Crack Width_of Reinforced Concrete
under Combined Imposed

Deformation and Mechanical Loading

by

—NA van der Hoeven

to obtain the degree of Master of Science
at the Delft University of Technology,
to be defended publicly on Tuesday the 15th of October, 2024

Student number: 5113687
Project duration: February 12, 2024 — October 15, 2024
Thesis committee:  Prof. dr. ir. E. Schlangen, TU Delft, chair supervisor

Dr. ir. M. Lukovic, TU Delft, supervisor
Ir. B. Albers, BAM Infraconsult, supervisor
Ir. W.J. van den Bos, BAM Infraconsult, supervisor

]
TUDelft €% bam



Abstract

Cracking in reinforced concrete structures can occur at any stage during their lifetime, and is antici-
pated for during its design. It is crucial to control crack widths by applying sufficient reinforcement to
prevent impairments to the structure’s functionality.

Cracks may develop due to external loads applied to the structure or due to imposed deformation. Im-
posed deformation occurs when movement is restrained, for example due to adjoining structures or
internal thermal strain gradients in thick concrete sections. With the increased use of high-strength
concrete since the late 20th century, autogenous shrinkage has emerged as a significant source of
early-age cracking as well.

In practice, observed crack widths due to a combination of imposed deformation and mechanical load-
ing during the early age of concrete are often smaller than predicted by structural design codes. This
suggests that less reinforcement could be used in concrete structures, offering potential durability ben-
efits. However, literature lacks sufficient validation of this observation, as well as an understanding of
its origin and how it can be incorporated into design practices.

Liang (2024) developed a mini-TSTM specifically for plain mortar and validated its setup using results
from the regular TSTM, which has been extensively documented in the literature. This setup allows for
precise control over both deformation and temperature development and is integrated with an Instron
loading machine. By restraining the mini-TSTM specimen during its early age, stresses due to autoge-
nous shrinkage and thermal deformation are induced.

The following research question was explored: How do crack widths develop in reinforced concrete
under the combination of imposed deformation and mechanical loading?

The first method used to answer this research question was to compare experimentally observed crack
widths due to the combination of imposed deformation and mechanical loading to predictions from five
structural design codes and guidelines.

Secondly, the impact of increasing the fraction of imposed deformation relative to mechanical loading
on crack width in reinforced concrete was investigated.

Initially, the experimental setup and procedure, including reinforcement, were developed, followed by
three experiments conducted at different times after the initial setting time and at various levels of im-
posed deformation. Using data from the Instron and a DIC analysis, experimental crack widths were
obtained and compared to predictions from five structural design codes and guidelines.The optical mi-
croscope analysis provided further insights into crack locations.

Model Code 2010 proved to be the most accurate and consistent during the crack formation stage,
while Van Breugel’'s method was most accurate and consistent during the stabilized cracking stage.
Crack widths due to the combination of loading is generally overestimated by the design codes and
guidelines, highlighting the importance of understanding their underlying principles and theories for ac-
curate predictions.

There appears to be a trend indicating that an increase in the fraction of imposed deformation relative
to mechanical loading results in a decrease in the final crack width in reinforced concrete. However,
the varying weighted maturities across experiments also influence the predicted crack widths, making
it difficult to confirm this hypothesis with certainty.

The development of the reinforced mini-TSTM experimental setup opens up new research opportu-
nities. It significantly reduces the required workforce compared to the regular TSTM and, with the
addition of the Instron, facilitates mechanical tensile testing of reinforced mortar.
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Introduction

When concrete elements are cast, they undergo volumetric changes, mainly as a result of thermal
deformations, self-desiccation and autogenous deformations (Liang, Luzio, et al., 2024; Lura, 2003).
Thermal deformations are the result of the exothermic reaction between Portland cement and water
and due to external factors in most instances. Temperature differentials during the early age of concrete
result from the combined contributions of heat generated through cement hydration and heat dissipated
to (or absorbed from) its surrounding. If the boundary conditions allow these structures to expand and
shrink freely during its early age, no stresses will arise. However, when a concrete element is either
externally or internally restrained during its early age, stresses will arise. The most common external
restraint in concrete structures are adjoining structures, hindering the deformation of early age concrete.
Internal restraints are common in concrete structures with relatively large dimensions. Fresh concrete
near the surface loses heat more quickly than the core, creating an internal temperature gradient.
This gradient induces strain differences, leading to both compressive and tensile stresses within the
cross-section. While compressive stresses rarely exceed the concrete’s strength during its early age
without external loading, research indicates that when early-age loading exceeds 40% of the concrete’s
strength, significant deterioration in mechanical properties and increased porosity can occur (Xue et al.,
2021).

Cracking during the early age of concrete is far more common and is a consequence of the tensile
stresses exceeding the tensile strength. These excessive tensile stresses may arise due to improper
curing leading to drying shrinkage. Another reason for early age cracking is restrained thermal de-
formation, either due to hydration of cement or external sources (Gribniak et al., 2013). Lastly, the
introduction of high strength concrete in the last decades has led to the observation of more early age
cracks. High strength concrete is obtained by filling the spaces between aggregates with cement and
fillers, such as silica fume, and adding less water to the concrete mix design. The lack of water causes
the inside of concrete to dry, which is called self-desiccation and this causes additional shrinkage. This
additional shrinkage is the reason why this relatively novel type of concrete is more prone to early age
cracking (Sule, 2003).

1.1. Problem statement

Cracks in concrete are not undesirable, quite the opposite in fact, as flexural members need to crack
in order for the reinforcement to be activated and take up tensile stresses potentially exceeding the
concrete tensile strength. However, crack widths should be controlled according to structural design
codes for a number of reasons (CEN, 2005). EN1992-1-1:2004 states that cracks do not have to be
limited, as long as the functioning of the structure is not impaired. In case that the functioning of the
structure, its durability or the appearance is impaired, then cracking does have to be limited. It is still
debatable whether the size of crack widths affect the durability of a structure. The study conducted by
Francgois and Arliguie (1999) showed that crack widths below 0.5 mm do not influence the development
of corrosion of rebar. This study rather says, that microcracks occurring during the service loading
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increases the chloride ion penetration, which decreases its service life. Schiessl and Raupach (1997)
confirms this conclusion and states that the thickness and quality of the concrete cover influences
corrosion rate more significantly.

It is however clear, that cracked concrete will result in earlier cracking of its cover induced by corro-
sion compared to uncracked concrete. This is because cracks cause the reinforcement to be directly
exposed to the environment and thus increase the rate at which chlorides ingress the concrete and
also promotes carbonation (Angst and Gehlen, 2019).

The discussion regarding the influence of crack widths on aesthetics and water tightness is rela-
tively limited. It is generally agreed upon that larger cracks reduce the appearance of the concrete.
Under uncracked conditions, the permeability of concrete is dependent on the porosity of the concrete.
When concrete is cracked, the permeability is dependent on the crack characteristics. The flow rate
is dependent on the cubed effective crack width, based on fluid mechanics and theory of compress-
ible flow between two parallel and smooth surfaces. A reduction factor can be applied to achieve a
more accurate flow through concrete cracks and depends on cross-section thickness and crack width
(Edvardsen, 1996).

Calculating crack widths in reinforced concrete structures because of mechanical loading is gen-
erally well predictable and clearly formulated in structural design codes. However, crack width de-
termination as a result of imposed deformation is less predictable and many researchers have, and
are still analysing the behaviour of concrete under imposed deformation. According to van Breugel,
temperature- and shrinkage-induced deformations are regarded as imposed deformations and often
sudden and even gradual support settlements as well (van Breugel et al., 2011). Recent studies by
Yilmaz and Cornelissen, along with an earlier but still relevant study by Sule, suggest that the field
of structural engineering does not yet fully understand crack widths caused by imposed deformation
(Yilmaz, 2022; Cornelissen, 2022; Sule, 2003). As a result of the unpredictable behaviour of crack
widths due to imposed deformation, construction companies may apply conservative amounts of rein-
forcement to reduce them. Since structures are always subjected to mechanical loading as well, the
combination of imposed deformation and mechanical loading is an interesting combination to study.
Overestimation of crack widths will result in unnecessary costs and more importantly, it results in an
excessive amount of steel usage and thus unnecessary burdening of the environment.

The goal of this research is to have a better understanding of the combination of imposed defor-
mation and imposed loading on the crack widths in reinforced concrete structures. This will potentially
result in more optimal material usage and this is desirable in the light of the European climate goals
(European Council, 2024). In addition, the goal is to contribute to the understanding of imposed defor-
mation and potentially create starting points for further research.

