ k(Xps, Xn)] (4-30)

Based on GP, the inference of performance (ie, RMSE of FEM) of any

possible sample points can be drawn. Then, the acquisition function (i.e.,

Expect Improvement [297]) is calculated to infer the improving potential
of every possible sample point, as expressed below:
Ybest — H(Xn)

EI(Xn) - (Ybest H(Xn))q’ ( O'(Xn) )

Ybest — H(Xn)>

o(Xn)

where &() and ¢(-) are the standard normal density and distribution
function, respectively; yrest is the tentative optimal value (i.e., lowest RMSE)
in current sample space. The first term measures the difference between
every possible sample point and the best sample point, which aims to
achieve exploitation. The second term assigns more weight to the sample
points of more uncertainty to ensure there is no “blank” area in sample
space, which achieves exploration. Combining the first and second term,
the acquisition function EI tends to get higher values at sample points with
lower posterior mean and lower credible intervals, thereby achieving a
balance between exploitation and exploration.

(4-31)
< oo
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4.4 Results and discussion
44.1 Forward modelling results

Fitting the Kelvin chain with ACI and Eurocode and inputting the testing
results (ie, C3-35 and C3-50) of AD and elastic modulus, the modelling
results of EAS can be obtained (Figure 4-12). By comparing the RMSE, the
creep compliance function given by the ACI code produces better results
when w/b = 0.35, while the one given by the Eurocode performs better
when w/b = 0.50. After 200 hours, the simulated stress curves are parallel
with the testing results, which indicates that both codes show good
conformity with TSTM testing results at a latter age. However, an obvious
difference at early age shows that both codes do not perform well at an
early age. In the results of w/b= 0.35 (see Figure 4-12 (a-b)), although the
modelling and testing curves are almost parallel after 100 hours, the big
difference before 100 hours causes significant errors in the entire time

range.
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Figure 4-12 Simulated stress evolution with different codes for creep
compliance: (a-b) modelling results of C3-35 using ACI and Eurocode,
respectively; (c-d) modelling results of C3-50 using ACI and Eurocode,
respectively.

The comparison results of forward modelling suggest that both codes have
good performance at a latter age, but the error is non-negligible at the early
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age (e.g, before 200 hours). This stems from the choice of creep compliance
function in the two codes (see Eq (4-15)): both codes have specified
formulas for calculating Co and Cz, depending on different parameters of
concrete properties and environmental conditions such as w/b ratios,
relative humidity, etc.[30,116]. However, the aging term C: is constant and
only depends on age of loading to and remains unchanged for all kinds of
concrete under all conditions, as shown below:

1

Eurocode: C, (t") = PRPYREE (4-32)
, 1.25
ACI code: C,(t") = 70118 (4-33)

4.4.2 Inverse modelling results

Bayesian Optimization can efficiently save the computational resources, as
shown in Figure 4-13. For the FEM model with ACI code, the minimum is
found within 10 iteration steps, while for the model with Eurocode, the
minimum converges within 15 steps. The reason why the Eurocode takes
longer than ACI is the complexity of the aging term: the aging term C; in
Eurocode is controlled by 3 parameters (i.e, g, b, ¢) while the ACI only has
two parameters for C; (i.e, g, c).
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Figure 4-13 Optimizing history of (a) C3-35 and (b) C3-50

o

o

Since the aging term C; of ACI only depends on two parameters a and c, its
objective function can be visualized as a 3D surface, as shown in Figure 4-14.
The distribution of sampling points is much denser when approaching the
minima, and more diluted when approaching the peaks, which guarantees
a tradeoff between exploitation and exploration: 1) more computational
resources are spent to exploit the area that is more likely to have a
minimum; 2) certain computational resources are allocated to explore
areas that have low confidence.
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With the inverse modelling, the aging term C1 of creep compliance function
is adjusted to obtain the optimal modelling results, as shown in Figure 4-15.
The adjusted parameters for the aging term of creep compliance function J
(to,t) is shown in Table 4-1.

Table 4-1 Adjusted aging terms for creep function of GGBFS concrete

ACI(C,(t) =) Eurocode (C,(t") = ——)
to b+tg
a C a b C
Original 0.118 1.250 0.200 0.100 1.000
values
€3-35 0.990 7.786 0.984 0.024 2373
€3-50 0.139 5228 0.903 1.020 9.940

The results with adjusted aging terms show obvious improvement on
results with original aging terms of codes. Moreover, it can be found that
the major improvement is in early age, since the big gaps before 100 hours
are effectively reduced. Such changes can also be directly seen from the
aging creep term Ci(to) of both codes, as shown in Figure 4-16. Note that
because ACI and Eurocode have different configurations for the constant
term Cp and non-aging term Cz, the magnitudes of C: are different and
cannot be directly compared. However, for both codes, the curves of the
adjusted aging term C: (see Figure 4-16) show a similar trend: the aging
term goes through a fast decrease in first 100 hours, and then converges to
avalue thatis close to the original aging term given by the codes. Such trend
is even more obvious when w/b ratio is 0.35. Overall, the adjusted results
prove that much higher creep should be expected for GGBFS concrete atan
early age. And creep of concrete with lower w/b ratio goes through a faster
aging process. A comparison of adjusted creep compliance function with
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the original creep compliance function of the codes are shown in Figure
4-17. The 3D surfaces of the creep compliance function show the same
pattern as in Figure 4-16: a steep slope along the axis “age when load is
applied” (i.e, to) is observed, which indicates much faster aging of concrete
creep at early ages which must be considered to obtain accurate modelling
results of stress evolution.

In the end, it should be noted that the Bayesian inverse modelling in this
chapter is a compromise with the fact that the aging creep is difficult to test,
despite its high efficiency and good prediction accuracy. In the following
chapters, a new testing setup will be devised to provide a testing approach
to monitoring the development of creep from a very early-age.
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Figure 4-15 Modelling results with adjusted aging term of creep: (a-b) results
of C3-35 based on ACI and Eurocode respectively; (c-d) results of C3-50 based
on ACI and Eurocode respectively.
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4.5 Conclusions

This chapter presents numerical modelling of the early-age stress
evolution of restrained GGBFS concrete, considering the development of
AD and creep. An FE model for simulating the stress development in TSTM
tests was established by incorporating a self-defined material subroutine
based on the Rate-type creep law. The creep compliance function was fitted
with a 13-units continuous Kelvin chain, which was then inputted in the
FEM to characterize the continuous relaxation. Using the creep compliance
function proposed by the ACI code and Eurocode, forward modelling was
performed to predict the stress development and evaluate the
performance of codes. Finally, this study conducted inverse modelling with
Bayesian Optimization to efficiently improve the settings of aging terms in
the creep compliance functions of the two codes and shed light on the aging
pattern of creep/ relaxation of GGBFS concrete. The major conclusions are
as follows:

(1) Using the 13-units continuous Kelvin chain, the creep compliance
function can be fitted with good accuracy and incorporated in FE
modelling by Rate-type Creep law. Using the creep compliance
function recommended by the Eurocode and ACI code as input, the
modelling and testing results showed good agreement after 200 hours.

(2) Due to the arbitrary settings of constant aging terms in the formula of
in the formulas of creep, both codes did not perform well in prediction
of early-age stress development. The big gaps in early-age prediction
result in significant errors in the stress calculations over the entire
time-range.

(3) The adjusted aging terms suggested that both Eurocode and ACI code
significantly underestimate the early-age creep of GGBFS concrete. The
results also indicated that GGBFS concrete with lower w/b ratios tend
to cause faster aging of creep in first hours.

(4) By Bayesian Optimization, inverse modelling was conducted to find
the aging patterns of creep of GGBFS concrete. The modelling results
with the adjusted aging terms show obvious improvement in the
prediction of early-age stress development. However, Bayesian
inverse modeling is a compromise to the difficulty of testing aging
creep, despite its efficiency and accuracy, while future chapters will
introduce a new testing setup for early monitoring of creep
development.
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5 @ DEVELOPMENT OF A MINI TEMPERATURE

STRESS TESTING MACHINE

Temperature stress testing machine (TSTM) is a universal testing tool for
properties and behavior relevant to early-age cracking (EAC) of cementitious
materials (see Chapter 3 and Chapter 4). However, the complexity of TSTMs
requires heavy lab work and thus hinders a more thorough experimental study
on EAC issues of a range of cementitious materials. This chapter presents the
development and validation of a Mini-TSTM for efficiently testing the AD,
viscoelastic properties, and their combined results, the early-age stress (EAS).
The setup was validated through systematic tests of EAS, AD, elastic modulus,
and creep. In addition, the heating/ cooling capability of the setup was examined
by tests of coefficient of thermal expansion by temperature cycles. The results of
EAS correspond well to that of AD, which qualitatively validates the developed
setup. To quantitatively validate the setup, a classical viscoelastic model was
built, based on the scenario of a 1-D uniaxial restraint test, to predict the EAS
results with the tested AD, elastic modulus, and creep of the same cementitious
material as the input. The predicted EAS matched the testing results of Mini-
TSTM with good accuracy in six different cases. The testing and modelling
results together validate the developed Mini-TSTM setup as an efficient tool for
studying early-age cracking of cementitious materials.

Parts of this chapter have been submitted for publication in Liang, M, Chang, Z., Holthuizen, P,
Chen, Y, He, S, Schlangen, E, & Savija, B. (2023). Efficiently Assessing the Early-Age Cracking Risk
of Cementitious Materials with A Mini Temperature Stress Testing Machine.
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51 Introduction

In view of the main concerns of the existing TSTMs as described in Chapter
2, a lighter and smaller version of TSTM - Mini-TSTM - that can be more
efficiently implemented while maintaining good testing accuracy is
presented in this chapter. The design of the Mini-TSTM and testing
procedures for different early-age material behavior and properties is
introduced in section 5.2. In sections 5.3 and 5.4, systematic validation tests
are designed and conducted. Based on a viscoelastic model, the AD, elastic
modulus, and creep compliance measured at different ages using the Mini-
TSTM are used to calculate the EAS in different cases. The good match
between the calculated EAS and that tested by the mini-TSTM directly
validate the newly designed setup.

5.2 The Mini-TSTM
5.2.1 Setup design

The new Mini-TSTM should be simple and efficient. The overall design of
the Mini-TSTM is shown in Figure 5-1. The total length of the specimen is
300 mm and the area of interest (i.e., the middle part of the specimen) is
50x50%100 mm3 (Figure 5-1 (c)), which is significantly smaller than that of
the TSTMs described in Chapter 2. The small size of the Mini-TSTM enables
direct installation of the setup into the Instron universal loading machine
(see Figure 5-1 (b)), which is equipped with a load cell of 10 kN with an
accuracy of 1 N. Therefore, the Mini-TSTM can be loaded vertically, which
minimizes the influence of friction that can happen in horizontally loaded
TSTMs (see Chapter 2). Note that the cross-section size of the specimen
(50x50 mm?) will limit the maximum size of aggregate that can be used.
However, this size is imposed by the utilized loading machine and can be
increased if a more capable loading machine is available. The design of the
AD testing machine (ADTM) is the same as the TSTM, except for the steel-
made parts at two ends of the specimen. The test of AD by the Mini-ADTM
is also conducted vertically, which reduces the influence of friction which
may be present in the horizontal test. The design of Mini-TSTM/ ADTM is
introduced in the following aspects: 1) Mold, 2) Strain measurement, 3)
Temperature control, and 4) Assembly procedures.

5.2.1.1 Mold

The mold of the Mini-TSTM is manufactured using Stereolithography (SLA)
3D printing with white powder-based polyamide (PA 2200), which is one
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of the most versatile 3D printing materials with good strength, flexibility,
and heat resistance. As shown in the middle of Figure 5-1(a), the mold of
the Mini-TSTM includes 3 covering plates (C1, C2, C3), 2 side plates (S1,S2),
2 crosshead plates (CH1, CH2), and 1 back plate (B1). In the Mini-TSTM, the
plates CH1 and CH2 are made of steel, while in the Mini-ADTM the CH1 and
CH2 are made by 3D printing with PA 2200. The assembly of all the plates
is mainly by bolting. In each plate, except for CH1 and CH2, water channels
were designed and the inner surface of the plates in contact with the
specimen is sealed with a copper plate (see upper right of Figure 5-1(a)),
which ensures good heat conduction and is therefore favorable for
temperature regulation.

5.2.1.2 Strain measurement

The strain measurement of both the Mini-TSTM and the Mini-ADTM are
done by embedded steel bars, plastic plugs, LVDTs, invar bars, and
magnetic blocks. The embedded steel bar has a length of 13.3mm and
diameter of 3mm. As shown in the left of Figure 5-1(a), before casting the
fresh mixture in the mold, the embedded bar should be fixed by plugs
(shown in red). Afterwards, when the specimen is nearly hardened and the
test is about to start, these plugs can be removed and the LVDTs can be
attached to the embedded bars. The LVDT is an inductive displacement
transducer that requires no contact during measurement. The LVDT is
manufactured by Solartron Metrology and is composed of a hollow bobbin
(static transformer) and a magnetic core (armature) (see the lower left of
Figure 5-1(a)). As the core travels in the hollow bobbin, the voltage changes
are related to the displacement. The measurement range of the adopted
LVDT is +1mm and the precision is 0.01 pm. The assembly of the strain
measurement components can be seen in Figure 5-1(c): first, the LVDT core
should be glued to the lower side of the invar bar; then, with magnetic
blocks as the connection, the upper side of the invar bar is attached to the
upper embedded bar and the LVDT hollow bobbin is attached to the lower
embedded bar. Thereby, the LVDT core can be set in the LVDT hollow
bobbin to measure the deformation between the upper and lower
embedded steel bars.

5.2.1.3 Temperature regulation

Temperature is regulated by circulating water in the plates C1, C2, C3, S1,
S2, and B1. Each of these plates has water channels (Figure 5-1(a) upper
right) and a water inlet/ outlet (Figure 5-1(a) upper middle). As shown in
Figure 5-1(d), a parallel connection is used to circulate the water around
the specimen: heated/ cooled water is firstly pumped out from the cryostat
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to the inlet distributor, transported to each of the plates, and then sent back
to the cryostat via the outlet distributor. The plastic water tubes, tube joints,
water inlet/outlet, and distributors were manufactured by FESTO with a
diameter of 3mm and 8mm. The thermocouple has an exposed welded tip
(0.2mm in diameter) and is produced by LABFACILITY with a
measurement range of -75~250 °C and precision of 0.05 °C.
Thermocouples are inserted into the middle of the specimen through the
hole of plates C2 to measure the temperature inside the specimen. The
temperature measured at plate C2, which is in the center of the specimen,
is then set as the controlled objective of the temperature PID controller.
Therefore, the water temperature of the cryostat can be continuously
adjusted to ensure that the temperature at the center of the specimen
follows the specified value.
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(c) Geometry
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(d) Water circulation
Figure 5-1 The Mini-TSTM: (a) overall design; (b) the Mini-TSTM installed in
the loading machine; (c) geometry of the dog-bone specimen (unit: mm); (d)
parallel connection of water circulation system.

5.2.1.4 Assembly procedure

The assembly of the Mini-TSTM and Mini-ADTM is shown in Figure 5-2.
Before the test, the plates CH1, CH2, S1, S2, and B1 should be firstly
assembled by bolting to form the base mold. A layer of thin rubber (or
plastic sheet) is laid on the inner surface of the mold to prevent leaking of
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the fresh material. Then, the two embedded bars should be fixed in position
by the plugs. Afterwards, the specimen can be casted the base mold, and
another layer of rubber/ plastic sheet is placed on top of the specimen.
Then the plates C1, C2 and C3 are covered on top and fixed by bolts. Finally,
the thermocouples are inserted into the fresh specimen and the water
circulation systems are assembled by connecting all the water tubes and
joints to control the temperature. Note that during the described procedure
the specimen is still liquid and should be kept horizontally.

After a few hours (3-4 hours herein, corresponding to the initial setting
time of adopted cements), the Mini-TSTM and Mini-ADTM can be put
vertically. The Mini-ADTM is placed freely, while the Mini-TSTM is installed
in the Instron loading machine. As shown in Figure 5-2 (b), the plugs are
removed and the LVDTs should be set up for strain measurement as
described in section 5.2.1.2. Moreover, during this step, the bolts
connecting the plate CH1 to the plate B1 should be fully removed to ensure
that the upper cross head of the specimen can move freely. The bolts
connecting the plates S1, S2 to the plate B1 should be loosened to remove
lateral restraint to the specimen brought by plates S1 and S2. Only the four
bolts connecting the plate CH2 to B1 should be tightened to fully fix the
bottom crosshead.

Base
Mold

L/

Rubber O Rubber Covering
(0,3 mm) P (0,3 mm) plate
(a) assembly steps
(Continue in the next page)
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Figure 5-2 Assembly of Mini-TSTM and ADTM: (a) Assembly steps; (b) Bolts

5.2.2

removal

Improvements

In view of the concerns of existing TSTMs discussed in Chapter 2, the Mini-
TSTM results in the following improvements:

1)

2)

3)

With the 3D printed plates, the mold of Mini-TSTM can be
assembled and disassembled precisely and efficiently simply by
bolting. The process of pre-test installation, casting, and post-test
disassembling for the Mini-TSTM takes approximately 2 hours for
a single operator. For each Mini-TSTM and ADTM test, the volume
of fresh material needed is around 0.7 liters, which is significantly
less than the existing TSTMs, which often needs over 60 liters for
each test.

In the Mini-TSTM test, the full-restraint is achieved continuously
by a PID controller. The PID controller takes the deformation
measured by the LVDTs as input and continuously adjusts the
applied force of the universal loading machine to fix the
deformation at zero. Compared to the frequently used stepping
control mode as introduced in chapter 2, the Mini-TSTM does not
require an input of threshold value which could influence the test
result.

The strain in the Mini-TSTM is measured by only two LVDTs,
which is less than in most TSTMs. The LVDTs are positioned at the
middle (i.e, straight) part of the specimen and therefore the
influence of stress concentration near the two crossheads can be
eliminated. Meanwhile, the LVDTs are arranged at the two sides
of the specimen and therefore any eccentric deformation of the
specimen can be detected. The connection of LVDTs by magnetic
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blocks makes the assembly of LVDTs easier and more efficient
compared to existing TSTMs.

4) In the Mini-TSTM test, the specimen is loaded vertically. The
specimen is detached from the covering plates by removing the
upper bolts and loosening the middle bolts. Therefore, in principle,
the influence of friction that may happen in most TSTMs is
eliminated in the Mini-TSTM test.

5.3 Experimental methods and validation schemes

The validation of the Mini-TSTM and ADTM is conducted experimentally
and theoretically. The experimental validation comprises the tests for EAS
evolution, elastic modulus, aging creep, and AD, as shown in the left of
Figure 5-3. Afterwards, the measured AD, elastic modulus, and aging creep
compliance function will be used as input of a viscoelastic model to
simulate the EAS evolution. Finally, the EAS evolution derived by the Mini-
TSTM test, and the EAS evolution calculated by the viscoelastic model can
be compared, as shown in the right of Figure 5-3.
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Figure 5-3 Validation schemes for the Mini-TSTM and Mini-ADTM

5.3.1 Experimental methods

5.3.1.1 EAStest

To test the EAS evolution, the PID controller should be used to control the
universal loading machine based on the input of LVDT, to fulfil the full-
restraint condition as described in section 5.2.1.3. Besides, in this test, a
constant temperature in the specimen is maintained (see section 5.2.1.3).
Therefore, only the stress induced by AD is measured. The EAS evolution
(measured by the Mini-TSTM) needs to be tested at the same time as the
test of AD (measured by the Mini-ADTM).
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5.3.1.2 Elastic modulus and aging creep test

The elastic modulus and aging creep are key parameters reflecting the
viscoelastic properties of cementitious materials and directly determine
how much stress can build up when the shrinkage is restrained. In this
study, the elastic modulus and aging creep are key input parameters for the
viscoelastic model to predict the EAS evolution, which can then be
compared with the experimentally-measured EAS.

To test the elastic modulus and aging creep, an hourly-repeated load is
applied to the sample. Assuming that the influence of aging within a time
interval ranging from minutes to hours can be neglected, repeated load
cycles were used to test the aging creep of cementitious materials at
different ages [149,150]. In this study, the magnitude of the hourly-
repeated load is determined by the TSTM test results, and the duration of
each cycle is 1 hour. An example of the repeated load cycle for such a test is
shown in Figure 5-4. The hourly-repeated loading cycles consist of a
loading phase, sustained load phase, unloading phase, and phase of
sustaining at a nearly zero load. The loading and unloading phases are short
(to =30 seconds in this study), allowing the elastic modulus at a certain age
to be tested. Meanwhile, the loading speed ensures that the loading/
unloading phase is shorter by two orders of magnitude compared to the
creep test [149]. The duration of sustained load phase () is 3600 seconds,
allowing the creep compliance at a certain age to be tested. Aging creep
needs to be tested at the same time as the test of AD test and using same
batch of fresh material.

Load/ kN

Time/ seconds
Figure 5-4 Hourly repeated load for elastic modulus/ aging creep test (to: 30
seconds loading time for testing elastic modulus; t.: 3600 seconds sustaining at
a constant load for testing creep)

5.3.1.3 AD test

AD occurs due to cement hydration: self-desiccation induces internal
capillary pressure and then the contraction of the microstructure
[46,68,104,108,110]. The thermal deformation and drying deformation are
the results of heat transport and moisture transport and therefore depend
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on the material properties, the structural geometry and environmental
conditions [70,298,299]. In comparison, AD is an intrinsic material
behaviour and the EACissues it may induce are the main focus in this study.
In the theoretical validation part, the measured AD will be used as input,
together with the elastic modulus and aging creep, to predict the EAS
results and compare with the EAS tested by Mini-TSTM. To test the AD, the
Mini-ADTM is used. In this test, the Mini-ADTM just stands vertically and
the temperature in the specimen is controlled at a constant value based on
the temperature regulation system (see section 5.2.1.3). Therefore, thermal
and drying deformation are excluded, and only the AD is measured.

5.3.1.4 Coefficient of thermal expansion (CTE)

The test of CTE is performed to validate the following two aspects: 1) the
reasonability of the measured evolution process of CTE; 2) the heating/
cooling efficiency of the designed Mini-TSTM and ADTM systems, which
will be shown by a fast heating/ cooling temperature profile with a rate of
5°C/ hour.

To test the CTE, the Mini-ADTM test is conducted under a cyclic
temperature profile. An example of such temperature cycle is shown in
Figure 5-5. Under such temperature cycles, the total deformation measured
by the ADTM is the sum of AD and thermal deformation. Itis assumed that
the effects of aging can be neglected and the AD is constant (i.e., ar=€auc in
Figure 5-5 (b), where &€an and eac stands for the AD during subsequent
heating and cooling phase) within each temperature cycle which lasts for
2tr,). Assuming that the coefficient of thermal contraction (CTC) is the same
as the CTE [27], the total deformation within the heating phase of each
temperature cycle can be calculated as:

€ron = CTE X ATy, + €4y, (5-1)
In the subsequent cooling phase, the total deformation can be calculated as:
€roc = CTC X AT, + &4y, (5-2)

where gqy is the autogenous shrinkage in the heating/ cooling phase; AT
and ATc are the temperature change in the heating and cooling phase,
respectively; ewon and ewc are the total strains that happen in the heating and
cooling phases, respectively. By calculating Eq (5-1)-Eq (5-2), one can
calculate the CTE as follows:

CTE = €toh — €toc

AT, — AT, (5-3)
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Figure 5-5 Examples of a CTE test: (a) Temperature cycles; (b) Deformation

5.3.2 Detailed validation schemes

The validation of the Mini-TSTM is conducted by the tests described in
section 5.3.1 based on cement paste made of two types of cement, CEM I
42.5N and CEM 111/ B 42.5N. Both cements were manufactured by the ENCI,
Netherlands and the compositions have been shown in chapter 3.0. A
detailed experimental validation scheme of the Mini-TSTM is listed in Table
5-1. The materials are labeled to show the difference in cement types and
w/b ratios. For example, “C1-30” stands for the material that uses CEM I
and a w/b ratio of 0.30. In this study, it was found that even for the same
type of cement, some testing results (i.e., initial deformation and
autogenous expansion) can vary significantly if different batches of cement
are used (see section 5.4). For the tests using CEM I paste, different batches
of cement were used in different tests. For the cement type CEM I11/B, two
batches of cement were used: the C3-30 and C3-35 were from the first
batch of CEM III/B, while the C3-30A was from the second batch. It should
be stressed that this study aims to validate the proposed Mini-TSTM and
Mini-ADTM setup. Therefore, while the variability of material behavior of
the same type of cement can be detected by the proposed setup, the
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mechanisms behind this variability are outside of the scope of the current
study.