1.2. Research questions

The problem statement forms the basis for a set of research questions of which the answer should give
more insight to cracking on reinforced concrete due to combined imposed deformation and mechanical
loading. Since cracking due to imposed deformation is still unpredictable and structures may be sub-
jected to a combination of imposed deformation and mechanical loading, the following main research
question is formulated:

How do crack widths develop in reinforced concrete under the combination of imposed
deformation and mechanical loading?

Two research questions are formulated to address the main research question. The first research
question focuses on the practical design of structures subjected to a combination of imposed deforma-
tion and mechanical loading. If structural codes and guidelines tend to consistently overestimate crack
widths, it could suggest that less reinforcing steel is needed to meet crack width requirements. This
leads to the first research question:

How do the crack width predictions of structural design codes and guidelines compare to
experimentally observed crack widths due to the combination of imposed deformation and
mechanical loading?
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The axial force caused by a restrained imposed deformation depends on the axial stiffness of the
element (in case of an axially loaded element). A cracked reinforced concrete element will have a
reduced stiffness compared to an uncracked one, therefore an equal amount imposed deformation will
induce less force in a cracked element. For this reason, the fraction of load due to imposed deformation
and mechanical loading is expected to partake in the cracking behaviour. The second research question
is constructed as follows:

How does an increase in the fraction of imposed deformation relative to mechanical load-
ing affect crack width in reinforced concrete?

The hypothesis is that an increase in the fraction of imposed deformation relative to mechanical loading
leads to a reduction in crack width in reinforced concrete. The onset of cracking is supposed to relieve
the load due to restrained imposed deformation and therefore result in smaller crack widths.

1.3. Research strategy

To address the research questions, a comprehensive strategy must be established. The primary ob-
jectives are to develop a better understanding of cracking behaviour under the combination of imposed
deformation and mechanical loading.

Both the first and second research question, mentioned in subsection 1.2, can be answered performing
a non-linear finite element analysis (NLFEA) or experimentally. For realism purposes, an experiment
has a preference. Experiments can capture complex material behaviours and interactions, such as
the actual cracking process, which might be difficult to fully model in FEA due to simplifications or
assumptions. The cracking of reinforced concrete due to a combination of imposed deformation and
mechanical loading is assumed to be complex, and an experiment can reveal this complex behaviour
that might be hard to predict with models. Lastly, a NLFEA is preferred regarding the comparison of
observed crack widths to the prediction of structural codes and guidelines. Performing experiments
provides real-world data to compare directly with code predictions, while a model might still rely on
assumptions that are aligned with the codes and guidelines.

The recent development of the mini Temperature Stress Testing Machine (mini-TSTM) by Liang (2024)
is most convenient in order to answer the proposed research questions. Liang (2024) successfully
created a significantly downsized version of the Temperature Stress Testing Machine and validated
its results against the data obtained from the standard TSTM. Liang used the mini-TSTM to study the
early age stress evolution in restrained high-volume ground granulated blast furnace slag concrete
induced by autogenous deformation, among other things. The mini-TSTM is able to actively restrain
mortar specimens and therefore stresses due to thermal and autogenous deformations occur. The
mini-TSTM is housed within an Instron testing machine, facilitating the easy execution of mechanical
tensile tests. In contrast, the workforce requirements of the standard TSTM make it unsuitable for this
research, whereas the mini-TSTM can be operated independently.

Therefore, developing this setup and the associated procedures will be an integral part of this research
before conducting the experiments to address the research questions. In these experiments, cracks
due to restrained imposed deformation and mechanical loading will be induced. The fraction of imposed
deformation stresses relative to mechanical load stresses can be accurately controlled using the mini-
TSTM. The observed crack widths can then be compared to the predictions of structural codes and
guidelines to assess their accuracy.

The theory of a tensile member under an axial load is prominently present in this research in order
to understand cracking behaviour. The theory of the tensile member is extensively described in lit-
erature, such as by van der Veen (1990) and van Breugel et al. (2011). The tensile member model
incorporates the concept of reduced stiffness resulting from crack formation in concrete. When an ax-
ial force causes the bar to enter either the crack formation stage or the stabilized cracking stage, the
additional imposed deformation induces less stress due to the reduction of stiffness. However, if the
sequence of loading is reversed, the theory predicts that the strain would not decrease; instead, the
strains in the bar caused by both the imposed deformation and the imposed loading would be additive
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(van Breugel et al., 2011). This thesis will investigate the validity of the latter prediction as part of the
research questions.

1.4. Research structure

The thesis structure is organized around the two research questions, which have guided the chapter lay-
out. The second chapter presents a literature review, providing the necessary background information
to understand the principles underlying the mini-TSTM experiment and imposed deformation. Chap-
ter three reviews five structural design codes and guidelines, highlighting their different approaches to
predicting crack widths. Chapter four discusses the novel development of the reinforced mini-TSTM,
including the experimental procedure. Chapter five presents the experimental results, including a crack
width analysis and an overview of key time-dependent variables.

The subsequent chapters will present the conclusion, discussion, and recommendations for future re-
search. A visualization of this research structure is depicted in the figure below:

Body of thesis
Additional remark Important content Chapters
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1. Introduction
questions, research strategy

Tensile member All necessary background
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Literature review

This chapter describes the current state-of-the-art in the cracking behaviour of reinforced concrete un-
der the combined effects of imposed and mechanical loading. Additionally, it presents relevant back-
ground theory necessary to understand the adopted research strategy and analyze the results.

The tensile member model, which describes the cracking behaviour of reinforced concrete, will be dis-
cussed first. Next, imposed deformation will be examined to understand how stresses occur without
visible deformation of an element and how reinforcement affects this imposed deformation. The third
section addresses the time-dependent behavior of concrete, explaining the phenomena that naturally
cause concrete to undergo strain over its lifetime. The TSTM, designed in the late twentieth century
to better understand the behaviour of early-age concrete, is the focus of the last section. This section
also discusses the working principles of the TSTM and introduces its newly designed mini version.

2.1. Tensile member model

Crack widths in reinforced concrete in axially loaded members are described using the tensile member
model. This model consists of a reinforced concrete beam which is axially loaded. The model is both
valid for imposed deformations and imposed loads (van Breugel et al., 2011). The tensile member
model describes the cracking behaviour of the reinforced concrete element and can be used to pre-
dict crack widths. The model can be distinguished using three phases, of which the last one can be
subdivided into another two phases:

@ Uncracked phase
@ Crack formation phase

@ Stabilized cracking phase

[) Steel - elastic stage
Il) Steel - yielding
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Figure 2.1: Simplified tensile member diagram

For the determination of crack widths in flexural elements, a hidden tensile member can be deter-
mined. Taking a beam for example, the hidden tensile member has a width equal to the width of the
beam and an effective height depending on the reinforcement layout and geometry of the beam. This
effective height resembles the height over which reinforcement is expected to take up tensile stresses
in concrete. Three expressions to determine the effective height can be found in Eurocode 2. The
tensile member model can be applied to the hidden tensile member is a flexural element.

Figure 2.1 shows the simplified tensile member diagram. During the first phase, the load and strain
increase with a rate proportional to the Young’s modulus of concrete. The strain in concrete and the
strain in the reinforcing steel are equal in this phase:

&, = & (2.1)

The total force in the member equals the strain both the concrete and the reinforcing steel multiplied
with their respective axial stiffnesses:

N = E Ace; + E;Ages (2.2)

The axial force increases until the tensile strength of concrete is exceeded, which is throughout the
whole member in the simplified model. In reality, the tensile strength is not constant throughout the
member so the tensile strength will be exceeded at the weakest point of the member. Literature shows
that this is typically at a capacity significantly lower than the mean tensile strength of concrete. As
reported by van Breugel et al. (2011), the concrete stress at the occurrence of the first crack is equal
to:

Ocr () = 0.75fcem () (2.3)

The fully developed crack pattern is reached when no cracks are able to form anymore and this marks
the third phase: the stabilized cracking phase. According to van der Veen (1990), the force at which
the final crack occurs, is 20% larger than the cracking force at which the first crack is formed:

Orac(t) = 1.20 * g, (1) (2.4)

Windisch (2021) describes that, in the case of uniform tensile strength along the length of a concrete
element, an infinite number of cracks would form with infinitely small crack widths at infinitely small
intervals. However, the tensile strength is not uniform along its length because of its non-homogeneity
and geometric imperfections. Therefore, cracks are prone to occur at locations where it is weakest.
Wu and Gilbert tested six reinforced concrete members under axial tension until failure. The obtained
results indeed show that the load at the first crack is significantly lower than the at last crack, as seen
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in figure 2.2. It is difficult to predict at what fraction of the mean tensile strength the specimens begin
to crack, but it is evident that it is lower than exactly the mean tensile strength.