In tests 1~6, both the Mini-ADTM and Mini-TSTM were performed at a
constant temperature of 20 °C. In test 7, only the Mini-ADTM test was
performed, and a cyclic temperature profile was used. In tests 1 and 2, the
repeatability of the tests was examined. In test 1, both passive (C1-30-P1
and C1-30-P2) and active (C1-30-A1) temperature control methods were
used. The active temperature control method has been described in the
section 5.2.1, where a PID controller will be used to actively adjust the
water temperature to fix the temperature measured in the center of the
specimen at a constant value (i.e., 20 °C). In comparison, the passive
temperature control method is also used, which directly set the water
temperature as the desired value (i.e., 20 °C).

Table 5-1 Details of the testing schemes for validation of Mini-TSTM

Test Material Testing conditions Objectives  Repetition
LVDT- co?tr.()lied full C1-30-P1
1 €130 restrain EAS C1-30-P2

Active/ passive

C1-30-A1
temperature control
LVDT;Z(;?;;?rlllted full €3-30-1
2 €3-30 Active temperature EAS €3-30-2
ve remperatt C3-30A
control
LVDT;ce(;?:;;)rlllted full EAS
3 C3-35 . W/b No
Active temperature .
influence
control
LVDT-controlled full
4 3-30A _ restraint EAS No
Active temperature
control
Load-controlled Elastic
5 C1-30 Active temperature modulus No
control Aging creep
Load-controlled Elastic
6 C3-30A Active temperature modulus No
control Aging creep
Free deformation CTE
7 C3-30A  Active cyclic temperature Heating/ No

control cooling
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5.3.3 Viscoelastic model

The stress buildup in a restrained cementitious material can be calculated
by viscoelastic models, as shown in numerous studies [4,238,300,301]. In
the Mini-TSTM test, the strain measurements are performed in the middle
(i.e., straight) part of the dog-bone specimen, where stress should be evenly
distributed because this part is far away from the cross-head (see section
5.2.1.2). Therefore, a 1-D model should be able to describe the stress
buildup in the Mini-TSTM test. Considering cement paste as a viscoelastic
material, the stress buildup in the Mini-TSTM test corresponds to a
relaxation process, which can be calculated by the principle of Boltzmann
superposition described as the convolution below:

o(t) = f R(t, to)E (to)dty (5-4)
0

where o is the stress buildup calculated by the viscoelastic model; ¢ is the
retrained strain; R is the relaxation modulus (GPa); to is the time when
deformation is restrained; t is the current time. By using the mid-point rule,
the integration of Eq (5-4) can be simplified as:

to=t

o(t) = Z R(t + %At, t) X Ae(to) X Aty (5-5)

to=0
The relaxation modulus can be derived from the creep compliance, which
is easier to test. The creep compliance can be described by the double
power law [111,193] as:

b

1 1
It t) = e+ (E) S (t—t))° (5-6)

where g, b and care fitting parameters that can be derived from tests, which
reflect the impact of mix design, aging time and loading duration on creep

evolution. Then, the relaxation modulus can be derived as follows
[237,250,251]:

R(t,ty) = et/ WIEME (1) (5-7)

In comparison, a 1D elastic model is also used, which can be described as
below:

o (t) = f CE (£)é(to)dto (5-8)

where oe is the stress buildup if the relaxation effect is neglected. Similarly,
by the midpoint rule, Eq (5-8) can be simplified as:
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- 1
() = z E(t +5 86) X Ae(t) X At (5-9)

Based on the simple viscoelastic model in Eq ((5-4)-(5-7)) or elastic model
in Eq ((5-8)-(5-9)), using the AD measured in tests 1-4, and the elastic
modulus and aging creep measured in tests 5-6, the EAS can be calculated
and then compared with the EAS measured in tests 1-4.

5.4 Results and discussion
5.4.1 EAStest

The EAS induced by AD, which is the most direct and important index for
assessing early-age cracking potential, can be tested by applying a full-
restraint boundary condition. In this test, the temperature in the specimen
is controlled at 20 °C to exclude the influence of thermal deformation.

5.4.1.1 EASresults of CEM I paste

Two temperature control methods were used in the EAS test for CEM I:
passive control (C1-30-P1 and C1-30-P2) and active control (C1-30-A1).
C1-30-P1 and C1-30-P2 are two repetitive tests with the same w/b ratio.
As shown in Figure 5-6, taking the C1-30-P1 as an example, passive control
(see Figure 5-6 (a)) works by keeping the temperature of the water at the
target value (20 °C); on the other hand, active control (see Figure 5-6 (b))
takes feedback from the measurement of thermocouples embedded in the
specimens (see section 5.2.1.3) and actively adjusts the water temperature
to maintain the temperature measured by thermocouples (embedded in
the specimen) at a fixed value (20 °C). The temperature results show that
active control method can perfectly keep the temperature of the specimen
at 20 °C (blue line in Figure 5-6 (b)) by more cooling within the first day
(orange line in Figure 5-6 (b)) to compensate for the hydration heat and
room temperature. In comparison, the passive control shows only a limited
effect: the temperature in the specimen increased to 21.5 °C due to
hydration heat release, and then slowly decreased to 20.5 °C. Overall, to
strictly exclude the influence of temperature and ensure that only the AD is
considered, active control method is preferred.
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Figure 5-6 Temperature measurement in EAS test for CEM I paste: (a) Passive

control; (b) Active control

The deformation in the specimen in the Mini-TSTM can be controlled
within 1 pstrain (0.1 um) with the PID controller which takes the strain
measured by the LVDTs (see section 5.2.1.2) as feedback to continuously
adjust the applied load. As shown in Figure 5-7. In other words, the full-
restraint condition in the Mini-TSTM is achieved with a precision of 1

pstrain.

0.8
0.6
0.4
0.2
0.0
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Figure 5-7 Mini-TSTM deformation under full-restraint condition
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The testing results of Mini-TSTM and ADTM for the CEM I paste with the
w/b ratio 0.30 are shown in Figure 5-8. In the three CEM I tests (C1-30-P1,
C1-30-P2, and C1-30-A1), different batches of cement were used. The EAS
(Figure 5-8 (a)) and the corresponding AD (Figure 5-8 (b)) were recorded
4 hours after the placement of fresh cement. AD is often characterized by a
fast chemical shrinkage in the first few hours followed by autogenous
expansion and autogenous shrinkage. For the three CEM I tests, the AD was
zeroed at the onset of autogenous expansion (i.e., 8 hours as in Figure 5-8
(c)) and the onset of autogenous shrinkage (i.e., 30 hours as in Figure 5-8
(d)). Based on the measured EAS (Figure 5-8 (a)) and AD (Figure 5-8 (b-g)),
the following results in different tests validates the reasonability of the
measurement:

1) The expanding/ shrinking process measured in the Mini-ADTM
(Figure 5-8 (b-d)) corresponds to the stress decreasing
(compression)/ increasing (tension) measured in the Mini-TSTM
(Figure 5-8 (a)).

2) The EAS of the three tests shows a similar trend (Figure 5-8 (a)),
with compression in first 60 hours and tension afterwards.
However, the exact timing of cracking is different: The C1-30-A1
cracked after around 100 hours, while the C1-30-P1 cracked later,
after 150 hours. In the test for C1-30-P1, the loading machine of
the Mini-TSTM stopped working for an hour ataround 100 hours,
and therefore at that period, a drop of the load was observed,
which stopped the specimen from cracking. The C1-30-P2 did not
crack after 160 hours.

3) The rate of AD of the three tests is similar (Figure 5-8 (e-g)). All
tests for autogenous shrinkage after 30 hours (Figure 5-8 (d))
displayed good consistency and similar magnitude. Note that the
rate of AD is more relevant than the absolute value since it directly
determines the accumulation of stress (see Eq (5-4)).

Despite the consistency described above, significant variation in the
absolute values of AD is found between the three tests, especially for the
initial deformation in the first 4-8 hours (Figure 5-8 (b)) and autogenous
expansion between 8-30 hours (Figure 5-8 (c)). This variation is caused by
using different batches of cement and also slight difference of operation
during the tests, which may induce high scatter in the measurement of the
initial deformation, as pointed out by a systematic statistical study [16].
However, due to a very low elastic modulus and high creep/ relaxation, the
very high initial deformation only induces a very low stress and therefore
such variation does not influence the EAS measurement, as quantitatively
proved by the viscoelastic model in section 5.3.3. Specifically, according to
the EAS result (Figure 5-8 (a)), the measured stress at 4 hours was 0.02,
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0.04, and 0.03 MPa for the three tests C1-30-P1, C1-30-P2, and C1-30-A1,
respectively. Therefore, the initial deformation at 4-8 hours seems to be
insignificant for the EAS buildup. Similarly, in the autogenous expansion
phase at 8-30 hours, the differences in compressive EAS (Figure 5-8 (a)) are
much less significant than that in the autogenous expansion (Figure 5-8 (c)).
This can also be explained by the low elastic modulus and high creep/
relaxation of the cement paste in the first day.

In Chapter 3, it was found that the autogenous expansion at 8-30 hours is
caused by the ettringite formation, which applies pressure on pore walls
and leads to macroscopic expansion. In this process, the amount of
ettringite determines the internal pressure, and the micromechanical
properties (i.e., elastic modulus and creep) determine how much expansion
can be obtained given a certain pressure [68,108]. Although significant
difference in initial deformation and autogenous expansion is measured,
the EAS development in the different tests is similar (Figure 5-8 (a)). This
will be further quantitatively explained in section 5.4.5, where EAS
measurement will be presented by a verified viscoelastic model.
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5.4.1.2

EAS results of CEM I11/B paste

Development of EAS was tested in paste specimens with two w/b ratios
(0.3 and 0.35) with CEM I1I/B. Two batches of cement were used, with the
first batch of cement in tests C3-30-1, C3-30-2, and C3-35, and the second
batch of cement in the test C3-30A. The tests C3-30-1 and C3-30-2 were to
check the repeatability of the Mini-ADTM and Mini-TSTM tests. The EAS
results of the CEM II1/B pastes are shown in Figure 5-9. The EAS results on
CEM I11/B show the following results for validating the reasonability of the
Mini-TSTM and Mini-ADTM setup:

1)

2)

3)

In all four tests, the expanding/shrinking process as measured by
the Mini-ADTM (Figure 5-9 (b)) corresponds well to the stress
decreasing (compression)/ increasing (tension) as measured by
the Mini-TSTM (Figure 5-9 (a)).

An excellent agreement in EAS results (Figure 5-9 (a)) and rate of
AD (Figure 5-9 (e)) was found in the two repetitive tests C3-30-1
and C3-30-2.

In the expansion phase, C3-30-1 shows a slightly higher expansion
than C3-30-2. This is also reflected in the EAS result - a slightly
higher compressive stress develops in C3-30-1. As also observed
in the EAS results of CEM I (Figure 5-8 (a)), the difference in
autogenous expansion is much more significant than that in EAS,
which is caused by the low elastic modulus and high relaxation/
creep which limit the compressive stress induced by this
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4)

5)

6)

restrained expansion.

The C3-35 shows higher expansion and lower shrinkage
compared to C3-30 (see Figure 5-9 (b, c¢)). This difference is
expected: with a higher w/b ratio, more ettringite will be
produced, reducing higher expansion (see chapter 3).
Furthermore, a slower drop of relative humidity and larger pore
sizes will occur in specimens with higher w/b ratio [46,108],
resulting in lower internal capillary pressure (according to
Kelvin's equation) and therefore easing the contraction induced to
the microstructure. As a result, the autogenous shrinkage for a
higher w/b ratio should be lower (see Figure 5-9 (d)). However, it
should also be noted that even with higher autogenous expansion,
the compressive stress in C3-35 is lower than that in C3-30. This
is attributed to the lower elastic modulus and higher relaxation/
creep of a higher w/b ratio paste according to chapter 3 and 4.
The consistent measurement of the AD and the EAS in the C3-30
and C3-30A tests shows that different batches of CEM III/B at the
w/b ratio 0.30 can lead to different EAC potentials. Note that such
difference in AD measurement was also observed in the creep test
and CTE test shown later. The difference between different
batches of CEM III/B paste are discussed as below:

i The C3-30A shows higher initial shrinkage, almost no
autogenous expansion, and much earlier and faster
autogenous shrinkage afterwards, as measured by the
Mini-ADTM (Figure 5-9 (b, c)). Accordingly, C3-30A
obtained higher initial tensile stress in chemical
shrinkage phase (first 10 hours in Figure 5-9 (b)), almost
no compressive stress, and much earlier tensile stress
accumulation in the autogenous shrinkage phase starting
from around 24 hours (Figure 5-9 (b)).

ii. In comparison, the C3-30 tests showed very low initial
tensile stress at first 20 hours (Figure 5-9 (a)) and
remained in compression in 20-52 hours (Figure 5-9 (a)).
Such significant difference clearly exposed the C3-30A to
a higher risk of EAC and therefore the influence of batch
difference of CEM I1I/B mix with alow w/b ratio on early-
age AD should be an essential issue for cracking-sensitive
structures.

The cracking time of C3-304, C3-30, C3-35, and C1-30 is around
45, 58, 68, and 100 hours, respectively. This is consistent with
previous studies reporting that GGBFS concrete with a low w/b
ratio shows higher risk of EAC due to autogenous shrinkage
compared to OPC concrete [10,58,225].
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5.4.2 Measurement of elastic modulus and aging creep

The time-dependent elastic modulus and creep of C1-30 and C3-30A paste
were tested following the hourly-repeated loading method introduced in
section 5.3.1.2. In this test, the Mini-ADTM and Mini-TSTM were both used:



CHAPTER 5 111

Mini-ADTM to measure AD, and the Mini-TSTM to measure the elastic
modulus and creep at different ages. The hourly-repeated loading scheme
for C1-30 and C3-30A paste with a w/b ratio of 0.30 is shown in Figure 5-10.
To ensure that the applied load does not exceed the strength of the material
and induce damage, the loading scheme was designed according to the EAS
results of C1-30-P2 and C3-30-2 and the maximum tensile load was set to
2.5kN. Accordingly, the AD tested by Mini-ADTM and the total deformation
tested by Mini-TSTM is shown in Figure 5-10 (c-d). The test started at 10
and 14 hours and lasted for around 117 and 60 hours for C1-30 and C3-
30A pastes, respectively. Note that the total deformation measured here
includes AD induced by hydration and basic creep strain induced by the
sustained load.
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(a-b) Hourly-repeated loading scheme for C1-30 and C3-30A, respectively; (c-
d) Deformation results of the test for C1-30 and C3-30A, respectively.

The total deformation and stress at every loading and unloading period
were extracted to calculate the elastic modulus at different ages using
linear regression [28]. Examples of testing results and the calculation are
given in Figure 5-11 (a-h). Finally, the evolution of elastic modulus of C1-30
and C3-30A with time can be obtained, as shown in Figure 5-11 (i). At
around 46 and 55 hours, the elastic modulus- time curve of C1-30 and C3-
30A showed an upward jump and then decreased. The jump and the
decreasing trend may be attributed to the transition from compression to
tension and the sudden decrease in load level. Afterwards, the load
gradually increased from 0.75 kN to 2.5 kN (i.e, 0.3 and 1 MPa,
respectively). Note that the deformation may be small when very low
tensile load is applied (i.e., 0.3 MPa) resulting in a measurement error. With
higher tensile load, the deformation will be larger, resulting in higher
measurement accuracy. However, the increasing tensile load may also
induce internal damage to the specimen and therefore result in the
decrease of elastic modulus. Note that to understand the influence of load
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(including level, compression/ tension, loading/ unloading) on the testing
results of elastic modulus, a more refined testing scheme should be devised
to exclude the influence of age, which is beyond the scope of the current

study.
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The total deformation measured by Mini-TSTM and the AD measured by
Mini-ADTM at every hour were extracted to calculate the creep at different
ages. The basic creep compliance is calculated by deducting the AD from
the total deformation and normalized by the corresponding sustained load
level. As an example, the results of creep of C1-30 paste at different ages are
shown in Figure 5-12. To check the reasonability of the basic creep
compliance results, all the basic creep curves were fitted to a non-aging
power function (J(t)=axt’) [111,277]. The quality of fitting was quantified
by a coefficient of determination R% between the fitted and experimental
values of creep compliance. A R? of 1 means a perfect fit is obtained and a
R2]lower than 0.70 were considered as incorrect testing data and removed.
Finally, the basic creep data collected every two hours were used to fit the
aging creep function J(t, ty) as expressed in Eq (5-6) and the creep surface
was obtained Figure 5-12, which was used as input in the viscoelastic
model. The fitting parameters for the creep compliance function J(¢y, ) and
corresponding coefficients of determination are shown in Table 5-2. The
final aging creep surfaces of the two tested materials are in Figure 5-12 (i-
j), where the red dots indicate the experimental values of fitted surface
based on Eq (5-6).

—— Total creep —— Total creep

-
(=)

id=0, 6.0 hours, a=3.010,r=0.500, R2 = 0.98 id=6, 12.0 hours, a=0.751,r=0.486, R2 = 0.98
i g40
=

2150 ;

3 ’ 30
g

5100 A ALt

z war=™ 20|
§

Q

@

s}

Creep compliance/ 1/M

; Basic creep Basic creep
0 P‘ Fitted basic creep o f ~— Fitted basic creep
0 1000 2000 3000 0 1000 2000 3000
Time/ Seconds Time/ Seconds
(a) Creep curve of C1-30 at 6h (b) Creep curve of C1-30 at 12h

id=462, 18.0 hours, a=0.524,r=0.500, R2 = 1.00 id=18, 24.0 hours, a=0.467,r=0.436, R2 = 0.98
©

£ £

530 515

g g

820 810

Q Q

g 10 —— Total creep g 5 —— Total creep

e Basic creep e Basic creep

o —— Fitted basic creep o ! —— Fitted basic creep

o 0 o 0

0 1000 2000 3000 0 1000 2000 3000
Time/ Seconds Time/ Seconds
(c) Creep curve of C1-30 at 18h (d) Creep curve of C1-30 at 24h

id=42, 48.0 hours, a=0.202,r=0.500, R2 = 0.98 id=%0, 96.0 hours, a=0.227,r=0.411, R2 = 0.95

&15 &

S /’F S

E J/‘JN E 6

310 : ? 3 o

c . c

2 L4 . I

s 2 MM" Ao d il

S 5 —— Total creep S 2 —— Total creep

o : Basic creep o P Basic creep

8 0 b4 —— Fitted baswvcreep 8 0 f —— Fitted baswvcreep

0 1000 2000 3000 0 1000 2000 3000
Time/ Seconds Time/ Seconds
(e) Creep curve of C1-30 at 48h (f) Creep curve of C1-30 at 96h

(Continue in the next page)



CHAPTER 5 115

2000

1500

1000

w
1=
=)

Creep compliance/ micro-strain/MPa

<

150

Age of loading to/ Hours
Loading time t/ Hours

(g) C1-30 creep

2000

1500

1000

v
=)
=)

Creep compliance/ micro-strain/MPa

o

150

Age of loading to/ Hours
Loading time t/ Hours

(h) C3-30A creep
Figure 5-12 Testing results for evolution of creep compliance: (a-f) creep
compliance of C1-30 paste tested at 6, 12, 18, 24, 48, 72, 96 and 116 hours;
(g-h) summary of creep compliance of C1-30 and C3-30A.

Table 5-2 Fitting parameters obtained from creep test for creep function

Specimens a b c R?

C1-30 1.000x103 1.079 0.500 0.8674
C3-30A 3.622x103 1.197 0.500 0.8655
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5.4.3 CTE test

Based on the methods introduced in section 5.3.1.4, the CTE of the C3-30A
paste was measured with aims to: 1) provide a method for measuring CTE
and 2) validate the temperature control ability of the proposed setup. The
CTE test was performed on C3-30A using the Mini-ADTM, started 7.5 hours
and lasted for around 44 hours. The results are shown in Figure 5-13.
Temperature cycles varying between 20 and 25 °C in every two hours were
adopted, as specified by the “Tmp_setpoint” curve in Figure 5-13 (a-b). The
temperature results here also show the heating/ cooling efficiency of the
setup: To follow the specified temperature curves (i.e., “Tmp_setpoint”
curve), at every turning point, the cryostat heated/ cooled the water bath
(i.e., “Bath” curve) to regulate the temperature of the specimen (i.e., “Tmp”
curve) based on the PID controller, as mentioned in section 5.2.1.3. As
clearly shown in Figure 5-13 (b), when reaching the turning point, it took
about 10 minutes for the cryostat to adjust the temperature of the water
bath to adapt to the new heating/ cooling curve, and therefore there was
always an overshooting observed in the specimen temperature.
Afterwards, the specimen temperature can be precisely regulated to follow
the specified temperature curve. With the temperature cycles, the total
deformation is a superposition of continuous AD and cyclic thermal
deformation, as shown in Figure 5-13 (c). Assuming that within every two
hours the rate of AD stays the same, the influence of AD can be eliminated
by taking the average of deformation measured in the heating and cooling
phase, as shown in Figure 5-13 (d) and explained by Eq ((5-1)-(5-3)). The
CTE of each temperature cycle was calculated using linear regression [277]
and the evolution of CTE is shown in Figure 5-13 (e). An increase in CET was
observed from around 6.6 to 14.4 pstrain/ °C on the first and second day,
which is in accordance with the literature [28,234].
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temperature history; (c-d) total deformation; (e¢) CTE

5.4.4 Modelling results

Based on the AD measured from 4 hours after casting (section 5.4.1), the
elastic modulus, and the aging creep (section 5.4.2), the EAS can be
predicted using the viscoelastic models proposed in section 5.3.3.
Specifically, the AD s measured from 4 hours after casting in tests C1-30-
P1, C1-30-P2, C1-30-A1, C3-30-1, C3-30-2, and C3-30A were used as input
to calculate the EAS in the corresponding tests. For the input of elastic
modulus and aging creep, the test performed on C1-30 and C3-30A were
used for CEM I (i.e, C1-30-P1, C1-30-P2, C1-30-A1) and CEM III/B (i.e., C3-
30-1, C3-30-2, and C3-30A) paste, respectively. The modeling results of
EAS and comparison to the experimental results are shown in Figure 5-14.
The root mean square error (RMSE) between the modeling and
experimental results of EAS were calculated to show the precision obtained
by the models:

I jzf(am(t)—or(t))z (5-10)

ttotal

where ou(t) and or(t) are modelling and testing results of EAS at time step
t, respectively. The results in Figure 5-14 show a good match between the
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EAS calculated by the viscoelastic model and the results obtained directly
from the EAS test. As expected, the influence of creep/ relaxation must be
considered in the EAS calculation and therefore an elastic model is not
acceptable for the prediction of EAS.

Despite the significant differences in the measured initial shrinkage and
autogenous expansion of C1-30-1, C1-30-2, and C1-30-3 (presumably
caused by using different batches of cement), the calculated EAS results for
all three tests are similar to the testing results. In the CEM III/B tests,
although with a completely different AD and EAS between the batch 1 (i.e,
C3-30-1 and C3-30-2) and batch 2 (i.e., C3-30A), their EAS can still be
predicted with good accuracy given the corresponding AD as input. What
is more interesting is that only using the elastic modulus and creep tested
on C3-30A as input, the EAS results of C3-30-1 and C3-30-2, which are of
different batches of cement and show different AD, can still be predicted
with good accuracy. This means that the batch difference of CEM I11/B does
not result in a significant difference in mechanical properties (i.e., elastic
modulus and creep in this case). In conclusion, the good match between the
modeling and the experimental results directly validates that the devised
Mini-TSTM and ADTM setup can detect the true material behavior and
properties with good accuracy.

6 5
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Figure 5-14 Modelling results and comparison to EAS test: (a-c) results of
CEM I paste C1-30-1, C1-30-2 and C1-30-3, respectively; (d-f) results of CEM
I11/B paste C3-30-1, C3-30-2, and C3-30A, respectively;

5.4.5 Variation analysis

To explain why such a significant variation in early chemical shrinkage and
autogenous expansion causes only a small difference in EAS, as shown in
section 5.4.1, more detailed quantitative explanations are given from two
aspects: 1) a sensitivity study and 2) the principle of stress superposition.

5.4.5.1 Sensitivity study

Taking the EAS and AD of C1-30 (see Figure 5-8) as an example, one can see
that the AD can be divided in 4 stages:

1) S1: fast shrinkage in 1~10 hours;
2) S2: fast expansion in 10~20 hours;

3) S3: small deformation in 20~50 hours;
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4) S4: fast shrinkage after 50 hours.

To show the influence of variation of AD on the EAS, a sensitivity study is
conducted based on the viscoelastic model. The sensitivity study assumes
that a fictitious AD of 100 ustrain happens linearly from tp and lasts for 10
hours. Accordingly, using the measured creep function of C1-30 (Table 5-2)
as input, the EAS of the period corresponding to the fictitious AD can be
calculated. Four different scaling factors (ie., 0.5, 1.0, 1.5, 2.0) are used to
scale the magnitude of AD and compare the variance of calculated EAS. The
example of the fictitious AD and corresponding EAS happening from 1 and
41 hours (to=1, 41) are shown in Figure 5-15. By calculating the variance of
the EAS induced by AD of different magnitudes at different to, the influence
of AD on the EAS evolution can be quantified. From 1~100 hours, the
variance of EAS in each 10-hour interval can be calculated, as shown in
Figure 5-16. The results show that the variant AD happening in Stages 1
and 2 (i.e, S1 and S2 in Figure 5-16) can only result in negligible variance
of EAS, which explains why the variation of initial shrinkage and expansion
does not make an apparent difference in the EAS (see Figure 5-8).
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Figure 5-15 Examples of sensitivity study: (a, c) fictitious AD happening at to=
1 and 41 hours; (b, d) Fictitious EAS caused by the fictitious AD.
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Figure 5-16 Variance of EAS induced by fictitious AD (S1: fast shrinkage in
1~10 hours; S2: fast expansion in 10~20 hours; S3: small deformation in 20~50
hours; S4: fast shrinkage after S0 hours.)

5.4.5.2 Stress superposition

The viscoelastic model in section 5.3.3 is built based on the Boltzmann
superposition principle, which assumes that the stress at a certain time is a
superposition of all the stress increments of all previous time intervals.
Using the modelling case of C3-30-1 as an example, the stress increment at
every time interval is shown in Figure 5-17. Figure 5-17 (a) shows that in
every time interval, the stress instantly increases, which is an elastic
response to the restrained shrinkage in the corresponding time interval
(i.e., autogenous shrinkage rate as in Eq (5-9)). The magnitude of the
instant stress increase depends on both the autogenous shrinkage rate and
the elastic modulus of the material, as explained by Eq (5-9). Furthermore,
the stress starts to decrease with time due to the viscous nature (i.e., creep/
relaxation) of the material and is quantified by the relaxation modulus R(ty,
t) in Eq (5-5), which is calculated based on the creep compliance surface
function J(to, t) as measured by the Mini-ADTM and Mini-TSTM. Figure 5-17
(b) shows the stress at incremental time steps 4, 30, and 55 hours, which
corresponds to the initial shrinkage, autogenous expansion, and
autogenous shrinkage phase. Due to relaxation and creep, the stress
increment starting from 4 hours (within the initial chemical shrinkage
phase) almost disappears after one day and that starting from 30 hours
(within the autogenous expansion phase) significantly decreases (by 70%)
at 60 hours. The stress increment starting from 55 hours only decreases by
20% at 60 hours. Note that the EAS test of C3-30-1 only lasts for 60 hours.
If considering later times, such as 168 hours, one can find in Figure 5-17 (a)
that the stress increment starting from phases of chemical shrinkage and
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autogenous expansion both almost disappear, and only that starting from
the phase of autogenous shrinkage remains at a certain level.
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Figure 5-17 Stress increment of C3-30-1 modelling result: (a) stress increment
at every hour; (b) stress increment at 4, 30, and 55 hours.

5.5 Conclusions

This chapter describes the development of a light version of Mini-TSTM
and Mini-ADTM. The developed setups allow efficient measurement of
time-dependent behaviors and properties of cementitious materials
related to EAC issues, including the EAS, autogenous/ thermal deformation,
elastic modulus, creep and CTE. The design, implementation and methods
of the new setup and experiments are introduced in detail. Systematic
validation was conducted to examine the reasonability of the proposed



CHAPTER 5 123

setup, from the perspective of experiments and theories, The study
resulted in the following conclusions:

1)

2)

3)

4)

5)

6)

The Mini-ADTM and Mini-TSTM improved the testing efficiency
and addressed several issues in “standard” TSTM and ADTM tests,
including the difficulty in pre-test installation and post-test
dissembling, continuous control for full-restraint condition, LVDT
installation, and friction between the specimen and the
supporting table.

The Mini-ADTM and Mini-TSTM showed good consistency in EAS
test. The expanding/ shrinking process detected by the Mini-
ADTM matched well with the stress decreasing (compression)/
increasing (tension) detected by the Mini-TSTM. The influence of
cement type and w/b ratios on EAC potentials were correctly
reflected. The heating/ cooling efficiency of the proposed setup
was examined in a CTE test, which obtained reasonable results
compared with existing studies.

The Mini-ADTM and Mini-TSTM showed good repeatability. In
EAS tests of CEM I, all mixes showed a similar EAS despite
differences found in measurements of early chemical shrinkage
and autogenous expansion. In EAS tests of CEM III/B, the results
from the same batch C3-30-1 and C3-30-2 also showed good
repeatability in measurement of both AD and EAS.

The Mini-ADTM and Mini-TSTM found that batch difference of
CEM III/B mix with a low w/b ratio (0.30 in this study) can result
in a different EAC potential. The C3-30A batch showed faster
chemical shrinkage, almost no autogenous expansion and earlier
autogenous shrinkage, which led to higher EAC risk.

The measured AD, elastic modulus, and creep can be used as input
for a viscoelastic model to predict the EAS with good accuracy,
which validated that the proposed setup correctly simulated and
measured the process of EAS evolution. Simulating the EAS
evolution of one batch of CEM III/B (i.e, C3-30-1 and C3-30-2)
based on the elastic modulus and creep data measured on another
batch of CEM I11I/B (i.e.,, C3-30A) shows good accuracy. The same
holds for CEMI-mixes.

It was shown quantitatively (i.e., using the viscoelastic model) that
the lower elastic modulus and relaxation are the reasons that the
initial chemical shrinkage and autogenous expansion at an early
age played a much less significant role on stress development than
autogenous shrinkage afterward.
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6 ® EFFECTS OF CURING TEMPERATURE ON AD

AND EARLY-AGE STRESS EVOLUTION

This chapter investigates the influence of temperature on AD and early-age
stress (EAS) evolution in ordinary Portland cement paste using the Mini
Temperature Stress Testing Machine (Mini-TSTM) and Mini AD Testing
Machine (Mini-ADTM) developed in chapter 5. In the Mini-TSTM/ ADTM,
CEM 142.5 N paste with a water-cement ratio of 0.30 is tested under different
curing temperature of 10, 15, 20, 25, 30, and 40 °C. X-Ray diffraction (XRD)
tests are conducted to measure the amount of ettringite and calcium hydroxide,
which reveals the micro-scale mechanisms of autogenous expansion. The
applicability of the Maturity Concept (MC) for prediction of AD and relaxation
modulus under different temperatures is also examined by the experimental data
and the viscoelastic model. This chapter leads to the following findings: 1) the
AD of ordinary Portland cement paste is a four-stage process including the
initial deformation, autogenous expansion, plateau, and autogenous shrinkage;
2) A higher temperature leads to higher EAC risk because it accelerates the
transitions through the first three stages and causes autogenous shrinkage stage
to occur earlier. Moreover, higher temperatures also result in higher rates of
autogenous shrinkage and EAS in the autogenous shrinkage stage; 3) The
autogenous expansion and plateau are attributed to the crystallization pressure
induced by CH. Temperature-dependent CH production rates determine the
duration of the plateau stage; 4) Low-temperature curing can delay but not
completely prevent the EAC induced by AD ; 5) The maturity concept (MC)
cannot be used to predict the AD at different temperatures but can be used to
calculate the relaxation modulus, which in turn aids in EAS prediction based
on AD data.

Parts of this chapter have been published in Liang, M., Liu, C, Liang, X, Chang, Z, Schlangen, E., &
Savija, B. (2024). Effects of temperature on autogenous deformation and early-age stress
evolution in cement pastes with low water to cement ratio. Construction and Building Materials,
411, 134752.
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6.1 Introduction

Temperature significantly influences the hydration kinetics and therefore
the AD and early-age stress (EAS) evolution. In chapter 5, all the AD,
viscoelastic properties, and EAS were tested at a constant temperature (i.e.,
20 °C) to exclude the influence of thermal deformation and different
hydration kinetics. However, such tests provide limited guidance on the
real-world applications where the temperature always varies. The
maturity concept (MC) [49] has been widely adopted to predict the
properties/ behaviors under variable temperature based on the tested
properties/ behaviors under a constant isothermal condition (often 20 °C),
in which a temperature-dependent equivalent age can be calculated by the
Arrhenius equation.

However, numerous studies [39,50,51] observed that MC was not suitable
for prediction of AD under variable temperatures, because temperatures
not only change the hydration kinetics but also RH and surface tension
stress, which are key parameters in the process of self-desiccation. Due to
the complexity, findings on effects of temperature on AD are often vague
[42] or even contradictory: with increasing temperature, the studies
[33,53,54] observed decreased autogenous shrinkage while others
[41,51,55] saw an increased one.

In this chapter, AD and EAS of ordinary Portland cement paste will be
tested under different curing temperatures using the Mini-TSTM and Mini-
ADTM developed in chapter 5. The applicability of MC for prediction of AD,
EAS, elastic modulus and creep in early-age cracking (EAC) analysis will be
examined. Detailed analysis about the influence of curing temperatures on
AD will be conducted.

6.2 Methods
6.2.1 Mini-TSTM and Mini-ADTM tests

The EAS and AD of CEM 142.5 paste with a w/c ratio of 0.30 were tested by
Mini-TSTM and Mini-ADTM, respectively. In total, the AD and
corresponding stress evolution of cement paste under six different
temperatures (i.e,, 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 40 °C) were tested. For
details regarding testing methods and materials, the readers are referred
to chapter 5. The tests for the temperatures 10 °C and 15 °C started 6 hours

after the casting, while for 20 °C, 25 °C, 30 °C and 40 °C, the tests started 4
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hours after casting. The tests lasted until the specimens cracked, which
occurred before 168 hours in all the studied specimens.

6.2.2 X-Ray diffraction (XRD) test

The XRD test was carried out on a Philips PW 1830/40 powder
diffractometer using the Cu K-alpha radiation. The adopted acceleration
voltage was 40 kV and the X-ray beam current was 40 mA. The XRD data
were collected with a step size of 0.03° for a 26 range from 5° to 60°.

6.2.3 Maturity concept (MC)

The MC assumes that the influence of temperature on the hydration rate is
independent of the hydration degree and can be described by the following
equation [49]:
o g@rm) (6-1)
t

where a is the hydration degree; functions g(«) and f{T) quantify the effects
of hydration degree and temperature on the hydration rate, respectively.
The function f{T) is the so-called time-temperature function (TTF). The
degree of hydration can then be quantified by integrating Eq(5-1) as
follows:

a da t
fo 5= f FT() dr (62)

Eq(6-2) further leads to the definition of maturity function M(t) as the
integration of TTF over time, normalized by a constant obtained at a
reference temperature:

_ [T
0 f(Tref)
Based on different TTF, Eq(6-3) gives different expressions of maturity
index. Using the Arrhenius equation, the expression of the so-called
equivalent age can be derived [49]:
1 1
273+ Trey 273+ T(7)

M) dr (6-3)

¢ E
M = | e G nar  (64)
where Eq is the activation energy of ordinary Portland cement; R is the
universal gas constant (ie., 8.314 ]/ (K' mol)). The value for apparent
activation energy E. is dependent on the cement type and temperature. The
activation energy increases with temperature when the temperature is
lower than 20°C, but remains constant when temperature is equal to or
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higher than 20°C [302]. Based on tests, the following bilinear relationship
for apparent activation energy has been proposed [49]:
{ Eoo,if T = 20°C
E, =

Eqo + 1470(20 — T),if T < 20°C (6-5)

where Eqis the apparentactivation energy of a certain cement type at 20 °C.
In this study, the value of 40500]/mol for the activation energy Eq of
ordinary Portland cement [303] is used.

6.3 Results and discussion
6.3.1 AD and EAS

The results of EAS and AD of cement paste under six different temperatures
are shown in Figure 6-1. The stress results (Figure 6-1(a)) show clearly that
the EAS evolution all begins with compression, goes into tension, and then
the specimen cracks when the EAS exceeds the tensile strength. When the
temperature increases, the EAC happens much faster: under 10 °C, the EAC

happens at around 140 hours, while the EAC timing under 40 °C is around
11 hours. However, an exception is the result under 25 °C, in which the
strength development seems to be fast and therefore the timing of EAC is
later than that of 20 °C. In addition, the scatter of the Mini-TSTM/ ADTM
tests may also be a reason of such inconsistency. On the other hand, it is
also worth noting that for lower temperatures, a plateau can often be found
at the transition from compression to tension, which seems to delay the
EAC.

The results of AD (Figure 6-1(b)) indicate that the AD mostly begins with
initial shrinkage, then expansion, and finally shrinkage. An exception is the
result at 40 °C, where only the expansion and shrinkage are observed
because the starting time of the test at 40 °C is 4 hours, when the initial
shrinkage has probably already finished and the expansion has begun.
Considering the following two reasons that 1) the measurement of the
exact magnitude of initial shrinkage and expansion is very scattered
[16,28,304] and 2) the low elastic modulus and high creep greatly limit the
influence of the AD on EAS evolution (as discussed in chapter 5), the exact
magnitude of the initial shrinkage and expansion will not be used as
evidence to show the influence of temperature. Therefore, to exclude the
influence of initial shrinkage on the clarity of the results, the time-zero of
AD is set at the onset of expansion, which is around 15, 12, 10, 8, 7 and 5
hours after casting for the temperatures of 10 °C, 15 °C, 20 °C, 25 °C, 30 °C,

and 40°C, respectively, as shown in Figure 6-1(c). The results clearly show
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the influence of temperature on AD: higher temperatures result in faster
expansion within shorter duration. Besides, higher temperatures also
induce faster transition from expansion to shrinkage. A much longer
plateau can be found for a lower temperature at the transition from
expansion to shrinkage. Such plateau disappears when the temperature

reaches 40°C.
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Figure 6-1 The AD and EAS of cement paste under 6 different temperatures:
(a) EAS; (b) AD; (c) AD with the time-zero being the onset of autogenous

expansion

The results in Figure 6-1 show that, in accordance with the MC, the
increased temperature accelerates the development of AD and EAS. This is
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especially clear if one looks at the EAS results (Figure 6-1 (a)): the EAS at
lower temperatures seems to be a stretched version along the time axis of
that at higher temperatures. On the other hand, the AD (Figure 6-1 (b, c))
does not show such effect clearly because the scatter in measurement of
initial shrinkage and expansion may not convey meaningful indication
about the influence of temperature on the magnitude of AD.

However, the existence of a plateau at the expansion-shrinkage transition
significantly changes the shape of curves, which indicates that a strict time-
scaling effect like MC may not be valid. This can be directly examined by
applying the Eq (6-4) to calculate the equivalent ages under the six different
temperatures and replot the results of AD and EAS in Figure 6-1 with
respect to the calculated equivalent ages as shown in Figure 6-2. If a strict
time-scaling effect such as MC stands, the AD and EAS with respect to the
equivalent age under different temperatures should show the same pattern.
To some extent, Figure 6-2 shows that the MC can predict the peak of
compressive stress (Figure 6-2(a)) and expansion (Figure 6-2(b)) in a
seemingly consistent way. However, Figure 6-2 also shows that different
plateaus are obtained under different temperatures. In 30 °C and 40°C, the

plateaus almost disappear. Moreover, after the plateau, the shrinkage rate
is also different: the shrinkage rates evaluated by the equivalent age in 30 °

C and 40°C are slower than those below 30 °C. Therefore, the MC does not
fully quantify the changes of AD under different temperatures.
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Figure 6-2 The AD and EAS of cement paste with respect to the equivalent age
calculated by the MC: (a) EAS; (b) AD ; (c) AD with the time-zero being the
onset of autogenous expansion

6.3.2 Four-stage Process

The AD and EAS in Figure 6-1 demonstrate a clear four-stage process, as
shown in Figure 6-3. The consistency between the EAS and AD in Figure
6-3, that the compressive/ tensile stress corresponds to the autogenous
expansion/ shrinkage, also validates the reasonability of the Mini-TSTM/
ADTM tests as discussed in the chapter 5. More importantly, the process of
the four stages is given as below:

1) Stage 1 (S1): the initial deformation before the onset of
autogenous expansion and compressive stress, which is mostly
induced by chemical shrinkage and settling of the fresh material
after casting [304]. In S1, the material is still very soft and has very
low elastic modulus and high creep, so the stress is very low and
can be neglected. Although the magnitude of the deformation in
this stage is very scattered among different batches of tests for the
same type of cement paste, as shown by the chapter 5 and also
observed by other studies [16], its influence can be neglected since
the stress is almost 0. Note that, although various studies have
given indirect definitions for time-zero such as the rate of relative
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2)

3)

4)

humidity and setting time [14,15,43], the onset of EAS evolution is
the most straightforward definition of time-zero because the EAS
is the direct index for EAC risk assessment. Therefore, the end of
the S1 is exactly the time-zero after which the AD should be taken
into account in stress calculation.

Stage 2 (S2): the autogenous expansion, which is induced by
crystal growth such as formation of ettringite [305,306] (as also
shown in the chapter 3) and calcium hydroxide (CH, as also
observed by [307]). Note that the Mini-TSTM/ ADTM tests are all
conducted under constant temperatures, so the significant
autogenous expansion in S2 is not the result of thermal
deformation. In S2, an apparent expansion happens and induces
compressive stress in the restrained specimens. The magnitude of
such compressive stress islow, but it counteracts the tensile stress
happening afterward. To quantify this compressive stress,
accurate data of the viscoelastic properties is essential because
creep at this stage is very high.

Stage 3 (S3): the transition from autogenous expansion to self-
desiccation shrinkage, which shows as a plateau at low and
medium temperatures (Figure 6-3 (a-d)), indicating a slow
transition process. But as temperature increases, such plateau
disappears, and the autogenous shrinkage takes over much
sooner. A slow transition from autogenous expansion to
autogenous shrinkage (resulted from a lower or medium
temperature) can delay the occurrence of tensile stress and
therefore lower the EAC risk.

Stage 4 (S4): the autogenous shrinkage, which induces fast
development of tensile stress and causes EAC [225].
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Figure 6-3 The four-stage process of the AD and EAS evolution under six
different temperatures: (a~ f) corresponds to the temperatures of 10 °C, 15 °C,

20 °C, 25 °C, 30 °C, and 40°C respectively.

Overall, in S1~S3, the EAS magnitude is limited because of very low elastic
modulus and high creep in S1 and S2 (see variation analysis in chapter 5)
and slow deformation rate in S3. In fact, S4 is the stage that really induces
the EAC risk. Therefore, regarding the influence of AD on EAS evolution and
EAC risk, the duration of the S1~S3 matter much more than the magnitude
of the AD, because the duration of the three stages determines when the S4
will begin. Figure 6-4 clearly shows the influence of the temperature on the
duration of each stage:

1)

2)

3)

4)

As temperature increases, the duration of S1 is shortened, which
is similar to the decrease of setting time in higher temperatures as
observed in [307-309].

As temperature increases, the S2 begins earlier and its duration is
shorter.

The duration of S3 follows a decreasing trend as the temperature
increases. At 30 °C, the plateau of S3 is not very apparent but the
shrinkage and tensile EAS increases gradually from a lower rate.
At 40 °C, the S3 disappears, which indicates a direct transition
from autogenous expansion (S2) to autogenous shrinkage(S4)
and therefore higher EAC risk.

The end of the S4 is the timing of EAC. The results show that, as
temperature increases, the EAC happens earlier, except for the
results in 25 °C. Reasons for such inconsistency may be the faster
strength development under 25 °C or the scatter of the Mini-
ADTM/ TSTM tests.
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Figure 6-4 Durations of the four stages of AD and EAS evolution under
different temperatures

In summary, this section describes the four-stage process. In S1, there is no
stress in the specimen (i.e., time-zero) and therefore the analysis can start
from the S2. Two essential aspects that influence the EAC risk are 1) the
duration of S2~S3 which determine the onset of S4 and 2) the rate of
autogenous shrinkage and EAS evolution in S4. These two aspects will be
investigated in detail in the following sections.

6.3.3 Autogenous expansion in S2~S3 due to CH formation

The autogenous expansion in S2 is induced by crystal formation of either
ettringite [305,306] or calcium hydroxide [307], which can both be
detected and quantified by XRD tests. To investigate the influence of
temperature on the AD and EAS in S2~S3, samples cured at 20 and 40 °C
are selected for the XRD tests, at three specific ages: 1) the age at the onset
of expansion (i.e.,, beginning of the S2); 2) the age at the end of expansion
(i.e, end of the S2); and 3) an age in S4. As a result, the selected ages are 9h,
23h, and 54h for the samples cured at 20°C and 4h, 9h and 24h for the
samples cured at 40°C. The curing temperatures are ensured by a cryostat.
Before the XRD test, 10% silicon was added to the sample powder as an
internal standard, and then Rietveld refinement [280] was conducted to
decompose the raw XRD curve. By predefining the mineral types of
different hydration products and clinkers, the decomposition is conducted
based on the program BGMN [281] and the ICDD database. As shown in
Figure 6-5, a good fit was obtained for XRD patterns of all samples, whose
weighted profile R-factors (Rwp) were all lower than 3.4%.
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The main peak ataround 18° in XRD results in Figure 6-5 clearly shows that
CH is the major crystal products across the S2 and S3 in both temperatures
of 20°C and 40°C. On the other hand, the amount of ettringite is almost
negligible since there are no peaks at 9~9.5° in the XRD results. Thereby,
the general XRD results confirm that CH is the main crystal phase that
induces crystallization pressure on the pore walls and then causes
autogenous expansion. By comparing the CH content (calculated by the
Rietveld refinement) at different ages with the AD, as shown in Figure 6-6,
patterns regarding the mechanisms of AD in S2~S4 and the influence of
temperature can be described as follows: 1) In S2, the fast increase of CH
corresponds to the fast autogenous expansion. The CH production rates in
S2 for 20°C and 40°C are 0.179% wt./hour and 0.822% wt./hour,
respectively; 2) After S2, the CH production rates for 20°C and 40°C are
0.064% wt./hour and 0.033% wt./hour respectively. In other words, after
S2, the CH production rate in 20°C decreases to 35.7% of the previous rate,
while in 40°C, the CH production rate accounts for only 4.01% of the
previous rate. The patterns described above explain the mechanisms of
autogenous expansion in S2 and the plateau in S3. In S2, the fast increase of
CH induces the autogenous expansion in both temperatures. After S2, in
lower temperature, the CH production rate decreases gradually, but the
continuous production of CH is still able to generate the crystallization
pressure (that induces expansion) to counteract the effect of capillary
pressure caused by self-desiccation (that induces shrinkage) [17], and
therefore causes the plateau of AD and EAS in S3. On the other hand, at
higher temperature, the CH production rate drastically decreases after S2
and the CH content increase does not result in enough crystallization
pressure that can balance the capillary pressure caused by self-desiccation.
As a result, at higher temperature, self-desiccation effects take over much
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sooner and there is no plateau at the transition of autogenous expansion
and shrinkage.
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Figure 6-6 CH content and the AD of the six selected samples:
(a) 20°C; (b) 40°C.

6.3.4 Autogenous shrinkage in S4 due to self-desiccation

In S4, rapid autogenous shrinkage and EAS evolution happen, which
indicates significant risks of EAC. The mechanism of the autogenous
shrinkage in S4 is self-desiccation [108]. The rates of autogenous shrinkage
and EASin S4 at different temperatures are the main factors concerning the
EAC risk and have been calculated and shown in Figure 6-7. The results
indicate that increasing temperature causes faster development of
autogenous shrinkage and EAS, as also observed by [53,55,308]. However,
for temperatures in 10-30 °C, the rates of EAS and autogenous shrinkage
are similar, which means that even in low-temperature environment,
autogenous shrinkage-induced EAC risk cannot be neglected. At 40°C,
a drastic increase of autogenous shrinkage and EAS rate is observed, which
indicates very high EAC risk.