The second remark from this experiment, is the influence of time-dependent shrinkage on the crack-
ing force. The specimens which were tested after shrinkage had occurred, cracked at a smallerimposed
load than specimens loaded which were not subjected to significant shrinkage (Wu and Gilbert, 2008).

70

50 1 —— Experimental

Bare bar

40 -
30
20 | =2L1KN"*

Crack numbers

Axial Load (kN)

. . -6
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Figure 2.2: Experimental results of a reinforced concrete bar loaded under axial tension (Wu and Gilbert, 2008).

The strains and stresses during the crack formation phase are no longer equal throughout the length of
the tensile member. Atthe location of the crack, the concrete stresses become zero and the surrounding
reinforcing steel takes over these stresses. The length of steel which becomes active depends on the
transfer length [;. Figure 2.3 shows that the stresses change at the location of a crack compared to
uncracked concrete.

Tom W concrete
++ |

! rebar
I

Gsteel

Gc0= fctm

GCOIICI‘CIC

Tom

" dok "
A 1 A

Figure 2.3: Stresses in concrete and reinforcing steel at the location of a crack
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The area with distance [, from the crack is the disturbed region, while uncracked concrete is undis-
turbed. The Euler-Bernoulli theorem only applies in the undisturbed regions. The axial force at the
cracking force, as stated in equation 2.2, can be rewritten knowing that the stress in concrete equals
feem and that the strain in concrete and steel is equal just before cracking. This yields the following
equation:

Ner = fermAc + €eEsAs
(2.5)
= feemAc (1 + aqps)

a, in this equation is the ratio between the stiffness of steel and concrete and p, equals the ratio between
the area of steel and concrete. For a frequently used concrete class like C30/37 and a reinforcement
ratio of 1.5%, classified as highly stressed concrete, the ratio a,p; equals 9.6% (CEN, 2005). According
to equation 2.5, this indicates that the majority of the tensile force in the member, just before cracking, is
carried by the concrete, with only a small portion borne by the reinforcement. Right after cracking, the

cracking force is no longer carried by both concrete and steel, but rather by steel only. Using equation
2.2, the stress in the reinforcing steel right after cracking can be determined:

Nepr = feemAc + €.EsAs = Asasy

(2.6)
Osr = ,0_(1 + aeps)

The stresses in the reinforcing steel get transferred from the concrete via the bond stresses induced
by the ribs of reinforcing steel. These bond stresses are constant in figure 2.3 for simplification, but
they behave non-linearly in reality. The transfer length can be determined knowing that the force in
concrete is transferred to the reinforcing steel. The shear force delivered by the reinforcing steel equals
its circumference multiplied with the transfer length times the bond stress:

LeTomm® = Acferm (2.7)

— Acfctm
TpmTO

_ fctm®

= * ﬁ (2.8)
4Tbm AS

_ fct’mo

B 4'Tbmp

The deformation of reinforcing steel is equal to the deformation of concrete plus the width of a crack.
Based on this logic, the crack width can be determined analytically since the deformation is equal to
the mean strain of each material times twice the transfer length.

Ay = AL +wgp
(2.9)
Wer = (Esm — €cm) 21t
The mean strain of concrete and steel can be determined using equation 2.3 and are equal to:
Osr + 0.
Egm = ——2 (2.10)

2E,
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R Oco

cm ZEC

Combining the previous three equations yields the expression for the maximum crack width during the
crack formation phase:

2.11)

(2.12)
— fctm®o-sr
4tpmpEs

The crack formation phase continues until no cracks are able to form in the concrete. This is determined
by the length of the tensile member and the transfer length described in equation 2.8. Figure 2.4 shows
the minimum and maximum amount of cracks possible, the distance between cracks varies between
l; and 21;.

Minimum amount of cracks — every 2l,

New crack
| <\ still possible |

Figure 2.4: Minimum and maximum amount of possible cracks in a reinforced concrete member

If the tensile member is fully cracked, meaning that no other cracks can form, then the third stage
commences: the stabilized cracking phase. No more cracks can form as there is no undisturbed
region anymore, which is why existing cracks will widen with increasing force. An expression for the
crack width in this phase is found by adding the increased steel strain to equation 2.12. The additional
increase of steel stress is shown in figure 2.5. The crack width in this stage is equal to:

Winax = Wrace + Aw (2.13)

With Aw being the mean strain in steel due to a load N > N., multiplied with the the disturbed length
being 21t.

Os — Osr
Eg
The expression for the crack width in the stabilized cracking formation can now be formulated.

Aw = (

)21, (2.14)
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A visualization of the increase of steel stress leading to an increased crack width is given in figure
2.5. The expression found in equation 2.14 is based on the principle of the reinforcing steel stress
increasing in the stabilized cracking stage.
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Figure 2.5: Increased steel stress in the stabilized cracking stage

Osteel

2.2. Imposed deformation

Van Breugel states that the term "imposed deformation” leads to confusion and misunderstanding in
practice and that a better term would be “restrained deformation” (van Breugel et al., 2011). As men-
tioned earlier, a common case of imposed deformation is because of adjoining structures hindering the
deformation of a structure in between. Firstimagine a beam element, clamped on one side and free on
the other side. This beam element is subjected to a temperature decrease AT. Due to this temperature
decrease, the beam will shrink with an length increment equal to:

AL(AT) = a ATL (2.16)

Now imagine the same beam subjected to a temperature decrease, but now being clamped on both
ends. The beam tends to shrink, but is now restrained at both ends. A support reaction is introduced
to keep the beam at its original position. The length increment due the temperature differential and due
to the support reaction should be equal, resulting in the following support reaction:

AL(AT) + AL(F) = 0

FL
AATL+ 27 =0 (2.17)

F = —a.ATEA
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Figure 2.6: Force induced by a temperature differential on a clamped beam

No deformation is visible in the clamped beam, but there is an internal force present. When the beam
tends to shrink, then the restoring force causes tensile stresses inside of the beam. And vice versa,
when the beam tends to expand, then the restoring force causes compressive stresses in the beam.
Reinhardt (2014) distinguishes three concrete phases: fresh state, young concrete and mature con-
crete. Concrete in fresh state can crack due to the surplus of water drying, causing water menisci
between the cement, sand and aggregate particles. Capillary forces generated by these water menisci
can exceed the tensile strength of concrete, leading to cracking. Therefore, curing fresh concrete is
essential. Young concrete is especially vulnerable due to heat of hydration causing concrete to expand.
When it cools down again, concrete will shrink. At the early stage of concrete, the Young’s modulus is
low and relaxation is significant which is why stresses are low. However, the stiffness increases after
sometime and relaxation decreases as well and for that reason stresses will be significant and may
exceed the tensile strength of concrete. The global development of stresses, temperature and tensile
strength are depicted in figure 2.7.

Temperature

Stress

Liquid state Solid state
—— Temperature

—— Thermal stress

— —— Tensile strength

Figure 2.7: Global development of stresses, temperature and tensile strength of early age concrete (Liu et al., 2018).

Mature concrete is not influenced by heat of hydration, but is subject to other influences causing im-
posed deformations. Examples are: temperature differentials, freezing of water and chemical reactions
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such as alkali-silica reaction (ASR) and delayed ettringite formation (DEF). Cracking of restrained struc-
tures due to temperature differentials and autogenous shrinkage is common. Prestressing will introduce
a negative strain to balance possible positive strains caused by imposed deformations. An increased
amount of reinforcement will result in smaller crack widths as described in figure 2.1. Avoiding con-
strained boundaries, by adding joints at an appropriate spacing for example, is still the easiest way to
avoid stresses in concrete due to imposed deformation (Reinhardt, 2014).