The influence of temperature on the autogenous shrinkage is a complex
result of several counteracting factors [42]. Specifically, increasing
temperature results in the following changes: 1) faster hydration [49,122]
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and therefore faster drop of RH [33,50]; 2) higher ultimate RH due to the
free water equilibrium inside the capillary pores [50,310,311]; 3) a more
heterogenous microstructure with coarser porosity and increased mean
pore radii [312-315]. According to the Kelvin equation, faster drop of RH
increases capillary pressure and therefore causes faster autogenous
shrinkage, while coarser porosity reduces the capillary pressure and
therefore results in slower autogenous shrinkage [17]. In general, it seems
that the faster hydration and decrease of RH is the main mechanism of the
influence of temperature on autogenous shrinkage in the studied ages,
since the overall trend of the test shows a positive correlation between
temperature and autogenous shrinkage rate. However, it should be noted
that such influence is not significant in 10-30 °C, as also observed by many
other studies [42,304,308] that the rate of autogenous shrinkage under
different temperatures (in the range of 10-30 °C) remains similar.
Therefore, a comparable trade-off between the aforementioned three
factors may be achieved in the temperature range of 10-30 °C, and results
in a similar rate of autogenous shrinkage. When the temperature increases
to 40 °C, a significant increase of the AD rate (and therefore the EAS rate) is
observed, indicating that the fast hydration and RH drop is the governing
mechanism among the aforementioned three factors. A drastic increase of
autogenous shrinkage at 40 °C was also observed by others [307,309,316].
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Figure 6-7 Rate of EAS and AD in S4

6.3.5 Predicting the EAS under different temperatures

The prediction of EAS under different temperatures is conducted based on
the viscoelastic model introduced in Eq ((5-4)- (5-7)) in chapter 5. The
required inputs are AD and relaxation modulus, as shown by the Eq (5-5)
in chapter 5. Based on the section 6.3.1, the MC is not applicable for AD.
Therefore, the tested ADs under different temperatures are directly used
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as input for the model. On the other hand, the relaxation modulus is
obtained based on the conversion method of Eq (5-7), which uses the
elastic modulus and creep compliance function as input. As a property that
is positively correlated to the compressive strength, as revealed by
macroscale loading-unloading tests [118], the evolution of elastic modulus
under different temperatures can be successfully predicted by the MC
[121,122]. The influence of temperature on creep was mainly influenced by
two different mechanisms [173]: 1) A temperature increase accelerates the
bond breakages and restorations causing creep, and thus increases the
creep rate [166,174]; 2) A temperature increase accelerates the hydration
and therefore reduces the creep. For early-age concrete, the effect of
hydration dominates and therefore the maturity concept can still be used
for predicting the basic creep at the early age [173,175]. The increase of RH
can increase the long-term creep rate [174,176], and can be quantified by
the microprestress-solidification theory [173,177].

Therefore, in this section, the MC is applied to first calculate the elastic
modulus and creep compliance at different temperatures based on the
testing results in chapter 5 (as given in Figure 5-12 and Table 5-3). Then,
the relaxation modulus can be further calculated by the Eq (5-7) using the
elastic modulus and creep compliance at different temperatures as the
input. Part of the relaxation modulus at four different time of loading (i.e.,
12, 24, 48, 72 hours) at different temperatures are given in Figure 6-8. The
results show that, as the time of loading and temperature increase, the
relaxation modulus increases, which is reasonable because a later timing of
loading indicates longer hydration and higher temperatures accelerate the
hydration. Using the calculated relaxation modulus and the tested AD as the
input for Eq (5-5), the EAS at different temperatures can be predicted, as
shown in Figure 6-9. Root Mean Square Error (RMSE) is calculated to show
the difference between the predicted and tested EAS, based on Eq (5-10).
The results show that, using the relaxation modulus converted by the MC
as the input, the viscoelastic model (Eq ((5-4)- (5-7))) can still predict the
EAS at different temperatures with only limited errors in some cases. Such
error may be attributed to the variation in the different batches of the
cement, as discussed in detail in chapter 5. The prediction of the EAS under
different temperatures shows that the MC is applicable to the early-age
viscoelastic properties (i.e., elastic modulus and creep/ relaxation).
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6.4

respectively.

Conclusions

Based on the Mini-TSTM/ ADTM tests under different temperatures, this
chapter revealed the influence of temperature on the four-stage process of
the AD and EAS in restrained cementitious materials. XRD tests were
performed to investigate in-depth the micro-scale mechanisms of
autogenous expansion. The applicability of MC on the prediction of AD and
relaxation modulus was also examined by experimental data and the
viscoelastic model. The following can therefore be concluded:

iy

2)

3)

The AD of ordinary Portland cement paste can be described as a
four-stage process: the initial deformation (i.e., time-zero),
autogenous expansion, plateau, and autogenous shrinkage. Due
to the low elastic modulus and high creep in the first two stages,
the magnitude of EAS is low. The plateau in the third stage delays
the occurrence of tensile stress which will accumulate drastically
in the fourth stage when autogenous shrinkage is induced by self-
desiccation.

Higher temperatures can increase the risk of EAC. Higher
temperatures accelerate the transition through the initial stages,
causing the autogenous shrinkage stage to occur earlier. Beyond
30°C, the plateau stage disappears, which directly leads to
autogenous shrinkage. Moreover, higher temperatures lead to
increased rates of autogenous shrinkage and EAS.

The autogenous expansion and plateau of slow deformation are
attributed to the CH content, as quantified by the XRD analysis. At
the beginning of the second stage, the fast CH production induces
the autogenous expansion. As the temperature increases, the CH
production rate decreases. At temperatures below 30°C, the
produced CH after the second stage can still generate
crystallization pressure to balance the effect of self-desiccation
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4)

5)

capillary pressure and result in the plateau of slow AD. However,
when temperature is above 30°C, the CH production rate
decreases drastically and the self-desiccation effect dominates,
resulting in a direct autogenous shrinkage after the second stage.
Low-temperature curing delays but does not entirely prevent AD
-induced EAC. In moderate temperatures (10~30°C), the rates of
autogenous shrinkage and EAS in the fourth stage are
approximately at the same level, leading to the EAC issues at the
end.

While the MC cannot accurately predict AD across temperatures,
it successfully calculates relaxation modulus. This, in turn, aids in
EAS estimation based on AD data.



CHAPTER 7 143

7 @ MODELLING OF STRESS RELAXATION IN

EARLY-AGE CEMENTITIOUS MATERIALS

This chapter investigates numerical methods for simulating very early-age
stress relaxation in restrained cementitious materials. The AD, elastic modulus,
aging creep, and early-age stress evolution of two types of cement paste tested
in chapter 5, CEM I 42.5N and CEM 11I/B 42.5 N, were used as input and
validation for the numerical models. Two methods for converting creep
compliance to relaxation modulus were discussed in detail and used for the one-
dimensional simulation of stress evolution in the Mini-TSTM test.
Furthermore, virtual creep and relaxation tests were conducted using an
exponential algorithm with either the Kelvin or Maxwell chains to show their
applicability in simulating the viscoelastic behavior of early-age cementitious
materials. The results showed that the exponential algorithm with the Maxwell
chain can obtain good prediction accuracy of EAS in 3D analysis. The current
numerical solutions of the Volterra integral of creep compliance can lead to a
negative relaxation modulus, thus introducing calculation errors in terms of
stress for both 1D and 3D analysis.

Parts of this chapter have been published in Liang, M., Luzio, G. Di, Schlangen, E, & Savija, B.
(2024). Experimentally informed modeling of the early -age stress evolution in cementitious

materials using exponential conversion from creep to relaxation. Computer-Aided Civil and
Infrastructure Engineering.
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7.1 Introduction

Based on the TSTM testin either chapter 3 or chapter 5, the early-age stress
(EAS) can be obtained and used to evaluate the risk of early-age cracking
(EAC). It was found in chapter 4 and other different studies [72,110,237]
that relaxation significantly influences the EAS evolution. Therefore, to
model the EAS evolution, early-age viscoelastic properties are necessary
inputs that must be addressed under any conditions [238,317]. Comparing
the measurements of creep and relaxation, creep tests are much more
straightforward than relaxation tests to perform because they only require
recording the deformation under a load-controlled condition. Thereby, to
simulate the stress relaxation in the EAS modeling, many studies need to
convert the measured creep compliance to relaxation modulus [112]. Wei
et al. [252] converted the creep compliance given by the MicroPrestress-
Solidification (MPS) theory and successfully predicted the EAS under
varying temperatures in restrained concrete with good precision. Li et al.
[110,237,253] also converted the creep compliance to relaxation modulus.
In multiple testing cases, they successfully predicted the EAS induced by
restrained AD of alkali-activated material. Note that the conversion
methods adopted by Wei et al. [252] and Li et al. [110,237,253] are
different: Wei et al. [252] used the numerical solution of a linear
viscoelastic constitutive equation with the form of a Volterra integral; the
conversion method adopted by Li et al. [110,237,253] is significantly more
straightforward, based on a specific solution derived from the definition of
relaxation. In addition, it is also worth noting that some methods do not
require obtaining the relaxation modulus. Instead, it is also possible to
simulate the EAS from the perspective of creep. For example, Klausen et al.
[28] first calculated the incremental creep strain, and then, assuming that
both the AD and the creep deformation were restrained, they calculated the
incremental EAS with an elastic relation, which matched well with the
experiments.

The modeling studies mentioned above were all based on a 1D case since
the validation data is from the TSTM test, which is indeed a 1D restraint
test. Generalizing the obtained creep and shrinkage data to 3D structures
and getting the corresponding EAS distribution requires the use of a Finite
Element (FE) model. Simulating the viscoelastic behavior still requires
solving the Volterra integral. However, solving the Volterra integral is
difficult in FEM because, at every time step, the strain/ stress history of
every previous time step at every Gaussian point needs to be restored,
which is computationally heavy and the model may be significantly



CHAPTER 7 145

hindered if a large structure with fine meshes is constructed [212,213].
Instead, the exponential algorithm, based on either a Kelvin chain
[111,212,213] or a Maxwell chain [112], can be used to solve the Volterra
integral with a rate-type form, which then only requires storing a few
internal variables of the rheological chains during the modeling process. It
should be noted that the Kelvin chain can be calibrated directly by the
measured creep data by a continuous retardation chain [209,210]. In
contrast, the Maxwell chain needs the relaxation data, so the conversion
from creep to relaxation is required. Due to the better availability of creep
data, Kelvin Chain has often been used for EAS modeling. Liu et al. [29]
fitted the creep data of the B3 model [318] to a Kelvin chain and
successfully predicted the EAS evolution in a TSTM test by the exponential
algorithm. Similarly, in Chapter 4, the Kelvin chain-based exponential
algorithm is combined with Bayesian Optimization in simulating the EAS in
TSTM tests of GGBFS concrete.

The studies mentioned above form a solid basis for modeling the EAS
evolution in restrained concrete. However, most studies only did the EAS
test and used other (empirical) material models as the input for creep and
elastic modulus, which compromises their validation reliability. To some
extent, the complexity and high cost of TSTM tests hindered a
comprehensive experimental campaign to provide first-hand data for
validating the modeling results. Moreover, most studies directly
implemented the models for EAS prediction, while these models and their
applicability are rarely compared and discussed. In this chapter, based on
comprehensive experimental results in chapter 5, four representative
numerical models (two for 1D simulation and two more for 3D simulation)
will be used to predict the EAS, and their applicability will be discussed.
Notably, the prediction results of EAS will be analyzed and compared in
detail.

7.2 Theory

EAS evolution in restrained concrete is the result of a non-stop relaxation
test: During the hardening of cementitious materials, within every time
interval, an imposed deformation is applied to the hardening concrete to
compensate for the AD and keep the specimen fully restrained, which then
induces EAS. If the concrete material is linearly elastic, then the EAS in each
time interval can be expressed as:

Ao (to) = E(to)Ae(to) (7-1)
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where tp is the time when the imposed deformation A¢ is applied. Then
under the assumption of Boltzmann superposition, the total EAS at time ¢
should be the integration of the elastic modulus E over the imposed
deformation, expressed as:

a(t) = [ E(to) de(ty) (7-2)

However, cementitious materials are viscoelastic, and stress relaxation
must be considered [238]. Therefore, in Eq (7-2), instead of the elastic
modulus, the relaxation modulus R (5 t) should be used, expressed as:

dﬂ=meowm) (7-3)
0

Eq (7-3) is the exact solution of EAS, a Volterra integral obtained by the
Boltzmann superposition. Using the mid-point rule, EAS can be expressed
as:

to=t

1
o(t) = Z R(t, + EAtO,t) X Ae(ty) (7-4)

Eq (7-4) gives the numerical solution of EAS. There are only two inputs
required: 1) relaxation modulus for viscoelasticity R (s, t), and 2) rate of AD
Ae. The Ae can be directly obtained from the test. However, the R(to,t)
requires a conversion from creep compliance to relaxation modulus since
most tests for viscoelasticity are creep tests. Creep compliance function
J(to,t) and relaxation modulus function R(ts, t) are fully coupled if linear
viscoelasticity is applied. Given a stress history o(t) applied at ty and
continuously last until ¢; the strain at trcan be expressed as:

e(ty) = J(to tp)a(t) + [7 J(&', o) dt’ (7-5)

Then, considering a relaxation test and the definition of relaxation modulus,
Eq (7-5) can be rewritten as:

t
J(to, t7)R (o, to) +J- f](t’, t;)R(to, t)dt' =1 (7-6)
to+
Eq (7-6) gives the exact relationship between creep and relaxation.
Substituting the creep compliance J(ty, t) in Eq (7-6) allows the derivation
of relaxation modulus R(ty, t), which will form the basis of the first model in
this study. Moreover, substituting the obtained creep compliance function
J(ts, t) and relaxation modulus function R(ts, t) in the left of Eq (7-6), the
results should be equal to 1.0. This can be used to check the conversion
process from creep to relaxation and will be termed “integral check” in the
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remainder of this chapter. Given the creep compliance function /(s t) and
relaxation modulus function R(ty, t), Eq (7-6) can be solved as:

tr
J (o, tr)R(to, to) + Z J(tiva2, t)[R (o, t;) (7-7)
i=to+1
—R(to, ti1)] =1

7.3 EAS models

Modeling the EAS requires three time-dependent inputs: the AD, the elastic
modulus, and the relaxation modulus. In this chapter, AD was measured by
the Mini-ADTM by specifying a free mechanical boundary and constant
temperature. The elastic modulus and creep were measured by the Mini-
TSTM by an hourly-repeated loading scheme. The Mini-TSTM also
measured the EAS with a fully restrained boundary condition and then was
used to validate the four proposed models. Conversion from creep to
relaxation is a crucial step in the simulation of EAS evolution and will be the
key focus of this study.

7.3.1 Models for 1D analysis

The 1D analysis model only considers the case of a shrinking bar that is fully
restrained at the two ends. Because TSTM tests are also uniaxial loading
tests, the 1D analysis applies to EAS calculation in TSTM tests. In 1D
analysis, Eq ((7-3)~(7-4)) can directly calculate the corresponding EAS. A
significant problem with 1D analysis lies in converting a creep compliance
function to a relaxation modulus function. For 1D analysis, two methods
will be used to conduct this conversion. The obtained relaxation modulus
function will be analyzed by the integral check using Eq ((7-6)~(7-7)). The
final validation will be done by comparing the tested and the predicted EAS.
The working procedures for the 1D analysis are shown in Figure 7-1.
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Obtain creep compliance
J(tp.t) from tests in chapter 5

Perform R-J conversion as in
Eq((7-8)~(7-13)) or Eq(7-19)

| 4 &

Calculate EAS as

Check the integral
ERsl AR in Eq(7-4) and
criterion as n ohb wiih
Eei(7-7) tested EAS
Evaluate

Figure 7-1 Procedures of 1D analysis

7.3.1.1 Model 1 (M1): Numerical solution from the integral form

The conversion from creep to relaxation in Model 1 (M1) is done by
substituting the creep compliance into Eq (7-6) and solving the
corresponding relaxation modulus numerically. Therefore, M1 is
intrinsically based on the numerical solution of the integral form. Wei et al.
[252] applied M1 to transfer the creep compliance function adjusted by
MPS theory and successfully predicted the EAS wunder varying
temperatures. Given the creep compliance function J(ts, t), the relaxation
function R(ty, t) can be obtained numerically as [111]:

R(ty,1) =0 (7-8)
R(ty,2) = -9
(t0.2) J(to, to) (7-9)
R(to, k + 1) = R(ty, k)
k-1
1 .
i Z e (R(to, i + 1) (7-10)
- R(tOJ l))
oo _Jk+ 1k + 1; +J(k k + 1) 7-11)

A = Jkk+1) = J(k, k) (7-12)
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It should be noted that the first term as in Eq (7-8) is merely an auxiliary
term that enables to start the iteration in Eq (7-10). However, due to the
highly non-linearity of the relaxation modulus at the beginning, directly
implementing the numerical solution, as in Eq ((7-8)~(7-12)), can lead to
an underestimation of the relaxation modulus. Therefore, instead of
following the initial conditions as in Eq (7-9), it was also suggested to keep
the second and third term of the relaxation modulus constant [111],
expressed as:

1
R(ty,2) = R(ty,3) = ——< 7-13
° O (e t) 713
It should be noted that the initial conditions as in Eq (7-13) are merely used
for calculating the other relaxation modulus after ¢=3, while the real
relaxation modulus of the first two terms stays the same as in Eq ((7-8)

~(7-9)).

7.3.1.2 Model 2 (M2): A simple explicit solution from the definition
of relaxation test

Model 2 (M2) was initially proposed by Wittmann and van Breugel
[250,251] to calculate the EAS in young concrete and obtain good
prediction accuracy with concrete. M2 has already been used in the chapter
5 to predict the EAS of ordinary Portland cement paste tested by the Mini-
TSTM. In the past, M2 was also successfully applied to alkali-activated
materials [110,237,253]. In this section, the M2 is introduced in detail to
compare with other models. It is assumed that the total strain is composed
of two parts, the elastic and the creep part, as:

E=¢q + & (7-14)

where .1 and & are the elastic and the creep strain, respectively. Note that
with the definition of relaxation tests, the total strain is a constant
independent of time. Then, by taking the derivative at the two sides and
expressing the elastic strain with Hook’s law, one gets:

1 do  de
E(t)) dt  dt

(7-15)

Assuming that the creep strain at a certain to can be expressed by power
functions [111,193] (i.e. J (to, t)=a(t-ts)"), the Eq (7-15) can be rewritten as:
1 do

E(ty) dt

= —gan(t—ty) " 1! (7-16)

Note that a and n are fitting parameters of the power function of creep.
Integrating the Eq (7-16) leads to:



150 CHAPTER 7

Ino = —E(ty)a(t — to)" + C (7-17)

Where C is a constant depending on the initial condition. Assuming the

initial stress is oy, the ratio of stress o and oo can be obtained as:
o

Z = p-E(to)at-te)™ (7-7-18)
)

Therefore, the relaxation modulus can be written as:
R(to, t) = et/ CDECIE (1) (7-19)

Note that the exponent in Eq (7-19) is the creep coefficient. It should also
be noted that M2 is significantly more straightforward to handle than M1
because Eq (7-19) can be directly solved. On the contrary, M1 needs a more
complex numerical scheme, as in Eq ((7-8)~(7-13)), to obtain the
relaxation modulus. By substituting the tested elastic modulus and creep
compliance into Eq (7-19), one obtains the relaxation modulus explicitly,
and then the EAS can be calculated directly by Eq (7-4).

7.3.2 Models for 3D analysis

For the final aim to assess the EAS in real concrete structures, the FEM
method should be used for 3D analysis. Because solving the Volterra
integral Eq ((7-3)~ (7-4)) in FEM is computationally expensive, this study
employed the exponential algorithm [111,112,212,213] based on the
Kelvin chain model and Maxwell chain model, which turns the Volterra
integral into a rate-type form and allows to solve it with a quasi-elastic
constitutive relationship. The exponential algorithm is also based on the
integral formation of Eq (7-3) and Eq (7-5). The first step of the exponential
algorithm is to reformulate Eq (7-3) and Eq (7-5) in the following
incremental form:

Ag = E*(Ae — Agyy) — 0 (7-20)

where E* is the incremental modulus; ¢ is an internal variable in the
rheological chain that should be updated in each computation cycle; Agad is
the incremental AD. The adopted Kelvin chain or Maxwell chain gives the
exact solution of the E* and o* that will be introduced in detail in the
following sections. Firstly, using Eq (7-20) as the constitutive equation and
setting Aeqq to 0, virtual uniaxial creep/relaxation tests will be conducted
on a 150x150x750 prism (Figure 7-2 (a)). The boundary condition of
creep/ relaxation tests is formulated by fixing the bottom of the prism and
applying unit load/ displacement on the top. Creep/ relaxation tests aim to
check the applicability of the exponential algorithm in simulating the
viscoelastic behavior in FEM. Then, a virtual Mini-TSTM test will be
conducted based on a dog-bone specimen retrained at the two ends and
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with the same geometry as the Mini-TSTM specimen (Figure 7-2 (b)). The
measured AD in the Mini-ADTM is then used as input of Agqd.

(a) (b)

Figure 7-2 Virtual specimens in FEM simulation of viscoelastic behavior: (a)
prism for basic creep/ relaxation tests; (b) Dog-bone specimen for Mini-TSTM
tests

Because the integral check requires solving Eq ((7-6)~(7-7)) at every to
and t, which is very computationally expensive for FEM, this study only
checks the coupling between creep and relaxation in FEM with virtual
creep/ relaxation tests at four different ages, including 7, 24, 48, and 72
hours. The final validation of the FEM will still be using the tested AD, elastic
modulus, and creep to calculate the EAS, and then the calculated EAS can
be compared to the tested EAS.

7.3.2.1 Model 3 (M3): Exponential Algorithm Based on Kelvin-chain

A typical Kelvin chain with n units is shown in Figure 7-3. Solving the
system of the differential equations of rheological units, the creep
compliance function can be obtained by adding the strain in each
rheological unit under a constant unitload, which then can be expressed as:

1 o1
100 =iyt 2 E

where Ej and 75, are the elastic modulus of the spring and viscosity
coefficient in j-th rheological unit, respectively, and y; is the retardation
time of j-th unit and p=n; /E;

t—

B (7-21)
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E, E, E, E; E,
L e0oe o
j=4.5 ....n0-1
M Nz N3 Mo

Figure 7-3 A Kelvin chain with n units

Rewriting Eq (7-5) into the incremental form as Eq (7-20) and substituting
the creep compliance function Eq (7-21) into the incremental form derived
from Eq (7-5), one obtains the numerical solution of incremental modulus
E"and internal variable o” as below [111,212,213] :

1
@)= A 7-22
i ae
() = E'E) ) (1= )& (tr) (7-23)
j=1
o o
g (tiy1) = e Mgl(ty) +#ti)(1 —e *)Ag (7-24)

where t" is the average of two consecutive time steps ¢ and ti1. Eq (7-20)
and Eq ((7-22)~(7-24)) encompass the incremental viscoelastic
constitutive relationship for simulating the development of stress induced
by AD . Note that the £* of each Kelvin chain unit is the internal state variable,
a second-order strain tensor that must be updated on each integration
point according to Eq (7-24) at every time step.

Itis important to note that the input of the Kelvin chain is creep compliance,
as in Eq (7-21). Therefore, implementation of Model 3 (M3) requires
determining the parameters of the adopted Kelvin chain (i.e., Ejand y;in Eq
(7-21)) by fitting Eq (7-21) with the tested creep compliance function (i.e.,
Eq (5-6) with parameters obtained from the tested creep data as in Table
5-3).Herein, the continuous retardation spectrum method [209,211,213] is
used. First, based on a 13-unit Kelvin chain, the retardation time yjis chosen
as a priori to prevent an ill-conditioned equation system as:

pj=10""",j=1:13 (7-25)

Then the continuous fitting form for the non-aging termin Eq (5-6) (i.e., C(t-
to)= (t-to)°) is as follows:

co t—to

C(t —to) =f %(1 —e M )d(nu)) (7-26)
]

0
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Using the Laplace transform and Widder’s formula, the solutions of Ej can
be derived [209]:
k
Elj = —[n10 * Iéijg((kf—ul))!Ck(ky) (7-27)

In this study, the spectrum of third order (k=3) is used, which shows high
accuracy in fitting Kelvin chain parameters [209,211,213]. The working
procedures for the M3 are shown in Figure 7-4. Three checkpoints are
proposed to examine the feasibility of the M3: 1) by doing a virtual creep
test, the obtained creep compliance function should be the same as the
input creep compliance function; 2) by doing a virtual relaxation test, the
obtained relaxation modulus should show a similar coupling as obtained
by M1; 3) by simulating a Mini-TSTM test, which uses the AD tested by the
Mini-ADTM as the input, the obtained EAS should match the tested EAS.

Creep compliance J(to,t) from
tests in chapter 5

\ 4

Kelvin chain continuous spectrum

as in Eq (7-27)
T ; :
Exponential algorithm as in Eq(7-
! 20) and Eq(7-22) ~(7-24) !

g e st e S e P s s e e '
' Checkpoint 2 ] ! Checkpoint 3 !
1 ! | [l
] I 1 1
! Apply displacement ] ! Input AD, full restraint 1
. ' i ' ‘ i
1 ! | 1
[l 4 | 1
[l | I o

I '
E Relaxation modulus { E Stress result !
N N
[ ! 1 !
1 I | 1}
1 ! ] 1
1 ! ] 1

| 1
i Check the coupling between R~ | | Compare with experiment !
1 and J function 1 i and evaluate results 1
i | | 1
1 | | 1

Figure 7-4 Procedures for exponential algorithm based on Kelvin chain.

7.3.2.2 Model 4 (M4): Exponential Algorithm Based on Maxwell-
chain

Model 4 (M4) is based on the Maxwell chain, as shown in Figure 7-5. By
solving the system of differential equation of the Maxwell chain with n units,
the relaxation modulus can be explicitly expressed as:
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t—t'

R(to,t) = Eo(to) + Z Ej(to)e_ i (7-28)
=1

Similarly, by substituting Eq (7-28) into the incremental from asin Eq (7-20)
derived by Eq (7-3), one obtains the numerical solution of modulus E* and
internal variable ¢°, as [112]:

N Aty o,
E*(t") = ;Ej(t*) (1 - e_”_i)%+E0(t*) (7-29)
" _At
0" (tiy1) = ; (1 —e #’> aj (t;) (7-30)

+ E"(tiy1)A0q(tir1)

At At
o (t) = e Fiof (te) + E' (€)1 —e M)l @et) = (7.37)
Aggq(ty))
ﬁ—‘“l ﬁ“z ﬁm ﬁnn
o0 0 §E°
E; E, E; j=4,5,...,n0-1 E,

Figure 7-5 A Maxwell chain with n units

Eq (7-20)and Eq ((7-29)~(7-31)) form the exponential algorithm based on
the Maxwell chain and can be implemented in FEM to simulate the
viscoelastic behavior. However, it should be noted that the Maxwell chain-
based model requires an input of relaxation modulus, as shown in Eq
(7-28). Therefore, the tested creep compliance function (i.e., Eq (5-6) with
parameters obtained from the tested creep data as in Table 5-3) should be
converted to a relaxation modulus function before it can be used as input
for the Maxwell model. In this study, the conversion method as given by M2
(i.e., Eq (7-19)) was used for conversion. After the relaxation modulus is
available, the nonlinear optimization tool [319-327] developed by
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MATLAB is adopted to complete the fitting process of the Maxwell chain
spectrum. Note that the studied time range is from 0~168 hours after the
placement of fresh material, with 1 hour as the time step. Assuming the
adopted Maxwell chain has 13 units and the retardation time is selected as
Eq (7-25), the objective of the optimization process s to find the E; (=1, 2, ...,
13) that can make the relaxation modulus derived by the Maxwell chain
(ie, Eq (7-28)) as similar as the relaxation modulus converted from the
tested creep compliance. Therefore, this study's retardation spectrum of
the Maxwell chain would be a 168x13 array, with the first axis
corresponding to the loading time and the second axis corresponding to the
J-th unit in the Maxwell chain.

The working procedure for the exponential algorithm based on the
Maxwell chain is formulated in Figure 7-6. Three checkpoints are proposed
to examine the feasibility of the M3: 1) by doing a virtual relaxation test, the
obtained relaxation modulus function should be the same with the input
relaxation modulus function; 2) by doing a virtual creep test, the obtained
creep compliance should show a similar coupling as obtained by M2; 3) by
simulating a Mini-TSTM test, which uses the AD tested by the Mini-ADTM
as the input, the obtained EAS should match the tested EAS.

Creep function J(t,.t) from chapter 5
R-J conversion by Eq(7-19)
Relaxation function R(t;,t)

disnl ization for Maxwell
Appl
pply disp e

-------------------- L S—

Exponential algorithm by
Eq(7-20) and Eq(7-29) ~(7-31)

e esssesgmrssd s e, "

! Checkpoint 2 i d Checkpoint 3 )
' Apply constant load i i Input AD, full restraint i
' '
i I H '
: : : ¥ :
! Creep compliance J | ! Stress result i
] ' ] !
1 | ‘ A 2 :
1 I
i Check the coupling between R and J i 4 Compare with experiment )
i} function i : and evaluate results |
| '

Figure 7-6 Procedures for exponential algorithm based on Maxwell chain.

7.4  Results and discussion
7.4.1 The 1D analysis for conversion from creep to relaxation

The 1D study was conducted by M1 and M2, as introduced in section 7.3.1.
In this section, the conversion results of M1 and M2 will be analyzed, and
the integral check will be performed.
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7.4.1.1 Conversion results

After obtaining the viscoelastic properties from the chapter 5 (i.e., Eq (5-6)
with parameters obtained from the tested creep data as in Table 5-3), the
conversion from creep to relaxation can be done by M1 (ie, Eq
((7-8)~(7-13))) or M2 (i.e, Eq (7-19)). The conversion results of the two
types of cement paste are shown in Figure 7-7. Note that in this study, the
time range of interest is 1~168 hours, with a time step of 1 hour. Therefore,
the relaxation modulus R (to, t) is a 168x168 array. To clearly display the
relaxation modulus R (to, t), only 16 sets of R (ty, t) are shown below, with
to equal 10, 20, 30, ..., and 160 hours. As expected, the relaxation modulus
obtained by both M1 and M2 follows a clear decreasing trend. However, the
results of M1 (Figure 7-7 (a, ¢)) do not converge to 0 but to negative values.
In comparison, the results obtained by M2 (Figure 7-7 (b, d)) always
converge to 0. Itis clear that the negative values in M1 already suggest that
it is not applicable for EAS simulation because the negative relaxation
modulus indicates that in the relaxation process, the stress not only
decreases but also changes the direction afterwards. For example,
considering a relaxation test with initial compression, a negative relaxation
modulus means that the compressive stress will not only decrease but also
become tensile stress afterwards. It should be noted that such a problem
with M1 has already been reported in [111], suggesting that the high
nonlinearity of the relaxation modulus results in the underestimation of the
relaxation modulus by numerical solutions. And therefore, instead of the
initial conditions as in Eq (7-9), Bazant and Jirasek [111] proposed an
empirical solution by using the initial conditions as in Eq (7-13) to ease
problems in the conversion of relaxation modulus of later ages (several
days to weeks). However, despite the improvement brought by Eq (7-13),
itis shown here that the negative relaxation modulus still exists (Figure 7-7
(a, ¢)), which indicates that M1 needs further improvement (probably in
numerical schemes) before it can be used to simulate stress relaxation in
very early age cementitious materials (from several hours to a week in this
study).
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Figure 7-7 Relaxation modulus R(to, t) converted from measured creep
compliance function by M1 and M2 for two types of cement paste: (a) C1
results converted by M1; (b) C1 results converted by M2; (¢) C3 results
converted by M1; (d) C3 results converted by M2. (Note that the results
displayed here are R (to, t) with to equal to 10, 20, 30, ..., and 160 hours.)

In fact, the negative relaxation modulus (caused by M1) is mainly resulted
from the rapid decrease of the creep compliance function due to the aging
term (specifically, term (1/ts) in Eq (5-6)). This becomes evident when
assuming that concrete creep is not subject to aging (by omitting the aging
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term) and then recalculating the relaxation modulus using M1, as depicted
in Figure 7-8 (a). When the load is applied at intervals of 10, 20, .., up to 160
hours, within a total timeframe of 1000 hours, the issue of the negative
relaxation modulus is completely addressed. Additionally, employing a
creep compliance function for normal concrete, which is typically
recommended for long-term creep analysis by many design codes, also
resolves this negative issue. For instance, by applying the creep compliance
function from the ACI code [30], with parameters equivalent to those for
normal concrete as described in Eq ((7-32)~(7-34)) [212], the relaxation
modulus following M1 can be calculated, as shown in Figure 7-8 (b). The
negative relaxation modulus is only observed at the very beginning.
Consequently, the negative relaxation modulus problem induced by M1
primarily occurs in very early-age materials with high creep. For long-term
creep analysis, such concerns regarding M1 are likely negligible.

0.2 1— 28 _
E(t,) = 38000 (e ( g>)°-3 (7-32)
@(to, t) = 2% (1.25 % t() 70118 « (t — ()2 (7-33)
1+ ¢(to,t) (7-34)
to,t) =———7
J(to, ) = =5
F.; 25
a 0 200 400 - 600 ?<_EH} 1000
Loading Duration/ Hours

(a) C1 with a constant aging term

25

) (L
20 ||\il,_|' \

Relaxation modulus/ GPa

0 200 400 600 800 1000
Loading Duration/ Hours
(b) Normal concrete with ACI
Figure 7-8 Relaxation modulus R(to, t) converted from creep compliance
function by M1 for: (a) C1 creep compliance function with a constant aging
term; (b) ACI-based creep compliance function for normal concrete as used in
[212].
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7.4.1.2 The integral check

The integral check is performed here by substituting the converted
relaxation modulus (obtained by M1 and M2) and creep compliance
function (i.e, Eq (5-6)) into Eq (7-7) and checking if the integral is equal to
1. To evaluate the difference between the obtained integral value and 1, the
index root mean square error (RMSE) is used here, which can be expressed
as:

Y () = 3(8)° (7-35)

t

RMSE =

where y. is the calculated value, and in this case, it is the integral value; yris
the real value that the integral in Eq (7-7) should be equal to, which in this
case is 1. The integral check results for the converted relaxation modulus
of both pastes obtained by M1 and M2 are shown in Figure 7-9. The results
of the integral check for t =20:168 and to=1:168 are shown. To present the
overall shape of the relaxation function, the results in the very beginning
(i.e., t=1:20) are not shown. However, it should be noted that the RMSEs in
each result were calculated based on all the results. The integral check
results clearly show that the relaxation modulus converted by the M1
(Figure 7-9 (a, ¢)) has a much lower RMSE (around 0.10) than the
relaxation modulus converted by the M2 (Figure 7-9 (b, d)), which obtained
a higher RMSE around 0.43.
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Figure 7-9 Integral values given by Eq (8) using converted relaxation modulus
and tested creep compliance function as input: (a) C1 results converted by
M1; (b) C1 results converted by M2; (c) C3 results converted by M1; (d) C3
results converted by M2.
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Such results are understandable if one checks the detail of the M1 and M2:
M1 is basically another form of numerical solution of the integral check (Eq
(7-6)), and therefore M1 naturally satisfies the criterion that the integral
value calculated by Eq (7-7) should be equal to 1. The RMSE of near 0.1 is
justthe accuracy loss of the adopted numerical scheme (i.e., mid-point rule).
However, on the other hand, it should be noted that the derivation of M2
does not have any prior information regarding the integral, and thus it
results in a higher RMSE of about 0.4 3. Specifically, looking at Figure 7-9 (b,
d), it is found that the error of M2 in the integral check tends to be higher,
especially at a very early age (i.e., at small ty). Note that the problem of
negative values of relaxation modulus obtained by M1 (Figure 7-7 (a, c))
also tends to be more significant at a very early age (i.e, at small to).
Considering all the negative values in Figure 7-7 (a, c¢) as mere errors of
adopted numerical schemes, one can correct all negative values to zero and
do the integral check again with the adjusted relaxation modulus. The
results of the relaxation modulus obtained by such adjusted M2 are shown
in Figure 7-10. It is interesting to see that, after correcting all the negative
values to 0, the adjusted M1 obtains a similar RMSE with M2. Moreover, the
error distribution of the adjusted M1 is also similar to that of M2: earlier
ages tend to have higher RMSE and, therefore, more deviation from the
criterion of integral check.
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Figure 7-10 Integral values given by Eq (8) using adjusted M1 by setting all
negative values to 0: (a) C1 results; (b) C3 results.

From the result analysis of this section, it is found that despite M1 satisfying
the integral check with better accuracy with a low RMSE of around 0.10, it
obtains negative values of the relaxation modulus, especially in early age,
which is due to the high nonlinearity of relaxation modulus function at the
beginning according to BaZant and Jirasek [111]. In comparison, M2 does
not lead to negative values but only a smooth convergence to 0. Negative
values of the relaxation modulus represent problematic stress relaxation
process with a change of stress direction, and may not be acceptable for
simulating stress relaxation in early-age cementitious materials.
Considering the negative values in M1 as numerical loss and correcting
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them to zero, the obtained RMSE in the integral check is similar to M2,
which is around 0.40.

7.4.2 The 3D analysis based on exponential algorithms
(Checkpoints 1 and 2)

The 3D analysis implements M3 and M4 in FEM, extensions of the 1D
method M1 and M2. The exponential algorithm solves the Volterra integral
with a quasi-elastic constitutive relationship, which is more efficient than
directly solving the integral with classical numerical schemes and therefore
is more suitable in simulating viscoelastic behavior in massive structures,
including the EAS prediction. In this section, virtual creep and relaxation
tests will be done using the M3 and M4, respectively, to illustrate the
applicability of the exponential algorithm based on either Kelvin or
Maxwell chain in simulating the viscoelastic behavior of very early-age
cementitious materials. Specifically, checkpoints 1 and 2 in Figure 7-4 and
Figure 7-6 will be examined in this section for both M3 and M4. All the
virtual tests will be conducted at four different ages, including 7, 24, 48, and
72 hours.

7.4.2.1 Kelvin-chain

The M3 is the exponential algorithm based on the Kelvin chain model. The
spectrum of the Kelvin chain was fitted using the continuous retardation
chain method based on the experimental results of the creep compliance
function. Checkpoint 1 of M3 aims to conduct a virtual uniaxial creep test
on a prism and compare the obtained creep compliance function from such
tests with the experimental results (i.e., the input for the Kelvin chain.). The
results of checkpoint 1 of M3 are shown in Figure 7-11. The results of
checkpoint 1 indicate that the M3 can almost perfectly simulate the creep
test given a specific input, meaning that high precision is achieved by the
exponential algorithm based on the Kelvin chain to calculate the Volterra
integral. However, this suggests that similar problems of negative
relaxation modulus happening to M1 will also occur in M3 if it comes to the
conversion from creep to relaxation. The relaxation modulus can be
obtained by applying a constant displacement on top of the prism, as
shown in Figure 7-12. The relaxation modulus converted by M1 and M2 are
also compared. The results of virtual relaxation tests by M3 show a similar
non-converging trend as the results of M1, which leads to a negative
relaxation modulus, which indicates a problematic change of stress
direction in the relaxation process, and may not be acceptable for EAS
simulation.
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7.4.2.2 Maxwell-chain

Compared to the Kelvin chain, the Maxwell chain is less used because it is
difficult to obtain the relaxation modulus which the Maxwell chain requires
as the input. In this study, we first used the M2 to convert the creep
compliance function obtained from the hourly-repeated loading test to the
relaxation modulus. Then, a nonlinear optimizer was employed to fita 13-
unit Maxwell chain using the relaxation modulus obtained by M2. The
obtained spectrum of the Maxwell chain for the two cementitious materials
CEM I/ 42.5N and CEM III/B 42.5N with a w/c ratio of 0.30 are shown in
Figure 7-13. Note that the Maxwell spectrum is a 168x13 array, with the
horizontal axis being the investigated time ranging from 1 to 168 hours and
the vertical axis being the 13 different Maxwell units with relaxation time
logarithmically distributed from 10-¢ to 106 hours. The values in the array
are the ratio between the elastic modulus of the spring in the unit and the
elastic modulus of the cement paste material.
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Figure 7-13 Spectrum of the Maxwell chain model of two types of adopted
cementitious materials: (a) CEM I 42.5N; (b) CEM I11/B 42.5N
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The relaxation modulus can be obtained by applying a constant unit
displacement on the top of the prism, which can then be compared to the
input of the adopted Maxwell chain model (ie., checkpoint 1). The
relaxation modulus in the virtual relaxation test is shown in Figure 7-14.
The relaxation moduli obtained by M1 and M2 are also compared. From the
perfect match between the relaxation modulus obtained by M4 and M2, it
is clear that the exponential algorithm based on the Maxwell chain can
simulate the relaxation behavior with good precision, indicating the
applicability of M4 in EAS simulation. By applying a constant unit load on
top of the prism, virtual creep tests can be done, and checkpoint 2 can be
examined, as shown in Figure 7-15. If M2 can perfectly reflect the coupling
between creep and relaxation, then the obtained creep compliance in
virtual creep test should match the experimental results. However, the
results of checkpoint 2 in Figure 7-15 clearly show that at an early age, the
creep compliance function obtained by M4 (which is calibrated based on
the input of M2) does not match the experimental creep results. However,
at a later age, the difference decreases. At 72 hours, the two creep
compliance curves become very similar. Such a pattern has been shown in
the integral check of M2, in which the integral values are far from 1 if at an
earlier age, and vice versa. Since M4 is calibrated by the relaxation modulus
of M2, a similar weak coupling between creep and relaxation like M2 at a
very early age is understandable.
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Overall, given the input of the creep compliance function or relaxation
modulus function, M3 and M4 can perfectly simulate the creep and
relaxation behavior with high precision, respectively. However, M3 and M4
cannot well reflect the coupling between creep and relaxation. In M3, given
the creep compliance function as input, the relaxation modulus obtained
from a virtual relaxation test can be negative, especially when the loading
time to is small. Such a problem is similar to M1 which is understandable
since M1 and M3 are based on the same original Volterra integral (Eq (7-5)).
To simulate EAS in this chapter, a negative relaxation modulus may not be
favorable because it conveys a problematic relaxation process with a
change of stress direction. On the other hand, using the relaxation modulus
obtained by M2 as input for the M4, a more reasonable relaxation modulus
can be obtained in the virtual relaxation test, which always converges to 0.
However, a weaker coupling between creep and relaxation still exists at a
very early age (as observed in the integral check of M2).

7.4.3 Prediction of early-age stress (Checkpoint 3)

In this section, the M1~M4 will be used to predict the EAS using the AD
(Figure 5-8 (b) and Figure 5-9(b)) and measured viscoelastic properties
(Eq (5-6) with parameters in Table 5-3) as input. The predicted EAS can
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then be compared to the experimental results of EAS (in Figure 5-8 (a) and
Figure 5-9(a)). For 1D analysis methods M1 and M2, the prediction of EAS
was calculated based on Eq (7-4), using the relaxation modulus given by Eq
((7-8)~(7-13)) and Eq (7-19), respectively. For 3D analysis methods M3
and M4, the prediction of EAS was simulated based on the dog-bone
specimen with two ends fixed, similar to the Mini-TSTM test (Figure 5-1
(¢)). The exponential algorithm based on Kelvin and Maxwell chains was
implemented based on Eq ((7-20), (7-22)~(7-24)) and Eq ((7-20),
(7-29)~(7-31)), respectively. The experimental and numerical results of
EAS are shown in Figure 7-16 below. To display the difference between the
experimental and numerical results, the RMSE was calculated based on Eq
(7-35). Note that for M1, there are four different variants:

1) M1: Original M1, based only on Eq ((7-8)~(7-12)).
2) Mi1-zeroed: Adjusted M1, which sets all negative relaxation
modulus obtained by M1 as 0.
3) M1-2: Improved M1, based on Eq ((7-8)) and Eq ((7-10)~(7-13)).
The initial condition changes in Eq (7-13) mainly aim to reduce
the error of high nonlinearity of the relaxation modulus function
[111].
4) M1-2-zeroed: Adjusted M1-2 sets negative relaxation modulus
obtained by M1-2 as 0.
Figure 7-16 shows only the original and adjusted M1 for clarity. But RMSEs
of all studied methods are shown in Table 7-1. Comparing the averaged
RMSEs of all models, the rank of prediction accuracy is as follows: M2
(0.265) < M4 (0.297) < M1-2-Zeroed (0.302) < M1-Zeroed (0.393) < M1-2
(0.52) < M1 (0.743) < M3 (0.775). The following analysis can be obtained:

1) Models M2 and M4 both show good accuracy with a low averaged
RMSE below 0.300 MPa. Note that M4 is the FEM model that can
be generalized to 3D analysis of a more realistic structure. At the
same time, M2 is a simple model for 1D analysis, such as the
uniaxial restraint test in this study. A similar accuracy of M2 and
M4 is expected because M4 uses the relaxation modulus derived
from M2 to calibrate the spectrum of the Maxwell chain. The good
prediction accuracy of M2 and M4 also shows that, in the results
of Mini-TSTM and Mini-ADTM tests, each AD is an exclusive
description of the corresponding EAS results, which verifies the
variation of AD between different batches of cement.

2) Models M1 and M3 obtain the highest RMSE and, therefore, the
lowest accuracy of EAS prediction. This result is expected if
considering the influence of high nonlinearity of the relaxation
function [111], which causes underestimation of relaxation
modulus calculation if strictly following Eq ((7-8)~(7-12)) for the
conversion. The similar performance of M1 and M3 is expected
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because both are based on the same governing equation: M3
employs the exponential algorithm using the Kelvin chain by Eq
((7-20), (7-22)~(7-24)), which is initially derived by the
incremental form of Eq (7-5), and Eq (7-5) is also the basis of M1.

3) The negative values of relaxation modulus and error brought by
the high nonlinearity of the relaxation function in the conversion
process are mainly responsible for the poor prediction: By
correcting all the negative relaxation modulus to 0, the prediction
accuracy is significantly improved, which can be seen by
comparing the RMSE of M1 to M1-zeroed and M1-2 to M1-2-
zeroed. By reducing the error brought by the high nonlinearity of
the relaxation function using Eq (7-13), the prediction accuracy is
also improved, which can be seen by comparing the RMSE of M1
to M1-2 and M1-zeroed to M1-2-zeroed. If correcting both, the
adjusted M1-2-Zeroed can obtain comparable accuracy to M2 and
M4, which brings a low averaged RMSE of around 0.302 MPa.

4) It should be noted that simply correcting all negative values to
zero or applying a different initial condition (as in Eq (7-13)) may
not intrinsically solve the numerical issue induced by the high
nonlinearity of the relaxation function. Therefore, such
improvement cannot be extended to 3D models (i.e, M3). For
better application of M3 in EAS analysis, improvements are
needed, given the high nonlinearity of relaxation functions.
Alternatively, this study proves that the M4 model, which uses the
relaxation modulus from M2 as input, is well applicable in EAS
simulation.

Overall, the analysis above proves that the M4, based on aging Maxwell
Chain, exponential algorithm, and the exponential conversion from creep
to relaxation, can well address the problem of negative relaxation modulus
and high non-linearity as brought by M1 and M3, and therefore
significantly improves the EAS prediction accuracy. Despite the EAS can be
well quantified through M3, it is worth mentioning that the EAC criterion is
equally important to achieve a full assessment of EAC risk. A
straightforward assessment criterion is the stress-nominal strength ratio.
Many studies [278] on TSTM tests showed that EAC always happens before
the stress- nominal strength ratio reaches 1.0 and mostly between 0.60 and
0.80. Therefore, for engineering applications, a stress- nominal strength
ratio of 0.5 is often used. To precisely assess the EAC risk, a more
sophisticated damage criterion is needed, which often combines the EAS
and strain [24]. Moreover, it should be noted that, the models M1~M4 are
built based on the Boltzmann superposition, which assumes that the EAS
induced at every time point is additive. However, this assumption is less
valid and can compromise the EAS prediction accuracy when the stress is
close to the strength. Finally, it should be mentioned that this chapter uses
the EAS caused by AD as an example. The calculation methods hold also for
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the EAS caused by thermal and drying deformation, since the imposed
deformation does not refer to a specific type of deformation.
6
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Table 7-1 RMSE between predicted EAS made by M1~M4 with 6 tested EAS.

M1- M1-

M1 zeroed M1-2 2-zeroed M2 M3 M4
C1-30-1 1.62 0.75 1.20 0.59 0.47 135 061
C1-30-2 0.52 0.63 0.49 0.49 038 028 051
C1-30-3 0.26 0.17 0.17 0.15 0.17 024  0.12
C3-30-1 0.79 0.30 0.50 0.18 0.15 1.03 018
C3-30-2 0.63 0.18 0.35 0.14 0.15 085 0.10
C3-30-3 0.64 0.33 041 0.26 0.27 090 0.26
Average 0.74 0.39 0.52 0.30 027 078 0.29

7.5 Conclusions

This chapter investigated four different numerical approaches (two for 1D
analysis and another two for 3D analysis) for simulating the EAS evolution
in cementitious materials. Based on the experimental results of AD ,
viscoelastic properties (i.e., elastic modulus and aging creep), and EAS of
two different cement pastes (i.e, CEM I 42.5N and CEM III/B 42.5N) in
chapter 5, the theories, applicability, and reasonability of the four different
numerical models M1~M4 were introduced and analyzed in detail. The
following conclusions can be drawn:

1)

2)

As the numerical solution of the Volterra integral, the 1D model
M1 and 3D model M3 both lead to negative relaxation modulus in
a similar manner, which is physically impossible and suggests that
the M1 and M3 can induce more error when simulating EAS. As
expected, in the EAS comparison, M1 and M3 show the highest
error. However, it should be noted that the negative issue of M1 is
mainly induced by the fast aging in very early age. For mature
material or long-term creep/ relaxation analysis, such negative
issue can be neglected.

Derived by the definition of a relaxation test, the M2 can provide
reasonable relaxation modulus using the measured viscoelastic
properties as input. The 1D model M2 obtained the highest
accuracy in EAS prediction among the investigated models. To
generalize into 3D, a FEM model with the exponential algorithm
based on the Maxwell chain (i.e,, M3) was developed, which takes
the relaxation modulus of M2 as input and obtains good prediction
accuracy of EAS in 3D analysis that is comparable to M2.
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3)

4)

The relaxation modulus function's high nonlinearity is the main
reason for the negative relaxation modulus. By correcting the
negative relaxation modulus to zero and using a different initial
condition, the error brought by such non-linearity can be reduced,
and good prediction accuracy of EAS can be obtained (see the
prediction performance of M1-2-Zeroed).