Externally unrestrained reinforced concrete elements will still experience imposed deformation as
a result of reinforcing still restraining the free movement of concrete. According to Gribniak and Bacin-
skas, there are four main types of concrete shrinkage, namely: plastic shrinkage, autogenous shrink-
age, carbonation shrinkage and drying shrinkage (Gribniak et al., 2008). As concrete tries to shrink,
the reinforcing steel will resist this movement. Because of this, the reinforcement steel will be under
compression while the concrete will experience tensile stresses. This is visually depicted in figure 2.8.
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Figure 2.8: Reinforcing steel resisting the shrinkage of concrete

The beam on the top shows the strain of a plain concrete member subjected to shrinkage. The beam
below includes reinforcement and this bar gives a restraint to longitudinal motion, which is why the strain
of the reinforced member is smaller than the plain concrete member. Computing the strain of concrete
is not as straightforward as computing the Young’'s modulus or strength development over time. There
is an interdependence between stress and relaxation and the shrinkage strain is also time dependent.
Computing strain under varying stress can be performed using the Trost-Bazant method. This method
introduces two time dependent coefficients, namely x(t,t,) and ¢(t,t,). These are the ageing coef-
ficient and creep factor respectively. The ageing coefficient is included as a gradually applied stress
Ao, (t,ty) will cause less strain than the same amount of stress being applied constantly from t, until
t. For a non-cracked member with zero initial stress at time t,, the following strain in concrete is present:

Ao (t, ty) Ao.(t, ty)
Ec(t) E.(to)

E(t' tO) = X(t' t0)¢(t' tO) + gcs(tr tO) (218)

In this equation, E.(t,) is the modulus of elasticity at time t, and (¢, t,) is the shrinkage strain of
concrete. Equation 2.18 can be simplified using the definition of the age-adjusted effective modulus of
elasticity E” (¢, t,) as defined by Bazant (1972).

Ao, (t,tg)

0 = Frry

+ &cs(t, to) (2.19)

The age-adjusted effective modulus of elasticity, present in equation 2.19, is defined as follows:

E(to)

E{(t,ty) = 1+ x(t, to)d(t, to)

(2.20)
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In order to get to an expression for the strain as a function of time for the reinforced member, the ficti-
tious axial force N_,(t, ty) has to be defined, as shown in figure 2.8. This fictitious axial force is required
to impose an axial strain e.,(t, t,) to a plain concrete member.

Nes(t, to) = &cs(t, tO)Eé’(t' to)Ac (2.21)

The net section of concrete, meaning the area of concrete that remains after subtracting the area of
reinforcing steel from the total area, is denoted by A.. The expression for e, .s(¢,t,), the shrinkage
strain including the action between concrete and steel as seen in figure 2.8, is stated below (Gribniak
et al., 2008):

Ncs (t: tO)
EZ (t,tg)A; + EsAg

5m,cs(t' to) =

— Ecs (t' tO)Ec"(tt tO)Ac
E¢(t, to)Ac + EsAs

(2.22)

— gcs(t’ tO)
1+ n(t, to)ps

The ratio between the Young’s modulus of steel and the age-adjusted effective Young’s modulus is
denoted by n(t, ty) and the ratio between the area of steel and concrete is denoted by p,:

(t, to) _E (2.23)
n(L, = m .
07T EL (8 t)
Ag
ps = (2.24)
c

2.3. Time-dependent behaviour of concrete
The total strain over time for an uncracked, uniaxially-loaded specimen consists of four components:

* Instantaneous strain €, (t)
* Creep strain g.,.(t)

» Shrinkage strain &, (t)

» Temperature strain e (t)

For calculation purposes, the instantaneous, creep, shrinkage and temperature strain are indepen-
dently calculated and summed up, yielding the total strain of a concrete element. A concrete element,
which sets at time 7; and is loaded with a constant stress g, under constant temperature, has the
following strain development over time:
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Figure 2.9: Strain development over time of an uncracked and uniaxially loaded concrete element under constant
temperature (Gilbert and Ranzi, 2010).

As seen in figure 2.9, shrinkage occurs in concrete as soon as it starts to set. The rate of this strain
progresses with an decreasing rate until an asymptote is reached at a time t > t;. This shrinkage
strain will be further elaborated on later in this paragraph. Then, a load is applied resulting in a stress
oo attime 7, resulting in an instantaneous elastic strain .. Simultaneously, the strain increases with a
decreasing rate because of creep. Creep is an interrelated phenomenon with relaxation and is defined
as a gradual increase of strain under a constant stress. Similarly, relaxation is the gradual decrease of
stress when the strain is held constant.

In reality, no problem can solely be attributed as a creep or relaxation problem as this is determined
by the boundary conditions. Completely restrained boundary conditions would result in a pure creep
problem and vice versa. In real concrete structures, free deformation is not possible because of internal
restraint due to reinforcement and external restraint because of supports as examples. Completely
restrained structures are rare to non-existent as this would lead to excessive imposed deformations.
This is the reason why concrete structures involve both elements of creep and relaxation (Gilbert and
Ranzi, 2010).

2.3.1. Shrinkage of concrete
Shrinkage of concrete is defined as the unloaded and unrestrained time-dependent strain under con-
stant temperature. It can be subdivided into four main types of shrinkage:

* Plastic shrinkage

» Autogenous shrinkage
» Thermal shrinkage
* Drying shrinkage

Plastic shrinkage occurs in fresh concrete and is the result of bleed water evaporating to the envi-
ronment. As mentioned earlier, high-strength concretes are more prone to plastic shrinkage causing
capillary tension in the pore water. These tensile stresses may cause concrete to crack during the set-
ting process. The stiffness of concrete has not developed enough for reinforcement to bond, meaning
that reinforcement is ineffective in controlling these cracks. Cracking due to plastic shrinkage can be
prevented by proper curing methods such as membrane or water curing.

Autogenous or chemical shrinkage starts after concrete has set and is caused by the loss of water
from capillary pores as a result of the hydration process of cementitious materials. This form of shrink-
age exhibits minimal dependence on both environmental factors and the dimensions of the element or
structure. Autogenous shrinkage increases with a lower water to binder ratio and at a higher cement
content in a concrete mixture, this effect is visible in figure 2.10.
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Figure 2.10: Amount of autogenous and drying shrinkage for: (a) normal strength concrete and (b) high strength
concrete (Gribniak et al., 2008).

Drying shrinkage is the last main type of concrete shrinkage. Drying shrinkage is defined as the diffusion
of water from the capillary pores of hardened concrete to the environment. The humidity within the
concrete cell structure is often higher than its surroundings, causing pore water to diffuse in order to
establish equilibrium. Drying shrinkage increases in time with a decreasing rate during the months and
years after hardening. The factors influencing this type of shrinkage include relative humidity, mixture
characteristics, and the size and shape of the concrete element or structure. For thin members such
as slabs, drying shrinkage may be completed after several years, while a mass concrete structure
may experience drying shrinkage throughout its whole lifetime. Uncracked concrete members typically
exhibit negligible drying shrinkage beyond a depth of 300 mm from surfaces exposed to low-humidity
environments (Gribniak et al., 2008; Gilbert and Ranzi, 2010).

2.3.2. Thermal shrinkage

Concrete increases in temperature until roughly the first day or couple of days, depending on the con-
crete mix design, dimensions of the concrete structure, boundary conditions and other external factors
such as the initial fresh concrete temperature. This increase in temperature is attributed to the energy
released inside of concrete due to the exothermic hydration reaction of binder and water. Concrete
starts to cool down again when more energy dissipates to its surrounding compared to the amount of
energy generated through exothermic reactions. This happens when the majority of binder has reacted
with water, meaning that the degree of hydration is approaching one. During this phase of heating, con-
crete will expand if the member is unrestrained. When the member is restrained, compressive stresses
will arise as explained in figure 2.6.

After reaching the peak temperature, the concrete begins to cool down, causing a temperature
differential that leads to shrinkage. This shrinkage results in tensile stresses, particularly for concrete
members that are restrained. After reaching its peak temperature, concrete attains significant stiffness,
which may lead to tensile stresses surpassing the material’s tensile strength. Examples of methods
to mitigate thermal shrinkage include cooling the fresh concrete with continuous chilled water, adding
supplementary cementitious materials (SCMs) to the concrete mix design, and installing pipes for tem-
perature control. Cooling aggregates prior to casting is another technique, but it primarily helps in
reducing the overall temperature rise during hydration. Adding SCMs such as fly ash or blast furnace
slag can significantly decrease the hydration heat of concrete. Concrete mixtures including SCMs will
still maintain more or less the same or even higher compressive strengths than ordinary Portland ce-
ment (OPC) without SCMs (Sarker and McKenzie, 2009; Moon et al., 2018).