The prediction of EAS made by the models M1-2-Zeroed, M2, and
M4 all predicts the EAS based on the AD with a high accuracy,
indicating that each of the AD s is an exclusive description of the
corresponding EAS evolution, despite variations in AD in different
batches of the same type of cement.
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8 @ A SURROGATE MODEL OF EARLY AGE STRESS
EVOLUTION IN RESTRAINED CONCRETE BASED
ON THEMO- CHEMO- MECHANICAL

SIMULATION AND ACTIVE LEARNING

This chapter encompasses a thermo-chemo-mechanical (TCM) model and
Active Ensemble Learning (AEL) for predicting the EAS evolution. First, a
TCM model is built to simulate the heat transfer, cement hydration,
viscoelasticity and the early-age stress (EAS) evolution. Then, a material model
composed by an XGboost model and adjusted Model Code 2010 is built to allow
for parametric study and database construction. Finally, an AEL framework is
built for EAS prediction. This study resulted in the following findings: 1) The
dimensionality of the 672-by-1 EAS vector can be effectively reduced by PCA,
and the 1st principal component (PC) is a global index representing the
magnitude of the EAS; 2) Correlation analysis on the 1% principal component
(PC) quantifies the influence of various input parameters of the TCM model,
which complies with common understandings of the EAS evolution process. 3)
The AEL and One-Shot Ensemble Learning (OSEL) both achieve high
prediction performance in the testing set, whose R? reaches 0.961 and 0.948,
respectively. 4) AEL can significantly reduce the number of samples required
for training, which is a major improvement in efficiency considering the
computational cost of the TCM model.

Parts of this chapter have been published in Liang, M., Chang, Z, He, S,, Chen, Y, Gan, Y.,
Schlangen, E., & Savija, B. (2022). Predicting early-age stress evolution in restrained concrete by
thermo-chemo-mechanical model and active ensemble learning. Computer-Aided Civil and
Infrastructure Engineering, 37(14), 1809-1833.
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8.1 Introduction

Early-age stress (EAS) is an important indicator of the early-age cracking
(EAC) risk. Based on various restraint tests [28,224,226,227], the EAS
under different temperature histories can be quantified. However, these
tests are often time-consuming, laborious, and resource intensive. As a
result, to quantify the EAS evolution over a wide range of parameters,
computer-aided modeling techniques could be an alternative approach to
overcome these practical difficulties, allowing wide-range parametric
studies.

EAS evolution is a result of multiple physical and chemical process
occurring during the early age of concrete structures, including the
hydration reaction of cement, heat transfer, autogenous shrinkage, drying
shrinkage, and creep/ relaxation [238,283]. Therefore, a multifield model
that capable of coupling the aforementioned effects is needed to simulate
the EAS [96,97,298,317,328-332]. However, the complexity of such
models results in a huge demand of computational resources. An effective
way to cope with this is through data-driven approaches (or so-called
surrogate models, Machine Learning models, metamodels, etc.) [333-337].
These data-driven models adopt advanced training/ fitting algorithms to
build statistical model with fixed weights to directly map the input
parameters to the objective, which can replace the original complex model.
Such data-driven approaches have been used for prediction of autogenous
shrinkage [91], drying shrinkage [92], creep [174,201], crack propagation
[338], compressive strength [339], elastic modulus [340], breakout
capacity [341], shear capacity [342], slump flow [343], flexural strength
[344], interfacial bond strength [345], etc.

The performance of surrogate models lies in the adequacy of the data. An
efficient way for building up database and training machine learning
models is the active learning approach [346,347], by which the surrogate
model is adaptively trained based on a selective set of data samples. An
active ensemble learning model is developed in this chapter, which is
trained using the data generated by a Thermo-Chemo-Mechanical (TCM)
model for efficiently predicting the EAS evolution. The workflow of this
chapter is shown in Figure 8-1. The sampling space is first generated by the
Latin Hypercube Sampling (LHS) method and processed by a material
model, which is built by an eXtreme Gradient Boosting (XGBoost) Machine
Learning model and Model Code 2010 (MC 2010) [113]. Based on the
Fourier’s law, Arrhenius’ equation, the maturity concept, and the rate-type
creep law [111], the TCM model is built to simulate the hydration effects,
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thermal deformation, creep/ relaxation of concrete, and run incremental
viscoelastic analyses of EAS evolution. In the Active Ensemble Learning
(AEL) process, Principal Component Analysis (PCA) is conducted first to
reduce the dimensionality of the EAS vector and perform correlation
analysis. The AEL process uses a Gaussian Process (GP) model to measure
the uncertainty for active sampling and train a Light Gradient Boosting
Machine (LGBM) on the selective sample. In each learning step, the most
uncertain sample (measured by the variance distribution) is selected by
the GP model and imported to the TCM model as input. The EAS output by
the TCM model is then used to update the GP model and the LGBM model.
The generalization capabilities of AEL are quantified by cross validation
and compared with One-Shot Ensemble Learning (OSEL).

[ LHS for generating mixture and environmental parameters ]

Material Model

Adjusted MC

XGBoost Model 2010 code

| TCM Model

Chemo-field:
cement hydration

Thermo-field:
heat transfer

Mechanical-field:
viscoelasticity

Active Ensemble Learning

PCA: GP:
. . LGBM:
Data processing Uncertainty L
4 Data training
and analysis measurement

[ Training history and Cross validation for prediction performance ]

Figure 8-1 Work flow of this chapter

8.2 Thermo-Chemo-Mechanical (TCM) Model

The formulation of the multifield TCM model is shown in Figure 8-2. In
previous studies on multifield modelling of early-age concrete
[96,97,331,332], the applicability of Fourier’s law for heat transfer and
Arrhenius’s equation for hydration reaction have been validated. These
two constitutive equations are also adopted in this work to simulate the
thermo- and chemo- field of the TCM model. The thermo- and chemo- fields
are fully coupled by the temperature and hydration degree: the
temperature distribution output by the thermo- field is in the exponential
term of the hydration degree kinetics in the chemo-field, while the
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hydration degree output by the chemo-field is in the heat source term of
the thermo-field. In the TCM model, the temperature distribution/
evolution influences the hydration kinetics and results in different
developing speed of the concrete properties and behaviors. This impact is
quantified by the equivalent age of the maturity concept, as shown in the
upper arrow connecting the TC-field and material model in the Figure 8-2.
On the other hand, the temperature distribution/ evolution induces
thermal deformation, which is restrained by the boundary and is one of the
major deformations that causes EAS. This impact is quantified linearly by a
coefficient of thermal expansion, as shown in the lower arrow connecting
the TC-field and material model in the Figure 8-2.

Note that the hygro-field, which is important for shrinkage and creep, is not
considered in this chapter due to the following reasons: 1) general
formulas of material parameters involved in hygro-field are scarce; 2) the
mechanisms of autogenous shrinkage, drying shrinkage, and creep induced
by moisture transport are still under debate; 3) the heterogeneity of
concrete plays an importantrole in the hygro-field, and the mechanisms for
building a micro- or meso- scale model for a wide range of practical cases
are not clear. In view of these complexities, this chapter refers to the MC
2010 to retrieve the input of shrinkage and creep from empirical formulas.
The material model is constructed by an XGBoost model and an adjusted
MC 2010. The XGBoost is used to predict the compressive strength based
on given mixture parameters. Subsequently, the compressive strength is
used as one of the input parameters for the MC 2010. Thereby, the material
model can output the evolution of shrinkage, creep compliance, and elastic
modulus, which provide input for the TCM model.

The mechanical-field is formulated by a 13-unit Kelvin chain rheological
model, and solved incrementally by the exponential algorithm [348].
Taking the output of the material model and the TC field, the mechanical
field can output the EAS evolution (i.e., a 672 by 1 vector), which is
prepared for the further AEL process.
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Figure 8-2 Formulation of the TCM model

8.2.1 Chemo-field

In this chapter, the hydration reaction is simulated as an overall hydration
process, similar to many other multifield models [96,97,299,328,329,349].
Assuming that the hydration kinetics can be described by postulating the
existence of a Gibb’s free energy dependent on temperature and hydration
extent, the hydration reaction can be described by the following Arrhenius-
type equation [97,329,350]:

EaC
& = A(a)e R (8-1)
A, -
Ala) = Ay (E + @) (ay —a)e Fult (8-2)
ult

where a is the hydration degree; the () in Eq (8-1) represents the first-
order derivative with respect to time; Eqc is the apparent activation energy;
Ris the universal gas constant; T is the temperature; 17, Az, and Az are fitting
parameters corresponding to a certain type of cement, which can be
calibrated according to adiabatic test results [97]; aur is the ultimate
hydration degree dependent on the water cement ratio, which can be
expressed as [351]:

1.031w/c

it 8-3
Fult = 0194 + w/c (83)

In this chapter, three sets of fitting parameters 7, Az, and A are used to
represent three cement types (i.e., SL, N, R corresponding to slow, normal,
and rapid set cement respectively), as classified by the MC 2010 [113]. The
value for apparent activation energy Eqc is dependent on the cement type
and temperature. The activation energy decreases with temperature when
the temperature is lower than 20°C, but remains constant when
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temperature is equal to or higher than 20°C [302]. Based on tests, the
following bilinear relationship for apparent activation energy has been
proposed [49]:

Egco,if T = 20°C
Eqe = {

= e + 1470(20 — T), if T < 20°C (8-4)

where Eaco is the apparent activation energy of a certain cement type at
20 °C. The specific parameters can be found in the Section 8.3.3. At every
time step, the output of the hydration degree o of the chemo-field is used to
compute the hydration heat of cement, which is the heat source term of the
thermo-field, as will be shown in Section 8.2.2.

8.2.2 Thermo-field

When temperature is below 100 °C, the heat conduction in concrete can be
described by Fourier’s Law [49]:

aT .
PGy 74 =0 65)
q=—kVT (8-6)
—Nn-q=hTexe —T) (8-7)

where p is the density of concrete; Iis the Nabla operator which calculates
a @
ox’ay’
flux; k is the thermal conductivity. Note that Eq (8-7) is the convective
boundary attached to the surface of the concrete specimen, where n is the
normal vector of the specimen surface; h is the heat transfer coefficient, and
Tex is the environmental temperature. The internal heat source term Q in
Eq (8-5) represents the heat release rate of cement hydration, which can
be calculated by the hydration degree from the chemo-field, expressed as
follows [329]:

the spatial gradient, V = ( %); Cp is the heat capacity; q is the heat

Q = ccQuy (8-8)
where ¢ is the cement mass, Qu: is the ultimate heat release of the
hydration reaction per unit weight of cement, which is determined by
the cement composition and can be measured by calorimetric tests.
Typical values of Qui range from 400 k]/kg to 550 k]/kg [352]. In this
chapter, three sets of values of Qur will be used to represent the three
types of cement (see Section 8.3.3). The temperature distribution
output by the thermo-field influences the hydration process (see
Eq(8-1)), which ensures the full two-way coupling between the thermo-
and the chemo-field.
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In addition, the temperature distribution output by the thermo-field
induces thermal deformation, expressed as:

gen(t) = ayAT (8-9)

where a is the linear coefficient of thermal expansion (a constant value of
1.0x105 [1/K] is adopted herein [353]. On the other hand, the temperature
distribution output by the thermo-field also determines the equivalent age
of concrete, calculated by the maturity concept [49]:

Eged 1
fog = z e RTT (8-10)

where teq is the equivalent age; T is the reference temperature, which is
20 °C. The equivalent age teq calculated in Eq (8-10) will be used as the
index of time to query the concrete properties and behavior from MC 2010,
see the section 8.3.3.

8.2.3 Mechanical field

With the temperature output from the thermo- and chemo- field, the
thermal deformation of the concrete can be determined. Meanwhile, the
evolving properties and behaviors (i.e, shrinkage, creep) can be queried
from MC 2010 based on the maturity concept, and used as input for the
mechanical-field to carry out the EAS computations. The EAS is a direct
index for evaluating the EAC risk by analysing the stress levels or cracking
indexes (i.e, the ratio between the stress level and the tensile strength). In
this section, the mechanical-field focuses on the EAS evolution in the pre-
cracking stage; therefore, local cracks and damages in stress singular points
are disregarded, as recommended by the RILEM TC 287-CCS on TCM
modelling of EAC risk of concrete [238]. Besides, most the creep models
assume that no damage occurs, and general formulas allowing for
parameterization over a wide range of concrete properties and damage
status are scarce. Thereby, the mechanical-field takes the viscoelasticity of
concrete as the main mechanical constitutive model to compute the EAS
evolution. In this section, the Kelvin-chain based model from chapter 2 is
used to simulate the EAS evolution, with the incremental viscoelastic
constitutive model as below:

Ao = E*Ae — o* (8-11)
1

E*(t") = — = -
B@ F2mEe 70T R
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N At
CE)=E ) ) (1—e Mgt (3-13)
j=1
& (tis1) = e_’A‘_;e?*(t) + Lu - e_fA‘_;) ) (8-14)
j i+l j E*(ti) At

where Ao and Ae are the incremental stress and strain between two
consecutive time steps t; and ti.1; t* is the average of two consecutive time
steps ti and ti+1.; Ej and yj are the elastic modulus and retardation time of j-
th Kelvin chain units.

8.2.4 Multifield model configuration

The geometry of the dog-bone specimen in the TSTM test in chapter 2 is
used in the TCM model, which hasa 100*150*850 mm3 prism in the middle,
and two clamping heads at the two ends. The dog-bone specimen simplifies
structural factors (geometry, boundary conditions) which can significantly
vary from case to case and are difficult to parametrize in a single model.
Moreover, considering that the EAC is intrinsically caused by the material
behavior (e.g, shrinkage and creep), the TSTM test configuration (and
therefore the TCM-based AEL model) is used as a general and standard
scenario for EAC risk evaluation. Hexahedral elements are used to mesh the
whole specimen. Finer mesh is applied at the two ends of the middle
prismatic part, as shown in Figure 8-3. A study on the influence of mesh size
on the modelling results was performed in chapter 2, by changing the
number of elements from 270 to 6318. It was found that the EAS results
remain constant after increasing the number of elements from 1150 to
6318. Therefore, the number of elements in the current meshing scheme is
taken as 1150 and the mesh size varies from 25mm to 145mm.

The boundary conditions for the thermo- and mechanical- field are shown
in Figure 8-4. Convective boundary is applied to all surfaces of the
specimen to determine the heat transfer between the specimen and the
environment (see Eq (6-5)). Roller boundary, which restricts the normal
deformation of the surface to 0, is attached to the lateral surface of the two
ends of the dog-bone specimen.
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Figure 8-4 Boundary conditions (Highlighted area): (a) Convective boundary;
(b) Roller boundary

To solve the system of ordinary and partial differential equations formed
by the thermo-field (Eq (8-5)~(8-8)), chemo-field (Eq (8-1)~(8-2)) and
mechanical-field (Equilibrium equation Vo + F, = 0, strain equation € =
% (Vu + (Vu)T), and viscoelastic constitutive equation (Eq(8-11)~(8-14)),

the backward difference method and damped Newton method are adopted
to obtain convergent numerical solutions. Detailed procedure regarding
the numerical solver can be found in [354,355]. A fixed time step (i.e., 4t)
when conducting the backward difference method is needed due to the
mid-pointintegration approximation in (Eq(8-11)~(8-14)). In this chapter,
a time step of 1 hour is used, and the time range of interest is from 0 to 672
hours.

8.3 Material model

The formulation of the material model is shown in Figure 8-5. First, the
mixture parameters are imported to an XGBoost model [356] for
compressive strength prediction. Then, based on the predicted
compressive strength and other parameters such as the ambient
temperature and relative humidity, the MC 2010 model provides elastic
modulus, creep, and shrinkage, which can be finally imported to the TCM
model and used to calculate the EAS development. To consider a practical
case of EAC, this study uses the following eight input parameters for the
TCM model and AEL model: 1) c: cement mass; 2) w/c: water-to-cement
ratio; 3) a/c: aggregate-to-cement ratio; 4) c_type: cement type; 5) T:
environmental temperature; 6) RH: environmental relative humidity; 7) t.:
time of curing, indicating the start of drying shrinkage; 8) a_type: aggregate
type. Note that parameters c type and a_type are sparse categorical
parameters that will be specified in Section 8.3.3. The parameter VS is the
notational size of the specimen. Based on the formula of MC 2010 [113], the
notational size of the dog-bone specimen used in the TCM model is
calculated as 85.7 mm, according to the geometry of the TSTM test
specimen [235].
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Figure 8-5 Formulation of the material model

8.3.1 Adjusted MC2010

This chapter uses most of the formulas of MC 2010 [113], except for an
adjustment in the drying shrinkage calculation. In the MC 2010, drying
shrinkage is calculated as:

€as(t te) = €a50(fea8) Brr (RH) Bas(t — t.) (8-15)

where &4s0is the asymptotic value of drying shrinkage, depending on the
28-day compressive strength fe2s; Sru is the coefficient for the effects of
relative humidity; fas is the coefficient for the effects of drying time.
However, Eq (8-15) neglects the evolving effects of drying shrinkage, by
assuming the same drying shrinkage evolution even though the time of
curing tc may be different. It is clear that drying shrinkage starting from
different age is different: with longer curing time, drying shrinkage starts
ata more mature age and can be much lower [8,92]. In the TCM model, this
would result in a jump in the EAS curve at the end of curing time. Thereby,
in this study, an aging coefficient term is added to Eq (8-15) to complement
this effect:

gas(t,te) = €a50(fea8) Brc(te) Bru (RH) Bgs (t — tc) (8-16)
t 0.21
fetd =e (1= (3) (8-17)

where B is the aging term, depending on the curing of time. The aging term
of Eq (8-17) results in an exponential decay of drying shrinkage as the
curing time increases. Note that the coefficients of Eq (8-17) are fitted by
the results of [92], and are only used tentatively in this study to account for
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the aging effects of drying shrinkage. For a solid conclusion about the aging
pattern of drying shrinkage, additional experiments should be performed.

8.3.2 XGBoost model for compressive strength

Another important module of this material model is the XGBoost model for
predicting the compressive strength, which is a significant input for the MC
2010. A number of studies on compressive strength prediction based on
mix parameters have validated the advantages of XGBoost model over
many other Machine Learning models and standard codes [357]. Based on
the database of Northwestern University [203], an XGBoost model was
created herein to predict the 28-day compressive strength of concrete,
based on mixture proportions, including cement amount, water-cement
ratio, aggregate- cement ratio, and cement type [356]. The database
contains 2606 data of compressive strength and is open-source. Based on
a total number of 490 decision trees, the XGBoost model is trained based
on 1825 samples with a learning rate of 0.1712. As shown in Figure 8-6,
with 1825 samples in the training set, the coefficient of determination (R?)
over 781 unseen samples is 0.94. High accuracy in the testing set indicates
the effectiveness of the XGBoost and the hyperparameter settings. Before
XGBoost is incorporated in the material model, it is trained with the whole
dataset to ensure the best prediction accuracy. It should be noted that
typically 8-12 features are used in a compressive strength predictor.
However, only the four most influential parameters are used as features of
XGBoost model. This is done to remain consistent with the MC 2010 model,
and can to some extent sacrifice the applicability of the XGBoost model.
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Figure 8-6 Cross-validation results of the XGBoost Model of compressive
strength: (a) Training set, 1825 samples, R’>=0.9837; (b) Testing set, 781
samples, R’=0.9443

8.3.3 Parameter settings

The parameters used in the TCM model are given in Table 8-1. In the
thermo-field, constant values are assumed for thermal conductivity and
heat capacity of concrete, according to [358]. The heat transfer coefficient
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is also taken as constant, assuming a curing measure of “Curing blanket and
plastic sheet” according to [359]. Parameters Az, Az and 1 are material
parameters controlling the chemical affinity and hydration degree in Eq
(8-1)~(8-2). A1, Az and 1 can be obtained by fitting the temperature rise in
an adiabatic test [329]. For the parameter Ultimate hydration heat and
fitting parameters As, Az, and n, 3 different values are assumed for each
parameter to characterize different cement types c type according to
[96,97]. Furthermore, four aggregate types are contained in the parameter
a_type. The categorical parameter settings for cement type and aggregate
type are shown in Table 8-2. The specific values for these parameters are
determined by referring to published multifield models and thermal
properties of concrete [96,97,360]. Note that the parameters settings are
only used to set up the framework for parametric analysis of the TCM
model and serve as the database for building the AEL model. For practical
use, the parameter settings should be first validated through a rigorous
experimental procedure.

Table 8-1 Parameter settings of the TCM model

Thermo-field

Thermal conductivity

(W/(m*K)) 23
Heat capacity (J/ (kg*K)) 1100
Heat transfer coefficient 25
(W/(m?*K))
Ultimate hydration heat (J/g) 400, 439,520
Chemo-field
Fitting parameter A; 1.41x107, 4x107, 8x107
Fitting parameter Az 1x102,5x102,8x102
Fitting parameter 8,85,8
Ultimate hydration degree 1.031xwc/(0.194+wc)
Activation energy/ R (K) 5000, 5292, 5490+1470x (20-T)
Mechanical-field
Compressive strength f: (MPa) XGBoost (w/c, a/c, ¢, c_type, T)
Shrinkage &g, MC2010 (f; to RH, T)
Elastic Modulus E (GPa) MC2010 (f, a_type, T)

Creep Compliance J (Mpa-1) MC2010 (f, E, RH, T)
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Table 8-2 Categorical parameter settings
Cement type
c_type=1 32.5N
c_type=2 32.5Rand 42.5 N
c_type=3 42.5R, 52.5N, 52.5R
Aggregate type

a_type=1 Basalt or limestone aggregates
a_type=2 Quartzite aggregates
a_type=3 Limestone aggregates
a_type=4 Sandstone aggregates

Active ensemble learning (AEL)

The Machine Learning workflow is shown in Figure 8-7, with the left
branch being the Active Ensemble Learning (AEL) and the right being the
One-Shot Ensemble Learning (OSEL). Both learning frameworks follow a
similar technical route: 1) Latin Hypercube Sampling (LHS) is first
conducted to obtain the sample space; 2) The material model (see Section
8.3) and the TCM model (see section 8.2) are run based on the selected
samples; 3) Principal Component Analysis (PCA) is conducted to process
the EAS vector; 4) A multi-output Light Gradient Boosting Machine (LGBM)
is trained to be the predictor.

LHS sampling for the following input parameters:
c, w/c, a/c, c_type, a_type, T, RH, 1,

LGBM and GP

Active-Ensemble Learning (AEL)

1
1
1o
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One-Shot Ensemble
Learning (OSEL)

Figure 8-7 Machine Learning workflow
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A major difference between AEL and OSEL lies in the sampling method
during the training stage. For OSEL, there is only one-shot sampling by the
LHS method, which will be iteratively solved by the TCM model and used
to train the LGBM model. For AEL, a two-stage sampling strategy is used: 1)
the first 30 samples are initially used to build a Gaussian Process (GP)
model and the LGBM model; 2) the GP model is updated iteratively using
all observed samples, and then, based on Bayesian inference, the variance
distribution of the GP over the whole 30000-sample pool is calculated; the
sample point with the highest variance is considered as the most uncertain
sample in this study. This new sample is imported to the TCM model and
the result is then used to update the GP model and the LGBM model. Such
active learning method intentionally pays more attention on exploring
uncertain samples, and uses these samples to update the predictor. The
AEL model runs 970 iterations to gain another 970 samples, which ensures
the same number of total samples for training the LGBM predictor with the
OSEL method. This allows the effectiveness of AEL and OSEL to be
compared.

8.4.1 Datasampling and preprocessing

8.4.1.1 Latin Hypercube Sampling

To construct the database for Machine Learning, a sample pool is needed at
first. Monte Carlo Sampling (MCS) is a frequently-used approach, which is
often based on a pseudorandom number generator and a known
transformation to randomly generate samples for each variable. However,
an unavoidable drawback is that many samples are required for good
accuracy and repeatability of a certain probabilistic distribution. In
comparison, Latin Hypercube Sampling (LHS) achieves better
representation of the interested probabilistic distribution using a smaller
number of samples [361]. The LHS is conducted in the following 2 steps: 1)
Samples for each variable are strategically chosen to represent the
variable’s probability density function; 2) Samples for the variables are
ordered to match a certain target (e.g, correlations) between variables.

In this chapter, each sample is represented by 8 variables, given in Table
8-3. The range of each variable is specified to 1) represent most general
cases of concrete structures and 2) conform to the applicability range of the
MC 2010. At first, all the variables are assumed as independent and
uniformly-distributed to generate an initial database. Afterwards, two
measures are taken to process the database: 1) the values of aggregate type
and cement type are rounded down to obtain integers which represent
categorical parameters as shown in the Table 8-2; 2) According to practical
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engineering experience, the w/c of lower strength cement (i.e., c_type=1)
should not be lower than 0.4. Therefore, the samples with a ¢_type equal to
1 and w/c smaller than 0.4 are deleted from the initial database.

Table 8-3 Variables range of the samples

Variable Name

Variable Range

Temperature
T (°C)

Relative humidity
RH (%)

Time of curing
tc (hours)

Aggregate-cement ratio

a/c (1)

Water-cement ratio
w/c (1)
Cement amount

¢ (kg/m?)