The fineness of cement also has influence on the initial heat release. Coarser cement, opposed to
cement grounded to a fine powder, has a lower initial heat release. The reason for this, is that the spe-
cific surface area decreases with coarser particles, leading to a reduced volume available for reaction
and, consequently, less heat being released. The cumulative heat release and degree of hydration
of coarse and fine cement are nearly equivalent for low w/c cement pastes (0.30). However, the final
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degree of hydration for coarse cement with w/c = 0.50 is significantly lower. Using coarser cement is
useful to avoid cracking due to thermal shrinkage (Bentz et al., 1999), however one should consider
the potential of a reduced degree of hydration.

Coefficient of thermal expansion

An important parameter for thermal shrinkage is the coefficient of thermal expansion (CTE), a.. The
strain due to a temperature difference is dependent on the CTE and the amount of temperature differ-
ence the element experiences, formulated in the equation below:

Een = AeAT (2.25)

In accordance with EN1992-1-1, a CTE of 1 -10~> °C~* may be used for concrete when more accurate
information is unavailable. The CTE of concrete is initially higher immediately after placement and
gradually becomes constant after approximately 8 to 10 hours as depicted in figure 2.11. Therefore,
time dependency only needs to be accounted for during these initial hours (Jeong et al., 2012).
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Figure 2.11: Time non-linear behaviour of the CTE with and without consideration of autogenous shrinkage (Jeong
et al., 2012).

The CTE of concrete depends on several factors, including air content, relative humidity, aggregate
type, and water-to-cement ratio. Increased air voids in concrete result in a lower CTE, which can have
a significant effect (Zeng et al., 2012). Relative humidity also impacts the CTE, with the highest CTE
observed at 85% relative humidity, while the minimum CTE is found at relative humidities of 100% and
below 50% (Jeong et al., 2012).

The CTE of aggregates varies between 0.5-1.2 - 1075 °C~! depending on their mineral composition,
which is generally lower than the CTE of cement paste, which deforms 1.5 -2 - 10~> per degree Celsius
(Zeng et al., 2012). Additionally, the water-to-cement ratio affects the CTE. Specimens with w/c = 0.5
and w/c = 0.35 show similar CTE values, while specimens with w/c = 0.65 exhibit a significantly lower
CTE (Tang et al., 2020).

2.4. TSTM

Discussions arose when the Zillergriindl Dam in Austria was to be constructed from 1983 until 1985.
This dam, with a height of 186 metres, is 6 metres thick at its crest and 36 metres at the base. This
concrete structure can be labelled as a massive concrete structure due to these dimensions. Internal
temperature gradients are almost unavoidable and will cause both compressive and tensile stresses.
Besides internal restraints, the dam is also externally restrained as it is constructed on a bedrock
foundation. Figure 2.12 (a) shows a thick wall during hydration of which the area close to the outside has
cooled down. The internal part of the wall tends to expand, while the outer parts restrain this motion.
Because of this, the outer parts will be under tension and the core of the wall under compression.
Figure 2.12 (b) shows the effect of a bedrock foundation. When the wall, or dam in this case, will shrink
because it is cooling down again, tensile stresses will arise in the base of the dam.
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Figure 2.12: (a) Internal restraint due to a temperature gradient in the cross-section (b) Stiff foundation externally
restraining the cooling wall cast on top

The dam, consisting of 1.37-10° m3 of concrete, was either going to be constructed using blast furnace
slag cement with a high slag content, or OPC with an addition of 33% fly ash. In order to measure the
susceptibility to cracking of the concrete mix designs, the TSTM was designed by the Institute of Build-
ing Materials of the Technical University of Munich. E. Gierlinger and R. Springenschmid constructed
the machine such that a deformation of 1 um would be counteracted by a control machine. This con-
trol machine would thus ensure that the dogbone specimen is restrained on both ends to induce early
age stresses. In this way, the temperature at which the first crack occurs could be measured. It was
regarded that the lower this temperature, the more susceptible the concrete mix design is to early age
cracking (Springenschmid et al., 1994).

2.4.1. Principles of the TSTM

Numeral TSTMs have been developed since 1984, including Technion, Hohai University, NTNU, the
University of Queensland, the University of Tokyo and TU Delft. The latter was developed by Lokhorst
in 2000 and has a cross-section of 150 x 100 mm with a length of 1450 mm. Concrete is cast within
a dogbone mold and the test is started when the concrete starts to set. During the test, the tem-
perature inside the concrete can be controlled using a cryostat, which circulates water through pipes
running throughout the mold. The strain of the specimen is measured using 4 Linear Variable Differ-
ential Transformers (LVDTs) in the straight and narrow part of the dogbone. The TSTM of Technion
and Hohai University measure the strain on one end, while it is advisable to measure on both sides
to enable the detection of eccentric deformations. The advantage of measuring in the narrow part of
the dogbone instead of at the ends of the dove tails, is because there are stress concentrations at
these ends. Another way of measuring strain is using the loading grip data. However, this method will
include slip between the loading grip and the specimen, which will introduce errors and inaccuracies in
the strain measurements. The TSTM can either be placed vertically or horizontally, both having their
own advantages and disadvantages. Literature advises to perform the test vertically instead of hori-
zontally. This is because the friction of hardened concrete with the mold can cause errors in the stress
measurements (Liang, 2024).
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Figure 2.13: Schematization of the working principles of the TSTM system (Liang et al., 2024).

Figure 2.13 shows the schematization of the TSTM with the dogbone shaped specimen in the middle.
Two embedded steel bars are visible inside of the specimen which are attached to the LVDTs to mea-
sure the strain &.. The bottom of the TSTM is fixed, while the top part is moved using an actuator.
The actuator of the Instron is controlled by the strain &, measured during the test, to counteract any
movement with a respective force F. The cryostat is displayed in the blue rectangle on the left of the
figure and is controlled via the measured concrete temperature T, in the middle of the dogbone.

A prismatic concrete specimen is shown on the right of the figure and is also attached to the cryostat.
This is the Autogenous Deformation Testing Machine (ADTM) and has two free ends, allowing the con-
crete to freely expand and shrink during the test. The strain of the ADTM is denoted by ¢; in figure 2.13.
Both the TSTM and ADTM are covered with a plastic film to ensure no plastic and drying shrinkage will
occur. The strain in the TSTM and ADTM are the sum of the following components:

ErsTM = €e T Ec T+ Ep T &
(2.26)
=0

EaptM = Etn T & (2.27)
In which ¢, is the elastic strain imposed by the force applied by the Instron, ¢, is the strain because of
creep, &, is the thermal strain and ¢, is the strain due to autogenous deformation. The total amount of
strain during the TSTM test is equal to zero as the strain is continuously counteracted by the actuator.
In equation 2.27 there is no elastic or creep strain because there is no externally applied load present
and the specimen is not restrained so creep does not occur. Subtracting equation 2.26 from equation
2.27 results in the creep:

€ = €rstm — €AaDpTM ~ €e
(2.28)
= —(&aprm + &)
The creep behaviour of a concrete mix design can be determined using this TSTM setup as shown in

equation 2.28. The relaxation can be determined as well, since creep and relaxation are interrelated
(Liang, 2024):

tr
J(to, tr)R(to, t) +ft J(t" tp)R(ty, t)dt’' =1 (2.29)

The creep compliance is denoted as j(t,, t) and R(t,, ty) is the relaxation modulus in equation 2.29.
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The TSTM is used to study novel types of concrete and to study the effect of temperature on the
early age behaviour of concrete. The first of two examples of recent studies using the TSTM is a study
on the autogenous deformation and stress evolution of high-volume ground granulated blast furnace
slag (GGBFS) concrete (Liang et al., 2023). The second example is the influence of temperature on the
autogenous deformation and stress evolution in cement pastes with low water to cement ratios (Liang
et al., 2024).

2.4.2. Mini-TSTM

The regular TSTM system at Delft University of Technology requires 3 to 4 operators for several work-
ing days to prepare and initiate a test. This preparation involves mixing over 60 liters of concrete and
installing various equipment, including temperature and strain sensors and the cryostat. Additionally,
the TSTM test is prone to occasional failures due to its dependence on the loading machine’s control
system and sensitive LVDTs. These factors, combined with the substantial human resources required,
lead to an extended duration for a single research project. Liang recognized both the necessity and
the opportunity to enhance the efficiency of the TSTM system by minimizing the need for human re-
sources. Therefore, he developed a scaled-down version of the TSTM, known as the mini-TSTM, with
dimensions of 50 x 50 mm and a length of 100 mm. This mini-TSTM was designed to reduce the
need for extensive human resources while maintaining precision. Liang validated the accuracy of the
mini-TSTM by building a one dimensional uniaxial restraint test predicting the early age stress with the
tested autogenous deformation, elastic modulus and creep as the input. Six different tests were per-
formed, demonstrating a good level of accuracy and therefore proving the mini-TSTM as an effective
tool for investigating early-age cracking in cementitious materials. (Liang, 2024).