Aggregate type
a_type (1)

Cement type
c_type (1)

0~40

40~100

12~672

2~8

0.2~0.6

250~650

Four kinds:
1,2,3,4

Three kinds:
1,2,3

In the LHS process, based on the criterion of maximizing the minimum
distance between sample points, five iterations are used to generate the
sample pool. As a result, the one-shot training set for the OSEL learning is

shown in Figure 8-8.
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Figure 8-8 LHS sampling for One-shot Ensemble Learning: (a) Temperature
(°C); (b) Relative Humidity (%); (c) Time of curing (hours); (d) Cement
amount (kg/m?); (e) w/c ratio; (f) a/c ratio; (g) Aggregate type; (h) Cement
type. The Y axes presents the number of samples.

8.4.1.2 Principal Component Analysis

After the sample pools are prepared, the samples can be imported to the
TCM model and run the EAS simulation. The EAS result of each sample is a
672-by-1 vector, which represents the restraint stress from the 1sthour to
672t hour. Such a long vector can be an issue for ML models. To address
this problem, Principal Component Analysis (PCA) is used to reduce the
dimensionality of the EAS vector, before it is used for training. By Singular
Value Decomposition [362], PCA conducts linear dimensionality reduction
of the data by projecting it to a lower dimensional space. In this chapter, the
general process of PCA can be described as follows:

Opca = Udoriginal (8-18)

where Goriginal is the 672-by-1 EAS vector output by the TCM model; opca is
the 5-by-1 principal component vector produced by PCA to represent the
672-by-1 EAS vector; U is a 5-by-672 matrix, which represents the new
basis to project goriginal to oprca. U is composed of the first 5 eigenvectors of
the covariance matrix of [Goriginain (i.€., (1/N) [Coriginailn [Ooriginai]n T), N is the
number of samples that are used in PCA), ordered by their variance (i.e,
eigenvalues). For OSEL, PCA can be conducted at once based on the 1000
randomly selected samples. For AEL, which conducts a progressive
sampling procedure, PCA is first applied to the 30 initial samples and then
restarted in every learning step to take new samples into account. Note that
the reason why 5 eigenvectors are chosen is due to the variance ratio
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distribution of Principal Components (PCs), as shown in Table 8-4. It is
found that the first 5 PCs already occupy almost 100% variance, and the 1st
PC has already explained over 98% variance of the original EAS, which
indicates a strong linearity of the original EAS vector in the projected space
of PCA.

Table 8-4 Variance ratios of the Principal Components

PCrank Variance ratio
1st PC 9.8637x10-1
2nd pC 1.1917x10-2
3rd pC 8.9869x10+
4th PC 3.6584x10+
5th pC 1.6026x10-4

Nine cases are randomly selected to compare the original EAS vector and
the corresponding PCA processed vector, as shown in Figure 8-9. The mean
squared error (MSE) between these two kinds of vectors are computed
over the whole sample pool, and a value of 0.0005618 MPa is obtained.
Such a low MSE validates that the PCA can effectively reduce the
dimensionality of the EAS vector from 672-by-1 to 5-by-1 while
maintaining the majority of the information.
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Figure 8-9. Random cases for comparing PCA and original EAS vector. X axes
represent the time (hours). Y axes represent stress (MPa).

With the samples obtained by LHS and corresponding EAS results
processed by PCA, the training data for Machine Learning approach are
prepared. After a normalization procedure by the mean and variance of the
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data, the dataset can be imported to Machine Learning models to start
training process.

8.4.2 Uncertainty-based query

The number of labeled samples is essential for the generalization
capabilities of ML models. However, obtaining a large amount of labeled
data from the TCM model is computationally expensive. In this regard, this
chapter adopts the uncertainty-based query to actively select samples and
run the corresponding TCM model to obtain labeled data, which has higher
potential of improving the performance of the ML model. The Gaussian
Process (GP), which defines a stochastic process that any finite collection of
random variables follows a multivariate Gaussian distribution, is adopted
to quantify the uncertainty. Inheriting the properties of Gaussian
distribution, GP can explicitly describe the marginalized distribution of any
unobserved sample, which provides a direct measure of the uncertainty.
Assuming having observed samples (XY), a GP (denoted by f{x)) is
described by a mean and a covariance matrix of observed samples, i.e.,
f(x)~GP(u(X), k(X,X)). By normalizing all the samples with their mean and
variance, the u(X) can be set as 0. Therefore, the only key component
defining the GP turns is the covariance matrix k(X,X), which is assembled
by the covariance of any two observed samples, and is also known as the
kernel of GP. The selection criterion of the GP kernel is based on the
requirement of smoothness and anticipated patterns of the data [293].
Herein, the radial basis function (RBF) is chosen as the kernel function,
which is infinitely differentiable and therefore can result in good
smoothness, expressed as:

lxs — x|I2
k(o %) = o2exp (o

where o and / are hyperparameters to be tuned; Xs and x: are two observed
samples. Eq (8-19) shows that the GP considers the dependence of any two
samples according to their Euclidean distance. Based on the observed
samples, GP makes prediction on other unobserved samples using

Bayesian Inference. Assuming unobserved samples at X*, the joint
distribution can be expressed as:

[f()yf*)] ~GP (;f(()}f(*))]’ [:(())((’5,))(()) zf(g)(({);**))]) (8-20)

k(xy, %) - k(xl'xn)l (8-21)

k(xn: xl) k(xn: xn)

) (8-19)

k(X,X) =




CHAPTER 8 193

k(X5 X) = [k(x*, %) k(x*,x) - k(x"x)] (8-22)

By Bayesian Inference, the marginalized distribution of the unknown
sample at X* can be expressed as [293]:

fXDIY~GPu", k™) (8-23)
1= kXXX X)THY = p(X) + (X" (8-24)
k* = k(X" X*) — k(X*, X)k(X, X)) 'k(X,X") (8-25)

where k* denotes the variance of prediction of GP for the unobserved
sample X* Based on the marginalized distribution described by Eq
(8-23)~(8-25), a series of learning functions can be defined for sample
query. For example, in the studies of structural reliability, learning
functions like the EFF function [363] and the U function [364] are often
defined to evaluate which samples should be selected in the next learning
iteration. These learning functions are built to achieve the exploitation-
exploration tradeoff: 1) “exploitation” means that samples located near the
limit state will be preferred; 2) “exploration” means that samples with high
uncertainty will be preferred. The exploitation-exploration tradeoff
guarantees that a surrogate model for reliability analysis can be obtained
to achieve high accuracy within only dozens of learning iterations
[346,347]. However, as this chapter aims to predict the EAS evolution over
a certain time range (0~672 hours), the main problem is a global
prediction, rather than a local prediction which only focuses on a certain
boundary (i.e, a limit state). Therefore, in this chapter, there is no tradeoff
between exploitation and exploration, but only greedy exploration for
samples with highest uncertainty. Specifically, in every learning step,
Equation (8-23)~(8-25) is performed over the whole sample pool of the
AEL (i.e., 30000 samples) to obtain the variance distribution. The sample
with the highest variance calculated by the Eq (8-25) will be selected for
the next learning process. The variance distribution at some learning steps
will be given in the Section 8.5.3.

8.4.3 Light Gradient Boosting Machine (LGBM)

The Light Gradient Boosting Machine (LGBM) is used as predictor due to
its robustness, excellent generalizing capability, and efficiency. The base
model used for LGBM is decision tree, the so-called weak learner. For
regression aims, the decision tree consistently makes binary partitions of
each variable of the sample at each level of the tree, until the maximum
depth is reached [365]. Therefore, the whole dataset will be divided into
multiple regions, with each region corresponding to a certain prediction
value. However, a significant drawback of the decision tree is the high risk
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of overfitting. Due to the hierarchical training process, the error induced at
the top levels of a decision tree can easily propagate down. This makes the
decision tree a high-variance predictor, and a slight change of input data can
greatly change the output [365].

The ensemble learning methods like “bagging” or “gradient boosting” aim
to combine a number of decision trees into a strong predictor. In this
chapter, the gradient boosting framework is adopted, shown as Figure 8-10.
Starting from a weak learner, the LGBM sequentially builds weak learners
to compensate for the residual error of previous models, and finally
assemble all these models to form a final model. Such residual error is the
so-called gradient, making this method analog to gradient descent. During
this process, the hyperparameter “learning rate” is set as 0.1 to control the
step size. To account for the risk of overfitting, a regularization term will be
used in the loss function to put preference on a model with lower
complexity while preserving high accuracy. Furthermore, a random
selection of features and bagging will also be adopted.

Raw data (X,y)

Weak Learner f;
$1=/X)

Residual error
X,y —91)

Weak Learner f,
V2= 91 +HIrhX)

Residual error
X,y —=92)

Weak Learner 3
$2= 92 +Ir* f3X)

Residual error
X,y =793)

Figure 8-10. Gradient Boosting workflow

Compared to another well-known Gradient Boosting Model - XGBoost, the
LGBM shows higher efficiency, which makes it a better choice for the AEL
process. The advantage of LGBM is due to the following three aspects [366]:

1) Rather than splitting the leaf node of the base model level-wise, LGBM
grows the tree leaf-wise using a histogram-based algorithm, which yields
high efficiency and saves memory.

2) LGBM adopts Gradient-Based One-Side Sampling (GOSS) to select
samples with high gradient and discards the ones with low gradient, to
reduce the number of sample and increase efficiency.
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3) LGBM adopts exclusive feature bundling (EFB) to identify exclusive
features and then merge them into feature bundles to reduce the
dimensionality of sample features and thus promote training efficiency.

As an iterative learning process, the high efficiency and accuracy of LGBM
is essential for the AEL framework proposed herein. To efficiently tune the
hyperparameters of the LGBM model, Bayesian Optimization is conducted
based on an acquisition function of Expected-Improvement, which
guarantees fast convergence within 30 iterations. A detailed description of
the tuning process can be found in [174]. The results of hyperparameter
tuning are given in Table 8-5. The hyperparameter “Max_bin” controls the
number of bins when conducting the histogram-based algorithm to find
optimal split in each decision tree; the parameters “Min _data_in_leaf’,
“Max_depth”, “Num_leaves” specify the size of each decision tree to prevent
overfitting; the parameters “Feature fraction”, “Bagging fraction” and
“Num_estimators” control the bagging and boosting process by specifying
the fraction of features, the number of samples, and the number of decision
trees to be used in the training process. For more details regarding how
these parameters influence the performance of LGBM, the reader is
referred to [366].

Table 8-5 Hyperparameter settings for the LGBM model

Hyperparameter Value
Max_bin 76
Min_data_in_leaf 12
Max_depth 62
Num_leaves 38
Feature_fraction 0.883
Bagging fraction 0.773
Num_estimators 100

8.5 Results and discussion
8.5.1 Applicability of the TCM model

Five representative cases are selected as input to run the proposed TCM
model. The input for the case study is given in Table 8-6. In these 5 cases,
the EAS evolution under different temperatures, ranging from 0 to 40 °C, is
investigated. By setting the time of curing tc as 672 hours, the autogenous
shrinkage-induced EAS is calculated.
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Table 8-6 Details of the input for case study

Input variable Value
Cement amount
¢ (kg/m?) 320
Relative humidity
RH(%) 100
Water-cement ratio
w/e (1) 0.42
Aggregate-cement ratio
a/e (1) 5.76
Temperature

. 0~40
T(g
Time of curing
tc (hours) 672
Aggregate type 3
a_type (1)
Cement type 2
c_type (1)

The results of EAS evolution of the 5-case study are shown in Figure 8-11
(a). Note that the stress value is the surface average at the middle section of
the dogbone specimen. The evolving concrete properties and behaviors,
which together determine the EAS development, are also shown in Figure
8-11 (b~g), including incremental creep strain (Eq (8-14)), autogenous
shrinkage, effective elastic modulus (Eq (8-12)), specimen temperature,
equivalent age (Eq (8-10)), and tensile strength. Note that, here,
“incremental creep strain” is the internal state variable that stores the
incremental strain history of the mechanical-field model, computed by
Equation. The equivalent age is calculated based on the “maturity concept”,
which takes the influence of temperature history on hydration speed into
account. These results show that the TCM model can correctly simulate
multiple effects related to EAS evolution:

1) Figure 8-11 (f) shows the influence of temperature on the rate of
hydration, which then influences the development of elastic modulus,
tensile strength, creep compliance, and autogenous shrinkage (see Figure
8-11 (b, ¢, d, and g)). High temperature accelerates the hydration and
therefore accelerates the development of all these properties, which finally
causes much higher EAS [42,367].
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2) Figure 8-11 (b) shows that the magnitude of incremental creep strain
decreases monotonically because of hydration. Negative and positive creep
strain correspond to the occurrence of compressive and tensile EAS,
respectively.

3) Figure 8-11 (e) shows that higher environmental temperature results in
higher temperature increase in the specimen, and therefore causes higher
compressive EAS in the first hours. On the other hand, low temperature can
increase the activation energy (Eq (6-5)), slow down the hydration
reaction, and cause rapid loss of heat (Eq (8-7)). As a result, the
temperature in the specimen can hardly change and there are no
compressive EAS in the first hours [42].

4) Figure 8-11 (d, g) shows that the temperature increase simply
accelerates the development of elastic modulus and tensile strength in the
first days but compromises them at 28 days. This is because high
temperature negatively influences the hydration process [368]. In the TCM
model, this effect is originally considered by the MC 2010 formulas.
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Figure 8-11 Case study of the TCM model: (a) EAS evolution; (b) Incremental
creep strain —xx component; (c) Autogenous shrinkage; (d) Effective elastic
modulus; (e) Temperature development in specimen; (f) Equivalent age; (g)
Tensile strength.

8.5.2 Data correlation

This section investigates the meaning of the first PC and then presents the
correlation between the first 5 PCs and the input parameters. The PCA
procedure described in the Section 8.4.1.2 shows that the first 5 PCs can
express the original EAS vector produced by the TCM model with high
accuracy (with a MSE lower than 0.0005618). Moreover, the first PC
occupies over 98% of the variance ratio and can be considered as a
significant variable that represent the EAS vector. However, although the
PCA procedure has a clear mathematical meaning, what the first PC exactly
represents is unknown a-priori. To this end, this study conducts a
parametric study on the first PC. First, this study assumes the first PC equals
t0 0,1, 2,3, .., 100, and conducts an inverse PCA (inverse of Eq (8-18)) to
transform this first PC to a 672-by-1 EAS vector. Note that all 101 sets of
inverse PCA are in a good order as shown in Figure 8-12, but only 6 results
are selected to show here to make the pattern clearer and more intuitive.
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Figure 8-12 Random cases for comparing PCA and original EAS vector. X
axes represent the time (hours). Y axes represent stress (MPa).

The results show that the first PC represents the global magnitude of the
whole EAS vector, irrespective whether the specimen is in compression or
in tension. Compared with other indexes like “zero-stress temperature”
[369,370], “peak of compressive stress” [371], and “peak of tensile stress”
[230], which are mostly based on a single observation at a single time point,
the first PC represents an overall characteristic of the whole EAS vector and
can be regarded as a global index for evaluating the EAS evolution.
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Figure 8-13 Correlation matrix between PCs and input variables

Figure 8-13 shows the correlation matrix between the first 5 PCs and the
input parameters calculated over the 1000 samples of the OSEL. As
described before, the first PC occupies the 98% variance ratio among all
PCs and represents the global magnitude of the EAS vector. Therefore, the
correlation between the first PC and input parameters can reveal the
influence of various factors on the EAS evolution. The first row of the
correlation matrix stands for the correlation between the first PC and the
input parameters. A positive correlation coefficient means that increase of
the corresponding parameter can increase the first PC, which means that it
increases the overall EAS magnitude. In other words, the corresponding
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parameter has a positive contribution to the EAS evolution. By analyzing
the correlations at the first row of the correlation matrix, the following is
observed:

1) Environmental temperature has the highest positive contribution to the
EAS evolution, which is not surprising since temperature not only
influences the hydration speed, but also accounts for a higher heat release
in the first hours. Fast hydration accelerates the development of shrinkage
and elastic modulus, and finally accelerates the EAS evolution, as shown in
the section 8.5.1. High heat release increases the thermal deformation and
can greatly increase both the compressive and the tensile stress.

2) Parameters “cement amount” and “cement type” also have positive
contributions to the EAS evolution. High cement amount and cement type
indicates more heat release, which can increase EAS. Note that cement type
1, 2, 3 represent cement class ranging from low strength/ slow hydration
to high strength/ rapid hydration.

3) Parameters w/c ratio, a/c ratio, and aggregate type all have a negative
contribution to the EAS evolution. This is in accordance with common
understanding of the physical process: Increasing w/c and aggregate type
can result in concrete with lower strength and lower elastic modulus, and
therefore slow down the EAS evolution. Although the increase of w/c may
resultin more drying shrinkage after curing, the contribution of w/c to EAS
magnitude remains negative because the decrease of elastic modulus and
autogenous shrinkage plays a more significant role in this process.
Increasing the a/c can reduce the amount of cement paste which is the
shrinking phase, and increase the extent of internal restraint, which causes
a further decrease of the overall shrinkage.

4) Parameter “time of curing” has a negative contribution since longer
curing indicates less drying shrinkage and therefore can cause less EAS.

5) The correlation of RH is low, because the influence of RH is complex.
According to the material model, increasing RH can result in a decrease of
creep and drying shrinkage. Lower creep means lower stress relaxation,
and therefore higher EAS. However, lower drying shrinkage can reduce
EAS, which in fact should also depend on the time of curing. The change of
RH can induce counteracting effects among various concrete behaviors, so
that its influence is not monotonic, at least in the TCM model.

Based on the meaning of the first five PCs and the correlation analysis of
over 1000 data samples, this section illustrates that the TCM model
proposed in this chapter can generate reasonable EAS results given
different input parameters.
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8.5.3 Training history

This section presents the model performance during the learning steps. To
evaluate the prediction performance of the model, this study employs a
cross-validation procedure: AEL model will use OSEL’s database as testing
set, and OSEL will use AEL’s database as testing set. In this way, both AEL
and OSEL have to be tested by 1000 unseen samples. Note that, in Machine
Learning practice, in general the size of the testing set is 10~ 40% of the
training set, while this study uses the same size of the training set. In this
sense, a big testing set poses a more challenging task for the ML model, and
can better reflect the model performance. Mean Square Error (MSE), Mean
Absolute Error (MAE) and Coefficient of Determination (R?) are used as the
metrics, as follows:

R2 =1 — ?=1(yi_5>i)2

- (8-26)
—\2
Z?ZI(yi - y)
1 n
RMSE = =" (v, = 9)? (8-27)
i=1
1 n
MAE = = 1y = 3 (3-29)
i=1

where y; is the EAS vector of it sample point output by the TCM model; }All.

is the EAS vector predicted by AEL or OSEL model for it sample; y is the
mean value of the EAS vector. Note that both AEL and OSEL model give the
output of EAS in the form of 5-by-1 PCA component, so that an inverse PCA
procedure is needed before measuring the performance.

After the training of AEL and OSEL model is finished, a step-by-step analysis
is carried out to check their learning history. At each analysis step, the
number of samples used for training both models are increased, and a cross
validation procedure is conducted, shown in Figure 8-14. The results show
that, as the learning step increases, the number of samples used for training
also increases, which improves the performance of both models. AEL
outperforms OSEL during the whole training history, irrespective of the
metrics is used. To achieve a certain accuracy, the number of samples
required for AEL is less than 50% of that required for OSEL. For example,
the AEL achieves a MSE of 0.125 MPa based on around 200 samples, while
for OSEL achieving the same MSE takes more than 800 samples. This
validates the efficiency of the AEL method, which is significant for
surrogate modelling for an expensive model like the TCM model. Although
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the gap between the AEL and OSEL is stable over the whole training history,
it is not very large. The OSEL still obtains good accuracy, with a RZ close to
0.95 when 1000 samples are used in the training process. Such a good
training performance can be attributed to the sample space created by LHS
and robustness of the LGBM predictor.
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Figure 8-14 Training history of the AEL and OSEL model: (a) Coefficient of
determination; (b) Mean squared error; (c) Mean absolute error.

The training history shows the advantages of AEL over OSEL. To further
consolidate this conclusion and gain a deeper understanding of how AEL
works, the final AEL database which is built by a progressive sampling
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process guided by uncertainty-based query (see section 8.4.2) is shown in
Figure 8-15. Comparing the AEL sampling results with the database of
OSEL created by one-shot LHS sampling (see Figure 8-8), it is found that the
AEL sampling puts more attention on the boundaries of the variables, while
the OSEL assumes an even-distribution of all the variables and values them
equally. The difference can be attributed to the uncertainty-based query in
the AEL process, which results in preference for samples with higher
uncertainty (i.e., higher variance). Using the variance of the GP as a measure
of uncertainty, the uncertainty-based query continuously looks for the
samples with high uncertainty (variance), imports them to run the TCM
model, and adds the results to the training set of the LGBM model.
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Figure 8-15 AEL Sampling results of uncertainty-based query: (a)
Temperature (°C); (b) Relative Humidity (%); (¢) Time of curing (hours); (d)
Cement amount (kg/m?); (e) w/c ratio; (f) a/c ratio; (g) Aggregate type; (h)
Cement type. The Y axes presents the number of samples.

The uncertainty-based query of the AEL results in a consistent change of
the distribution of uncertainty (variance) in the sample space at different
learning iterations, as shown in Figure 8-16. At 10t learning step, the whole
sample space is close to unknown, therefore over 28000 samples have the
variance higher than 0.9 and the other 2000 samples have variance
between 0.8 and 0.9. As the AEL progresses, the sample with the highest
variance is used to run the TCM model and then train the LGBM and GP.
This sampling strategy directly causes a decrease of the maximum variance
and a shift of overall variance distribution from high to low value: 1) After
500 learning iterations, the maximum variance decreases to 0.9 from 1, and
the variance range shifts to (0.44, 0.90) from (0.7, 1.0); 2) After 970
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learning iterations, the maximum variance decreases to 0.76, and the
variance range shifts to (0.32, 0.76). The evolution of variance distribution
also shows that the decrease of maximum variance and the shift of variance
range become slower as the learning iteration increases.
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8.5.4 Testing

Following the cross-validation described in section 8.5.3, in which the AEL
model uses OSEL'’s database as testing set, and OSEL uses AEL’s database
as testing set, the testing results of the AEL and OSEL are shown in Figure
8-17. The red line is a perfect-prediction line, and the data aligning on the
red line means that the AEL or OSEL prediction (X-axis) is equal to the TCM
modelling results (Y-axis). The testing results show that both AEL and OSEL
can obtain high R? and low MSE and MAE, with the majority of testing
samples around the perfect-prediction line. AEL results show smaller
deviation from the perfect-prediction line, which indicates better
performance. This is in accordance with the results of all three metrics, as
shown in the training history of Section 8.5.3. More specifically, the OSEL
prediction at high-stress conditions shows a significant deviation from the
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perfect-prediction line, which indicates AEL’s advantage at the sample
space boundary. This advantage is due to the uncertainty-based query
which puts preference in the boundary of sample variables, as shown in
Figure 8-15. Although the advantage of AEL over OSEL shown here is
obvious, it should also be noted that the cross-validation procedure that
uses the AEL’s dataset as OSEL'’s testing set exposes the weakness of OSEL
to a higher extent. Therefore, the advantages of AEL over OSEL shown here
may be overestimated.
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Figure 8-17 Testing results of AEL and OSEL: (a) AEL; (b) OSEL

8.6 Conclusions

To accurately predict the early-age stress (EAS) evolution of concrete, an
Active Ensemble Learning (AEL) method is proposed to efficiently
constructa surrogate model of a Thermo-Chemo-Mechanical (TCM) model.
Based on the rigorous theoretical basis, the TCM model is built to simulate
the aging material properties and behaviors of concrete, which together
result in the evolution of EAS under restrained condition. The AEL
framework incorporates Principal Component Analysis (PCA), Gaussian
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Process (GP), and Light Gradient Boosting Machine (LGBM). To evaluate
the efficiency and precision of AEL framework, One-Shot Ensemble
Learning (OSEL) is also conducted as comparison. Overall, based on this
study, the following conclusions can be drawn:

1) The dimensionality of the EAS vector can be effectively reduced by
PCA, with the first principal component (PC) occupying a variance
ratio of over 98%. The parametric study finds that the first PC
represents the magnitude of the EAS vector, which means that the
first PC can be used as a global index for evaluating the EAS
evolution.

2) The case study and correlation analysis for the first PC together
prove the applicability of the proposed TCM model. Based on
Fourier’s law, Arrhenius’s equation, Rate-type creep law, and the
built material model, the TCM model is able to simulate the
hydration reaction, heat transfer, and viscoelastic stress evolution.
By analyzing the results over 1000 samples, it is found that
ambient temperature is the most significant factor that can
increase the EAS magnitude. The influence of the other
parameters (i.e., w/c, a/c, aggregate type, cement type, cement
amount, relative humidity and time of curing) is also quantified by
their correlation coefficients.