. (c) Dimensions of the mini-TSTM dogbone
(a) Mini-ADTM during testing (b) Mini-TSTM during testing specimen (in mm)

Figure 2.14: Visual representation of the mini-TSTM system (Liang, 2024).

Figure 2.14 shows the TSTM system including the ADTM and TSTM tests including the dimensions of
the dogbone specimen. The working concept of the mini-TSTM is the same as the regular TSTM as
shown in figure 2.13. The main differences between the TSTM and the mini-TSTM are the following:
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Reduced dimensions compared to the TSTM. The volume of the
mini-TSTM and mini-ADTM is 0.7 liters compared to 60 liters for
the TSTM and ADTM. The cross-section equals 50 x 50 mm and
150 x 100 mm respectively.

The specimens are placed vertically instead of the usual horizontal
arrangement. The influence of friction is minimized because of
this.

The strain is measured by two LVDTs instead of four. This
makes the setup more prone to errors and therefore less robust.
The LVDTs are not influenced by stress concentrations in the
crossheads as they are placed away from these crossheads as
depicted in figure 2.14c.

Other TSTM setups, except for the regular TSTM setup of TU Delft,
make use of stepping control. This enholds that a force is applied
whenever a certain strain threshold is exceeded. The mini-TSTM
is proportional-integral-derivative (PID) controlled, meaning that
an algorithm constantly adjusts the load for more accurate con-
trolling of the test.

Due to the smaller dimensions of the mini-TSTM, only small aggregates such as sand can be used. In
literature, TSTM tests are often performed without reinforcement as the main interest is the early age
behaviour of concrete. The inclusion of reinforcement further reduces the possibility of including large

aggregates.

Besides requiring significantly less volume of fresh concrete and reduced human resources, the mini-
TSTM can be placed inside of an universal Instron loading machine. Figure 2.14a shows the mini-TSTM
being fixed to the base of the Instron and the piston on top. Both the top part and the bottom part of
the mold are fixed to the Instron using four bolts. The capacity of this Instron machine is 10 kN which
is enough for the failure of unreinforced concrete.



Crack width calculation - design codes

In order to compare the structural calculations of crack widths to the true crack widths measured dur-
ing the construction and use phase of a concrete structure, different structural design codes will be
analyzed. These codes provide comprehensive guidelines and recommendations for the design and
construction of concrete structures. The codes which will be discussed are NEN-EN 1992-1-1 and
NEN-EN 1992-3 belonging to Eurocode 2, fib Model Code 2010, CIRIA C766 and ‘Concrete Structures
under Imposed Thermal and Shrinkage Deformations’ by Klaas van Breugel. Eurocode 2 is widely used
across Europe as a reference for designing safe, reliable, and durable concrete structures. Model Code
2010 is created by International Federation for Structural Concrete (FIB) and serves as a basis for fu-
ture codes and therefore is deemed interesting to analyze as well. CIRIA C766 refers to a guidance
document published by the Construction Industry Research and Information Association (CIRIA). This
document provides guidance on controlling the risk of thermal cracking in concrete structures during
the early stages of hydration and curing. Since this research focuses on thermal cracking, this doc-
ument is also selected for analysis. The last document chosen for analysis is 'Concrete Structures
under Imposed Thermal and Shrinkage Deformations’ by Van Breugel. This publication addresses
the behaviour of concrete structures subjected to thermal and shrinkage deformations and is therefore
relevant for this research as well.

3.1. NEN-EN 1992-1-1

Chapter seven of Design of concrete structures - Part 1-1: General rules and rules for buildings of
NEN-EN1992-1-1 is about serviceability limit states (SLS). The third section discusses crack control
and commences with crack width limits for different exposure classes. These exposure classes are
assigned to different parts of a concrete structure based on their environment. For example, the XC3
label indicates that concrete at this specific part of the structure is exposed to moderately humid con-
ditions. Because of these conditions, the concrete is more prone to corrosion due to carbonation.
Naturally, concrete exposed to more wet conditions has more strict crack width limits in comparison
with concrete in dry environments. Figure 3.1 shows the limits as stated in NEN-EN 1992-1-1. These
crack width limits are either drawn up because of durability or aesthetic reasons, as mentioned before
in section 1.1.

21
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Exposure Reinforced members and prestressed Prestressed members with
Class members with unbonded tendons bonded tendons
Quasi-permanent load combination Frequent load combination
X0, XC1 0,4 0,2
XC2, XC3, XC4 0,2°
0.3
ﬁg; ;(gé? X81, Decompression
Note 1: For X0, XC1 exposure classes, crack width has no influence on durability and this limit
is set to guarantee acceptable appearance. In the absence of appearance conditions
this limit may be relaxed.
Note 2: For these exposure classes, in addition, decompression should be checked under the
quasi-permanent combination of loads.

Figure 3.1: Concrete crack width limits according to NEN-EN 1992-1-1 for different kinds of exposure classes (CEN,
2005).

3.1.1. Control of cracking without direct calculation

NEN-EN 1992-1-1 defines two methods to control cracking, one without direct calculation and a second
method with direct calculation of crack widths. The method without direct calculation prescribes a
maximum reinforcing bar diameter and a maximum spacing between reinforcing bars. Based on the
steel stress and the critical crack width, the value of these latter parameters is given. The steel stress
is calculated on the basis of a cracked section with the relevant combinations of actions acting on the
reinforced concrete element. In figure 3.2, the table with maximum reinforcing bar diameter is presented
as given in the Eurocode.

Steel stress” Maximum bar size [mm]
[MPa] wi= 0,4 mm wx= 0,3 mm wix= 0,2 mm
160 40 32 25
200 32 25 16
240 20 16 12
280 16 12 8
320 12 10 6
360 10 8 5
400 8 6 4
450 6 5 -

Figure 3.2: Maximum reinforcing bar diameter for different steel stresses and critical crack widths (CEN, 2005).

The standard states that this table may be used to design prestressed concrete structures and rein-
forced concrete structures where cracks are likely to occur due to restraint and due to loading. For
these three cases, the crack width limit will unlikely be exceeded when the maximum bar diameters
in the provided table are complied with. Another way of controlling cracks is utilizing the second table
provided in this subsection, giving values for the maximum reinforcing bar spacing for the steel stress
just after cracking and critical crack width. This table may be applied to prestressed concrete structures
and reinforced ones in which cracking is likely to happen because of loading, but not for cracking which
happen due to restraint. Figure 3.3 shows the table with maximum reinforcing bar spacing to prevent
excessive cracking.
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Steel stress® Maximum bar spacing [mm]
[MPa] w=0,4 mm w=0,3 mm w,=0,2 mm

160 300 300 200
200 300 250 150
240 250 200 100
280 200 150 50
320 150 100 -

360 100 50 -

Figure 3.3: Maximum reinforcing bar spacing for different steel stresses and critical crack widths (CEN, 2005).

It should be noted that the maximum bar diameter ¢; in figure 3.2 still needs to be adjusted depending
on whether the element is in pure tension or bending. The following modification should be made when
the member is subjected to a bending moment:

% kchcr
bs = s (fct,eff/z-g)m (3.1)
For a reinforced concrete element under uniform axial tension, the modification is as follows:
b = B Fovors /29) (32)
S s\Jc ,Eff 8(h _ d)
where:
Os = is the adjusted maximum bar diameter
s = the maximum bar diameter as given in figure 3.2
ke = a coefficient which takes account of the stress distribution within the section
immediately prior to cracking and he change of lever arm
feterr = the mean value of the tensile strength of concrete at the time of cracking
h = the overall depth of the section
her = the depth of the tensile zone immediately prior to cracking
d = the effective depth to the centroid of the outer layer of reinforcement

3.1.2. Direct calculation of crack widths

The somewhat more sophisticated way of controlling cracks is to directly calculate the crack width wy.
NEN-EN 1992-1-1 does this by taking the strain difference between the reinforcing steel and concrete
and multiplying this with the maximum crack spacing:

Wi = Sr,max(gsm — &m) (33)
where:
Srmax = the maximum crack spacing
Esm = the mean strain in the reinforcement including the effect of imposed deformations
and taking into account the effects of tension stiffening.
Eem = the mean strain in concrete between cracks

The strain difference between the reinforcing steel and concrete is calculated in the following manner
in NEN-EN 1992-1-1:

fC ,€
Os — ktﬁ(l + aepp,eff) o
Esm — Eem = P A > 0.6E— (3.4)
S

N

where:
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o; = the steel stress assuming a cracked section
k. = afactor dependent on the load duration
E; = the Young’s modulus of steel
a, = theratio E;/E .,
and
Ag + 24
Ppeff = % (3.5)
ceff
in which:
Ag = the area of steel
x3 = the adjusted ratio of bond strength between prestressing and reinforcing steel
Ap = the area of pre or post-tensioned tendons within A; . ¢ ¢

Acerr = the effective area of concrete, meaning without the area of prestressing or
reinforcing steel

The maximum spacing between cracks is dependent on the concrete cover, the reinforcing bar diam-
eter, the effective ratio of steel and concrete and four coefficients. The formulation of the maximum
crack spacing in NEN-EN 1992-1-1 is as follows:
kik,k,®
Srmax = K3c + e, (3.6)
Pperf

where:

ks = a country dependent coefficient (3.4 in the Netherlands (NEN, 2020))

¢ = the concrete cover

k; = a coefficient dependent on the bond properties of the reinforcing steel
k, = a coefficient which takes account of the distribution of strain

k, = a country dependent coefficient (0.425 in the Netherlands (NEN, 2020))
@ = the reinforcing bar diameter

The coefficient k; is equal to 0.8 for reinforcing bars with high bond properties and 1.6 for bars with an
effectively plain surface. The value of k, equals 0.5 for elements under bending and 1.0 for elements
under pure tension. There are two situations in which a different expression has to be used than

equation 3.6, which is when the spacing exceeds 5(c + g) and when there is no reinforcement in the
tension zone. The following expression should be used in these cases:

Srmax = 1.3(h — x) (3.7)

The distance from most outer fiber in compression to the neutral axis is denoted by x. There is one
more exception in which the direction of the principle stress and reinforcement deviates more than 15°.
The expression for this situation is irrelevant for this research.

3.2. NEN-EN 1992-3

NEN-EN 1992-3 provides guidelines and standards for the design of concrete structures that are in-
tended to retain liquids and other substances without leakage or failure. This part of Eurocode 2 in-
cludes two annexes containing information on the calculation of strains, stresses and crack widths in
concrete sections under restrained imposed deformation, namely 'Annex L’ and ’Annex M’. The amount
of strain and therefore the amount of stress is dependent on the the degree of restraint of an ele-
ment. NEN-EN 1992-3 distinguishes two different cases of elements with different degrees of restraint:
namely a member restrained on both ends and an element of which one of its edges is restrained.
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Figure 3.4: Two different types of restrained elements described in NEN-EN 1992-3.

In case (a) where the member is restrained on both ends and an arbitrary imposed deformation only
causes an axial force, the degree of restraint R is equal to 1.0. The element is not able to deform by any
means. Case (b) is different in the sense that an arbitrary imposed deformation causes both axial stress
and bending moments. The amount of restraint of axial force and bending moment differs throughtout
the element. Annex L states the expression to calculate the amount of strain for this element, knowing
the amount of restraint:

1
&z =(1— Rax)giav +(1- Rm);(z —z) (3.8)
where:
R,, = the degree of (axial) external restraint
R,, = the degree of moment external restraint (often 1.0)
&, = theaverage strain of equivalent unrestrained element
&qz, = the actual strain at level z
z = the height of the section
z = the height to the section centroid
r the radius of curvature

The degree of restraint on the sides of the element (outside of the central zone) is prescribed. The
degree of restraint for the central zone is dependent on the ratio between the length and height of the
element, L/H. These restraint values can be found in figure 3.5.

Ratio L/H (see Fig L.1) Restraint factor at base Restraint factor at top
1 0,5 0
2 0,5 0
3 0,5 0,05
4 0,5 0,3
>8 0,5 0,5

Figure 3.5: Restraint factors for the central zone of an element restrained at its base (NEN, 2011b).

3.2.1. Element restrained on ends - crack width calculation

The approach to calculate crack widths for an element restrained on both ends and subjected to im-
posed deformation is modified compared to the approach in NEN-EN1992-1-1. The expression found
in equation 3.4 is adjusted in the following manner:

0'5aekckfct,eff 1
(&sm — €cm) = — 5 1+ 2 (3.9)
The subsequent steps are the same as in NEN-EN 1992-1-1, meaning that equation 3.6 is used to
determine the maximum crack spacing and thereafter the maximum crack spacing is obtained using
equation 3.3.
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3.2.2. Element restrained at its base - crack width calculation

An element restrained at its base behaves differently than the element restrained at its ends. In this
case, the formation of a crack only affects stress distribution locally, unlike the situation with end re-
straint. Here, the crack width depends on the restrained strain rather than the concrete’s tensile strain
capacity. Again, the average strain of concrete and steel is adjusted compared to the NEN-EN 1992-1-1
approach:

(&sm — &cm) = Rangree (3.10)
where:
R,, = the degree of (axial) external restraint (see equation 3.9)
grree = the strain of an equivalent unrestrained member (see equation 3.4)

The rest of the procedure is again the same, the maximum crack spacing should be multiplied with
equation 3.10 to obtain the maximum crack width.

3.3. fib Model Code 2010

The fib Model Code for Concrete Structures serves as a foundational framework for future structural de-
sign codes, incorporating advancements in concrete technology and structural engineering. It aims to
optimize structural behavior based on new insights and innovations while providing guidance for updat-
ing existing codes or developing new ones. The 2010 edition of the Model Code presents an extensive
overview of material properties, including concrete up to strength class C120, reinforcing and prestress-
ing steel, and emerging materials like fibre concrete and non-metallic reinforcement. Emphasizing a’life
cycle’ approach, it addresses reliability, functionality, durability, and sustainability considerations, with
provisions for various loading conditions, environmental factors, and innovative reinforcement types.
The document, subject to refinement based on feedback, underscores the importance of robustness,
serviceability, and ultimate limit state design for ensuring the safety and performance of concrete struc-
tures in diverse conditions (fib, 2013).

Model Code 2010 bases its crack width calculations on a centrically reinforced member subjected
to tension, outlining four stages similar to those depicted in figure 2.1. However, it differs from the dia-
gram by identifying two distinct stages: the stabilized cracking stage and the steel yielding stage. Model
Code acknowledges the fact that the crack formation stage is not a horizontal line at N.,., as in reality
the first crack propagates at the location where the concrete is weakest, assumed to have a strength
of f.¢x0.05- The last crack is estimated to occur at a location with a strength of f,¢y o.95. This results in
the behaviour observed in experimental work of which an example is given in figure 2.2. The simplified
tensile member diagram is deemed accurate enough according to Model Code because of numeral
uncertainties such as the accuracy of positioning reinforcement, the real effective tensile strength of
concrete and the influence of construction quality.

3.3.1. Crack width calculation
The design crack width w, in the last three phases of the tensile member diagram (crack propagation,
stabilized cracking and steel yielding) may be calculated using the following expression:

Wq = le,max(gsm —&m — Ecs) (311)
where:
lsmax = the length over which slip between concrete and steel occurs
Esm = the average steel strain over I,
Eem = the average concrete strain over [
Ecs = the strain of concrete due to shrinkage

This equation is identical to the expression of Eurocode (equation 3.3), only the shrinkage of concrete
is taken into account explicitly. The length over which slip occurs between concrete and steel may be
calculated in the following manner:



3.4. CIRIA C766 27

fctm PDs
lsmax =k*c+ 2* s * Poer (3.12)
where:

k = an empirical coefficient taking the influence of concrete cover into account (may be

assumed to be 1.0)
c = the concrete cover
Tpms = the mean bond strength between steel and concrete
Qs = the reinforcing steel diameter
pser = the effective reinforcement ratio

The relative mean strain, meaning the strain difference between concrete and steel over the length
ls max, can be determined as follows:

05 — B * Osr

Esm — €m — €cs T E— —Nr *&n (3.13)
N
where:
o; = the steel stress in a crack
g5 = the steel stress right after a crack occurs (see equation 2.6)
B = an empirical coefficient dependent on the type of loading
n. = a coefficient considering the contribution of shrinkage
&n = the shrinkage strain

The empirical coefficients used in equation 3.12 and equation 3.13, depend on two factors: firstly,
whether the loading is short-term and instantaneous, or if it is long-term and repeated; and secondly,
whether the loading causes the element to be in the crack formation stage or in the stabilized crack-
ing stage. The following table is given in Model Code 2010 for the parameters influencing the strain
difference between concrete and steel:

Crack formation stage Stabilized cracking stage
Short term, Tpms = 1.8 feum(1) Tpms = 1.8 feum(1)
instantaneous B=0.6 B=0.6
loading n,=0 n=0
Long term, Tpms = 1.35 - ferm(t) Tpms = 1.8 fetm(1)
repeated B=0.6 B=04
loading n,=0 n=1

Figure 3.6: Values for 7,,,, B and 7, for calculating the strain difference between concrete and steel (fib, 2013).