3) The AEL framework built in this study outperforms the traditional
Machine Learning routine OSEL with higher R2 (i.e., 0.961 versus
0.948) lower MSE (0.068 versus 0.112) and lower MAE (0.175
versus 0.213). Based on the uncertainty-based query, the AEL
keeps putting attention on the uncertain samples, which are
mostly located at the boundary of the sampling space. The active
learning process guided by the uncertainty-based query results in
consistent improvement of the uncertainty (variance)
distribution, and greatly improves the prediction accuracy of EAS
at extreme conditions.

4) To achieve a certain accuracy, the AEL framework only needs a
small sample size, which is less than 50% of the OSEL. This is a
great advantage in efficiency, because running the TCM model is
computationally expansive, and obtaining a large dataset through
TCM modelling is difficult.

5) The proposed AEL method can effectively build a surrogate of the
multi-field model to allow for more efficient optimization and
reliability analysis of the structural design to prevent EAC. It is
suggested that the further improvement concentrates on the
learning function of the AEL process which can achieve more
efficient global sampling and prediction.
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9 o RETROSPECTION, CONCLUSIONS AND

RECOMMENDATIONS

This chapter reflects on the work of the whole thesis, synthesizes the findings of
the main chapters to draw conclusions, and provides recommendations for
future work.
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9.1 RETROSPECTION

Early-age cracking (EAC) is a common issue in cementitious materials,
posing a threat to the functionality, durability, and aesthetics of
engineering structures like dams, tunnels, and underground garages. This
thesis set out to develop new experimental and modeling techniques to
tackle the EAC problem, with a particular focus on EAC resulting from AD
(AD). AD arises from the hydration reactions of cementitious materials.
Consequently, the risk of AD-induced EAC is intrinsic to cementitious
systems, unlike thermal and drying deformation, which can be prevented
through external measures like active cooling and sealing.

While AD serves as an indicator for evaluating the AD-induced EAC risk,
early-age stress (EAS), which can be tested through a Temperature-Stress
Testing Machine (TSTM), offers a more straightforward index for EAC
analysis. Thus, this thesis initiated preliminary work with standard TSTM
tests, focusing on the AD-induced EAS evolution of high-volume slag
concrete, as presented in chapters 3 and 4. A finite element model built on
the rate-type creep law using the input of a continuous Kelvin chain, in
combination with Bayesian inverse modelling of aging creep, was
developed to simulate EAS evolution. However, the complexity of the
TSTM system made the tests labor-intensive, hindering extensive and
comprehensive applications of such testing methods. Furthermore, it was
specifically noted that when quantifying the EAS evolution,
creep/relaxation becomes a crucial input for the model.

The preliminary study (chapters 3 and 4) inspired subsequent work on the
development of a more efficient TSTM (chapters 5 and 6) and models
(chapter 7) for simulating the stress relaxation during EAS evolution.
Building on the principles of the standard TSTM, a Mini-TSTM was
developed, which enables more efficient tests of various early-age
behaviors and properties related to EAC issues, including AD, elastic
modulus, creep compliance, and the coefficient of thermal expansion.
Comprehensive validation tests were conducted to demonstrate the
reliability and applicability of the developed Mini-TSTM. In addition, the
effects of curing temperature on AD and EAS in ordinary cement paste,
which remained unclear in current literature, were investigated through
Mini-TSTM tests. One issue that arose during the development of the Mini-
TSTM was an observed variation in the measured early age AD in nominally
identical cement paste specimens, but with cements coming from different
batches. However, a good match between the EAS and AD tested in the
same batch, which was analyzed both qualitatively and quantitatively,
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validated the applicability of the developed setup. By the statistical and
theoretical analysis of the viscoelastic model, it was also found that such
variation of early age AD only causes negligible differences in EAS.

Based on the testing results of the Mini-TSTM, four different numerical
modelling schemes for the stress relaxation process were established and
examined. It was found that numerically solving the Volterra integral of
creep compliance function can lead to negative relaxation modulus and
cause significant error in EAS prediction. Accordingly, the rate-type creep
law with Maxwell-chain was found to be optimal for stress relaxation,
which directly uses relaxation modulus calculated from the tested creep
compliance as input. The predicted EAS showed a good match with the
results of Mini-TSTM tests, which validated the proposed model.

Chapter 8 extended the aforementioned efforts to a more general scenario
by establishing a thermo-chemo-mechanical (TCM) multifield model,
coupling heat transport, hydration reaction, and viscoelasticity to simulate
the EAS evolution. A material model was built based on the Model Code
2010 (MC2010) to provide input of AD, drying shrinkage, and creep for the
TCM model. It must be noted that some limitations of the MC2010 were
passed on to the TCM model, such as the lack of theoretical consideration
of autogenous expansion and the temperature effects on AD. Then, an
active machine learning model comprising mainly Principal Component
Analysis (PCA), Gaussian Process (GP), and Light Gradient Boosting
Machine (LGBM), was established as a surrogate for the TCM model,
significantly enhancing the efficiency of EAS prediction based on the input
of mixture and environmental parameters.

In summary, the work has led to efficient and reliable testing and modeling
methods, contributing to the understanding of EAC issues in cementitious
systems.

9.2 CONCLUSIONS

To better address the EAC issues, this thesis develops new experimental
and modelling techniques. main conclusions of this thesis are as below:

The developed Mini-TSTM is an efficient testing system for early-age
behaviors and properties that are related to EAC analysis. In view of the
complexity of standard TSTM which is labor-intensive, a small and light
Mini-TSTM was built, enabling more efficient tests of not only EAS and AD
but also elastic modulus, creep and coefficient of thermal expansion. The
design of the Mini-TSTM addressed several issues in standard TSTM tests,
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including pre-test installation and post-test dissembling, continuous
control for full-restraint condition, LVDT installation, and friction between
the specimen and the supporting table. Comprehensive tests on two types
of cement paste (CEM I 42.5N and CEM III B 42.5 N) were conducted to
validate the applicability and reliability of the developed setup. Using the
tested AD and creep as input, a theoretical viscoelastic model was
established to predict the EAS with good accuracy, offering further
validation of the Mini-TSTM.

The autogenous expansion is often an important part of AD and may not be
neglected when quantifying the EAS evolution. Many studies of AD only
focus on the shrinkage part, which is induced by the self-desiccation effects
and directly causes the EAC. However, the AD of both Portland and high-
volume slag cement paste/ concrete is initially characterized by a
substantial autogenous expansion, as confirmed by multiple standard
TSTM tests in chapter 3 and Mini-TSTM tests in chapter 5 and 6. The
extensive TSTM tests show the effects of different cementitious materials,
water to cement ratios, and temperatures on the expansion behavior. In
addition, multiple microscale tests including X-Ray Diffraction,
Environmental Scanning Electron Microscopy, and Mercury Intrusion
Porosimetry revealed that production of ettringite and calcium hydroxide
causes the expansion behavior of high-volume slag and Portland cement
paste/ concrete, respectively. The autogenous expansion causes
compressive stress in the beginning, delays the occurrence of tensile stress
and therefore is favorable for EAC prevention.

Higher temperature increases the risk of AD-induced EAC. The Mini-TSTM
tests in chapter 6 show that the AD of Portland cement paste can be viewed
as a four-stage process, including the initial deformation, autogenous
expansion, plateau of slow deformation, and autogenous shrinkage.
Although the EAS in the first three stages is low, due to low elastic modulus
and high relaxation, the first three stages can delay the occurrence of tensile
stress induced by the autogenous shrinkage in the last stage. Increasing the
temperature will shorten the duration of the first three stages and increase
the rate of autogenous shrinkage in the last stage, directly leading to EAC.

The maturity concept cannot predict the AD (and AD-induced EAS) at
different temperatures. This conclusion is supported by the testing results
of chapter 6. The main reasons are: 1) the effects of temperature on the
production of expansive products in the first three stages are clearly not
considered by the maturity concept; and 2) the assumption that
temperature only influences the hydration rate is invalid considering the
self-desiccation process, because the temperature influences not only the
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hydration rate but also the porosity, relative humidity, and surface tension.
However, the maturity concept can be successfully used for predicting the
early-age elastic modulus and relaxation modulus at different
temperatures, which can be used for prediction of EAS given the AD at
different temperatures as input.

Proposed numerical models for simulating stress relaxation are able to
compute the EAS evolution with good accuracy. Four different numerical/
analytical models for simulating the stress relaxation were built and their
performance was evaluated using the Mini-TSTM. The conversion of
relaxation modulus from measured creep data is an important step in the
EAS modelling. Numerically solving the Volterra integral of creep
compliance function can achieve such conversion, but for young concrete
with a steep aging creep function, it causes negative relaxation modulus
and directly compromises the prediction accuracy of EAS. Accordingly, an
analytical method was applied herein, which is based on the definition of
relaxation test, to obtain the relaxation modulus from creep test. For one-
dimensional (1D) analysis, the relaxation modulus can be directly used as
input in the numerical scheme of stress superposition to calculate the EAS.
For three-dimensional (3D) analysis, a series of time-dependent Maxwell
chains can be firstly fitted using the obtained relaxation modulus and then
used as input for a finite element model with rate-type creep law. The final
assessment showed that such method obtained good accuracy in both 1D
and 3D analysis.

The proposed active ensemble learning scheme can be used to build a
surrogate of the complex multifield model to form an efficient tool for EAS
prediction. A Thermo-Chemo-Mechanical (TCM) model was first built to
provide data for the machine learning approach. Based on Fourier's law,
Arrhenius's equation, Rate-type creep law, and the built material model,
the TCM model couples the hydration reaction, heat transfer, and
viscoelasticity. The TCM model can simulate the evolving properties (i.e.,
viscoelasticity), behaviors (i.e., thermal, autogenous and drying
deformation), and EAS. Then, by incorporating the PCA, GP, and LGBM, an
active ensemble learning model was efficiently trained with an
uncertainty-guided data sampling strategy. The GP model quantifies the
variance of the sampling space and delivered the most uncertain data point
to the TCM model as the input, which then was used to train the AEL model.
The AEL method substantially reduced the number of samples that is
needed to train the machine learning model and achieve good prediction
accuracy of EAS in the end.
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9.3 RECOMMENDATIONS FOR FUTURE RESEARCH

This thesis focused on developing new experimental and numerical
modelling techniques for assessing the EAC issues. The aforementioned
works can benefit the resolution of EAC issues and give following
recommendations for future research works:

First, the EAC issues of novel materials (such as alkali-activated materials,
ultra-high performance cementitious materials, strain-hardening
cementitious composites, and limestone calcine clay cement) should be
investigated comprehensively using the Mini-TSTM setup. The early-age
properties and behaviors including the AD, thermal deformation,
coefficients of thermal expansion, creep, elastic modulus, and EAS can all
be tested and assessed by the developed Mini-TSTM, offering a more
comprehensive and systematic understanding of the EAC risk of these
materials.

In addition, studies focused on more fundamental aspects of very early-age
creep of Portland cement should be carried out. This thesis demonstrated
that the early-age creep compliance function, which was extracted by the
load-controlled Mini-TSTM tests, is essential for predicting the EAS. Unlike
long-term creep, early-age creep is controlled by a very steep aging
function and is closely related to the hydration process of the cementitious
material. A theoretical model of the evolution of early-age creep, which
needs to couple the hydration reaction and viscoelasticity, should be
developed to assist the EAS prediction for the aim of EAC control.

Furthermore, the built TCM model still needs improvements, including
more refined consideration of AD, drying deformation, and creep
compliance. Current TCM model employed the Model Code 2010 (MC2010)
and maturity concepts for these effects, which may lack theoretical
consideration in some aspects, and some formulas are often proven to be
inappropriate. For example, the formula of AD in MC 2010 does not take
the autogenous expansion into account. Future improvement for the TCM
model needs to enhance the current formulas of various properties and
behaviors (i.e, AD, drying deformation, creep compliance, coefficient of
thermal deformation, etc.) with more theoretical considerations.

Data-driven approaches are promising design and optimization tools for
EAC prevention. Other than the active ensemble learning approach
developed in this thesis, future study could investigate the use of time-
series prediction methods, such as transformers and recurrent neural
networks. Besides, graphical neural networks or physics-informed neural
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networks are also promising tools to build more efficient and accurate
model for prediction tasks. By combining the prior knowledge of the EAC
mechanisms and testing data of TSTM test, a better EAS prediction model
may also be built.
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SUMMARY

Since the introduction of cementitious materials, shrinkage-induced early-
age cracking (EAC) has emerged as a significant issue that negatively
influences the function, durability, and aesthetics of concrete structures
like dams, tunnels, and underground garages. This thesis aims to develop
new experimental and modelling techniques that help resolve this long-
lasting issue, with a particular emphasis on the EAC induced by AD (AD).
Unlike the thermal and drying deformation which are induced by heat and
moisture transport, respectively, the AD is an intrinsic behavior caused by
the self-desiccation of the hydration of cementitious materials. The AD-
induced EAC risk is especially high when it comes to modern (or future)
cementitious materials, such as high-performance concrete, ultra-high-
performance concrete, and alkali-activated slag concrete.

The early-age stress (EAS) evolution is a straightforward index to evaluate
the EAC risk. The Temperature Stress Testing Machine (TSTM) is a
powerful tool for testing not only the AD-induced EAS but also the
evolution of elastic modulus and creep under different temperatures. This
thesis describes research on TSTM tests of the EAS evolution of high-
volume slag concrete. By combining the TSTM tests with X-Ray Diffraction,
Environmental Scanning Electron Microscopy, and Mercury Intrusion
Porosimetry, this thesis unveiled the macro and microscale mechanisms of
AD and AD-induced EAS in high-volume slag concrete. Furthermore, a
Bayesian Inverse Modelling technique based on the rate-type creep law
with Kelvin chain was developed to predict the EAS evolution as measured
in the standard TSTM test. Both experimental and modelling results from
the standard TSTM tests emphasized creep/relaxation’s significant
influence on EAS evolution. Moreover, the complexity of standard TSTM
test makes it very labor-intensive, urging the need to develop a more
efficient testing system to allow for more efficient tests.

Based on the major principles of the standard TSTM, a Mini-TSTM has been
developed herein, which can be vertically installed in universal testing
machine and allows for more efficient tests of many EAC-related behaviors
and properties of cementitious materials, including EAS, AD, elastic
modulus, creep, and coefficient of thermal expansion. Comprehensive
validation of the built Mini-TSTM was done by testing the AD, EAS, creep,
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elastic modulus, and coefficient of thermal expansion of two types of
cement paste (CEM I 42.5N and CEM III B 42.5 N). Using the tested AD,
creep and elastic modulus as input, a simple viscoelastic model was built to
predict the EAS with good accuracy, offering further validation of the
designed Mini-TSTM. This model also highlighted that early AD
measurement variations negligibly influence EAS due to the low elastic
modulus and high creep/relaxation. Furthermore, the Mini-TSTM was
used to investigate the influence of temperature on AD and AD-induced
EAS. It was found that the AD of Portland cement paste is a four-stage
process including the initial deformation, autogenous expansion, plateau of
slow deformation, and autogenous shrinkage. Increasing the temperature
will cause higher AD-induced EAC risk, by shortening the duration of the
first three stages and increasing the shrinkage rate in the last stage.
Furthermore, the applicability of maturity concept was found to be
problematic in prediction of AD in different temperatures. But the maturity
concept can still be used to predict the early-age creep and elastic modulus,
which helps for predicting the EAS if the AD at different temperature is
known.

Based on the Mini-TSTM tests, a numerical modelling scheme for
simulating stress relaxation was proposed to compute the EAS evolution
with good accuracy. It was found that numerically solving the Volterra
integral of creep compliance function can lead to negative relaxation
modulus, especially when considering the fast evolution of creep
properties in the early-age. This can lead to substantial error when
predicting the EAS. Accordingly, an analytical solution based on the
definition of relaxation test was used in this study, which directly enabled
the conversion of relaxation modulus from creep compliance. Using the
relaxation modulus as input, a finite element model with time-dependent
Maxwell chains and rate-type creep law was built to predict the EAS with
good accuracy.

In order to develop a numerical tool for more general scenarios, this thesis
also developed a Thermo-Chemo-Mechanical (TCM) model which couples
the hydration reaction, heat transfer, and viscoelasticity. Based on
Fourier’s law, Arrhenius’s equation, Rate-type creep law, and a material
model built mainly on Model Code 2010, the TCM model is able to simulate
the evolving properties (i.e, viscoelasticity), behaviors (ie, thermal,
autogenous and drying deformation), and EAS. Further statistical analysis
on 1000 random samples revealed that the temperature plays the most
important role in EAS evolution. Meanwhile, data-driven approaches were
also employed to build more efficient tools for EAS prediction. On top of the
TCM model, an active ensemble learning (AEL) model was established as a
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surrogate for the TCM model. The AEL model comprises the Principal

Component Analysis (PCA) for dimension reduction, Gaussian Process (GP)

for uncertainty quantification, and Light Gradient Boosting Machine (LGBM)
for EAS prediction. Using an uncertainty-guided data sampling and training

strategy, the AEL method can train the surrogate of TCM model with less

data samples and make more accurate and efficient EAS prediction.

Overall, efficient and reliable experimental and modelling techniques for
EAC analysis have been developed in this thesis, including a Mini-TSTM, a
refined stress relaxation model, and an AEL model built on top of a TCM
model, which can help the resolution of EAC issues in the application of
cementitious materials.
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SAMENVATTING

Sinds de introductie van cementgebonden materialen zijn door krimp
veroorzaakte scheuren in jong beton (EAC) een belangrijk probleem
geworden. Het heeft dat een negatieve invloed heeft op het functioneren,
de duurzaamheid en esthetiek van betonconstructies zoals dammen,
tunnels en ondergrondse garages. Dit proefschrift heeft tot doel nieuwe
experimentele en modelleringstechnieken te ontwikkelen die dit
langdurige probleem helpen oplossen, met een bijzondere nadruk op de
EAC veroorzaakt door autogene vervorming (AD). In tegenstelling tot de
thermische en uitdrogingsvervorming die worden veroorzaakt door
respectievelijk warmte- en vochttransport, is AD een intrinsiek gedrag dat
wordt veroorzaakt door de zelfuitdroging van de hydratatie van
cementachtige materialen. Het door AD veroorzaakte EAC-risico is vooral
hoog als het gaat om moderne (of toekomstige) cementgebonden
materialen, zoals hoogwaardig beton, ultrahoogwaardig beton en alkalisch
geactiveerd slakkenbeton.

Het verloop van de spanning in jong beton (EAS) is een eenvoudige index
om het EAC-risico te evalueren. De “Temperature Stress Testing Machine”
(TSTM) is een krachtig hulpmiddel voor het testen van niet alleen de AD-
geinduceerde EAS, maar ook het verloop van de elasticiteitsmodulus en
kruip onder verschillende temperaturen. Dit proefschrift beschrijft
onderzoek voor TSTM-testen van de EAS-evolutie van beton gemaakt met
cement met een hoog slakgehalte. Een combinatie van TSTM-testen,
rontgendiffractie, elektronenmicroscopie en kwikporosimetrie, zijn
gebruikt om meer inzicht te krijgen in de mechanismen op macro- en
microschaal van AD en AD-geinduceerde EAS in beton met cement met een
hoog slakgehalte. Bovendien werd een “Bayesian Inverse Modelling”
techniek ontwikkeld, gebaseerd op de “rate-type” kruipwet met een Kelvin-
keten, om de EAS-evolutie te voorspellen zoals gemeten in de standaard
TSTM-test. Zowel experimentele als modelleringsresultaten van de
standaard TSTM-tests benadrukten de significante invloed van
kruip/relaxatie op de EAS-evolutie. Bovendien maakt de complexiteit van
de standaard TSTM-test deze zeer arbeidsintensief, wat de noodzaak
benadrukt om een efficiénter testsysteem te ontwikkelen om efficiéntere
tests mogelijk te maken.
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Gebaseerd op de belangrijkste principes van de standaard TSTM is in dit
proefschrift een Mini-TSTM ontwikkeld, die verticaal kan worden
geinstalleerd in een universele testmachine en efficiéntere tests mogelijk
maakt van veel EAC-gerelateerd gedrag en eigenschappen van
cementachtige materialen, waaronder EAS, AD, elasticiteitsmodulus, kruip
en thermische uitzettingscoéfficiént. Uitgebreide validatie van de
gebouwde Mini-TSTM werd uitgevoerd door het testen van de AD, EAS,
kruip, elastische modulus en thermische uitzettingscoéfficiént van twee
soorten cementpasta (CEM 142,5N en CEM III B 42,5 N). Met behulp van de
geteste AD-, kruip- en elastische modulus als invoer werd een eenvoudig
visco-elastisch model gebouwd om de EAS met goede nauwkeurigheid te
voorspellen, wat verdere validatie van de ontworpen Mini-TSTM biedt. Dit
model benadrukte ook dat vroege AD-metingsvariaties de EAS
verwaarloosbaar beinvloeden vanwege de lage elasticiteitsmodulus en de
hoge kruip/relaxatie. Bovendien werd de Mini-TSTM gebruikt om de
invloed van temperatuur op AD en AD-geinduceerde EAS te onderzoeken.
Er werd vastgesteld dat de AD van Portland-cementpasta een proces in vier
fasen is, inclusief de initiéle vervorming, autogene uitzetting, plateau van
langzame vervorming en autogene krimp. Het verhogen van de
temperatuur zal een hoger AD-geinduceerd EAC-risico veroorzaken, door
de duur van de eerste drie fasen te verkorten en de krimpsnelheid in de
laatste fase te verhogen. Bovendien bleek de toepasbaarheid van het
“maturity-concept” problematisch te zijn bij het voorspellen van AD bij
verschillende temperaturen. Maar het “maturity-concept” kan nog steeds
worden gebruikt om de kruip en de elasticiteitsmodulus op jonge leeftijd te
voorspellen, wat helpt bij het voorspellen van de EAS als de AD bij
verschillende temperaturen bekend is.

Gebaseerd op de  Mini-TSTM-tests werd een  numeriek
modelleringsschema voor het simuleren van spanningsrelaxatie
voorgesteld om de EAS-evolutie met goede nauwkeurigheid te berekenen.
Er werd ontdekt dat het numeriek oplossen van de Volterra-integraal van
de kruipfunctie kan leiden tot een negatieve relaxatiemodulus, vooral als
rekening wordt gehouden met de snelle evolutie van kruip-eigenschappen
op jonge leeftijd. Dit kan tot aanzienlijke fouten leiden bij het voorspellen
van de EAS. Dienovereenkomstig werd in dit onderzoek een analytische
oplossing gebruikt, gebaseerd op de definitie van de relaxatietest, die direct
de conversie van de relaxatiemodulus uit de kruip mogelijk maakte. Met
behulp van de relaxatiemodulus als invoer werd een eindige-
elementenmodel met tijdsafhankelijke Maxwell-ketens en “rate-type”
kruipwet gebouwd om de EAS met goede nauwkeurigheid te voorspellen.
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Om een numeriek hulpmiddel voor meer algemene scenario's te
ontwikkelen, werd in dit proefschrift ook een Thermo-Chemo-Mechanisch
(TCM) model ontwikkeld dat de hydratatiereactie, warmteoverdracht en
visco-elasticiteit koppelt. Gebaseerd op de wet van Fourier, de vergelijking
van Arrhenius, de “rate-type” kruipwet en een materiaalmodel dat
voornamelijk is gebouwd op Model Code 2010, is het TCM-model in staat
de zich ontwikkelende eigenschappen (dat wil zeggen visco-elasticiteit),
gedrag (dat wil zeggen thermische, autogene en drogingskrimp) en EAS te
simuleren. Verdere statistische analyse van 1000 willekeurige monsters
onthulde dat de temperatuur de belangrijkste rol speelt in de EAS-evolutie.
Ook werden datagestuurde benaderingen gebruikt om efficiéntere tools
voor EAS-voorspelling te bouwen. Bovenop het TCM-model werd een actief
ensemble-leermodel (AEL) opgesteld als surrogaat voor het TCM-model.
Het AEL-model omvat de Principal Component Analysis (PCA) voor
dimensiereductie, Gaussian Process (GP) voor onzekerheidskwantificering
en Light Gradient Boosting Machine (LGBM) voor EAS-voorspelling. Met
behulp van een op onzekerheid gebaseerde databemonsterings- en
trainingsstrategie kan de AEL-methode het surrogaat van het TCM-model
trainen met minder datamonsters en een nauwkeurigere en efficiéntere
EAS-voorspelling doen.

Samengevat zijn in dit proefschrift efficiénte en betrouwbare
experimentele en modelleringstechnieken voor EAC-analyse ontwikkeld,
waaronder een Mini-TSTM, een verfijnd spanningsrelaxatiemodel en een
AEL-model gekoppeld aan een TCM-model, dat kan helpen bij het oplossen
van EAC-problemen bij de toepassing van cementgebonden materialen.
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