3.3.2. Effect of load and imposed deformation on cracking

Model Code 2010 has a short paragraph on the combined effect of load and imposed deformation on
cracking. It states that when cracking is caused by the combination of both loading types, the stresses
at the cracks should be calculated taking both contributions into account. The quasi-permanent loads
acting on the element should be considered for reinforced concrete.

3.4. CIRIA C766

CIRIA, the Construction Industry Research and Information Association, is a neutral and independent
not-for-profit organization dedicated to driving collaboration and improvement across the built environ-
ment and construction sectors. CIRIA has published three publications about cracking caused by re-
strained deformation in concrete over the past few decades: CIRIA R91, CIRIA C660 and CIRIA C766,
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which is the most recent one. These three publications stem from 1992, 2007 and 2019 respectively.
CIRIA C766 addresses concerns about the robustness and lack of design guidance which are present
in CIRA C660. The main goal of these publications is to improve on the Eurocode when it comes to
restrained deformation. To quote CIRIA on the purpose of the second publication: "The application of
CIRIA C660 has identified a number of concerns with the apparently more onerous requirements of BS
EN 1992-3 in some circumstances and less robust design in others.” (Bamforth, 2019).

3.4.1. External restraint

CIRIA C766 offers essential guidance in estimating the risk of cracking due to external restraints, ad-
dressing a gap left by BS EN 1992-3, which lacks such guidance. By making a number of simplifying
assumptions, the expression as found in equation 3.14 for determining the restrained strain. It has been
estimated by this publication that a safety margin of 10 to 15 per cent is realised (Bamforth, 2019).

& = Keq [acTy + €ca(3)] Ry + K1 [(6ca(28) — ca(3)) + acT2] Ry + KcogcdRs (3.14)
where:

T; = the difference between the peak temperature and the mean ambient temperature
at the end of the thermal cycle

T, = the difference between the mean ambient temperature at the end of the thermal
cycle and the minimum element temperature during its lifetime

a; = the coefficient of thermal expansion of concrete

e.a(t) = autogenous shrinkage after t days

Ecd = drying shrinkage

Ry = the restraint factor applying to the early thermal cycle

R, = the restraint factor applying to the medium-term deformation

R; = the restraint factor applying to the long-term deformation

K., = a coefficient for the effect of stress relaxation due to creep at early age (= 0.65)

K., = a coefficient for the effect of stress relaxation in the long term (= 0.50)

Three phases are distinguished resulting in individual components of the restrained strain, namely: the
early thermal cycle, the medium- and long-term deformation. The early thermal cycle and the medium-
term deformation include the thermal expansion and shrinkage and the autogenous deformation during
these periods. The restraint factor R, for the early age of the element can be estimated using a table
provided in CIRIA C766 as shown in figure 3.7.

A | Base of a wall cast on to a massive base 0.6-0.8
B | Top of a wall cast on to a massive base 0-0.5
C | Edge restraint in box type deck cast in stages 0.5

D |Edge element cast onto a slab 0.8

E | Massive pour cast onto blinding 0.1-0.2
F | Base of massive pour cast onto existing mass concrete 0.3-04
G |Suspended slabs 0.2-0.4
H | Infill bays, eg rigid restraint 0.8-1.0

Figure 3.7: Early age external restraint values R, for different conditions as stated in CIRIA C766 (Bamforth, 2019).

Values for the restraint factors during the medium- and long-term life of the element are also given
in CIRIA C766 and can also be calculated based on the cross-sectional area and stiffness of new
elements and adjoining elements. The values for autogenous and drying shrinkage are taken from BS
EN 1992-1-1. Autogenous shrinkage is a strength and time-dependent variable. Drying shrinkage is
also taken from BS EN 1992-1-1 and depends on the concrete strength class, relative humidity, the
notional thickness of the cross-section and time.
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3.4.2. Internal restraint

Besides external restraints, internal restraints can cause strains beyond the tensile strain capacity of
concrete. Especially for massive concrete structures, internal constraints can have a significant impact
on the cracking of concrete as displayed in figure 3.5a. CIRIA C766 addresses this by determining the
temperature differential between the centre and surface of the element. Autogenous strain is neglected
for internal restraint as it is uniform throughout the element and will not cause an additional strain
differential. The internal restrained is determined as follows:

87" = ClATafch (315)
where:
& = the amount of restrained strain
K., = a coefficient for the effect of stress relaxation due to creep at early age (= 0.65)
AT = the temperature differential between the centre and surface of an element
a. = the coefficient of thermal expansion of concrete
R; = the restraint factor applying to the early thermal cycle

The restraint factor R; may be assumed to be 0.42 in the case of internal restraint. It should be noted
that any long-term effects are disregarded since the greatest temperature differential typically occurs
during the early thermal cycle, which is transient in nature.

3.4.3. Crack width calculation

The internally and externally restrained strain, as given in equation 3.14 and equation 3.15, are not
directly used to determine crack widths in CIRIA C766. Rather, it takes into account that the restrained
strain is partially relieved when a crack occurs. The following assumption is made for the crack-inducing
strain:

Eer = & — 056044 (3.16)
where:
&y = crack-inducing strain
& = restrained strain
etu = tensile strain capacity of concrete

Chapter 3.7 of CIRIA C766 defines the tensile strain capacity of concrete under sustained loading for
both early-age and long-term conditions:

geuw = 70 um for early-age conditions
gctuw = 100 um for long term conditions

Complementary expression - edge restraint
CIRIA C766 make the distinction between the true restraint and creep which is associated with this
level of restraint. The following expression is given:

Ryy = RyKen (3.17)
where:
R,, = the restraint of the element
R, = the true restraint
K., = the creep

Naturally, the age of concrete affects the restraint and creep of the element. The subscript 'n’ indicates
the age of concrete, being 1 for early age concrete and 2 or 3 for concrete over the long term. The
crack-inducing strain for an element restrained on one edge, is obtained by combining equation 3.14
and equation 3.16.
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& = [Ke1 [acTy + €ca(3)] Ry + Keq [(£ca(28) — £ca(3)) + acT2] Ry + KepgcgR3] — 0.5ec4y (3.18)

The ultimate tensile strain of concrete is a time-dependent variable. Therefore, it is important to deter-
mine the crack-inducing strain for both early age and long-term conditions, utilizing the corresponding
ultimate tensile strain. CIRIA C766 advises to use the three-day tensile strain of concrete for the early
age and 28-day value in the long term.

The crack width is obtained by multiplying the crack-inducing strain ¢, with the maximum crack
spacing Sy may, iN the same manner as NEN-EN 1992-1-1. CIRIA C766 also proposes a change to
the calculation of the maximum crack spacing compared to the latter named code. A clause in NEN-
EN 1992-1-1 states to reduce the coefficient k,, accounting for bond strength, by a factor of 0.7 when
good bond cannot be guaranteed. The instances where poor bond should be assumed are outlined in
figure 8.2 of NEN-EN 1992-1-1. However, CIRIA C766 suggests assuming poor bond during the early
age of concrete for elements thicker than 300 mm with a concrete cover ¢ < 50 mm. In this case the
coefficient k; becomes 0.8/0.7 = 1.14.

Complementary expression - end restraint

For the situation in which an element is restrained at both ends, the expression for the the crack-induced
strain is given in equation 3.9. This expression of NEN-EN 1992-3 uses the mean tensile strength of
concrete at the time of interest f,.,,, (t) for the calculation of this crack-induced strain. However, CIRIA
C766 explains that early age thermal loads have a duration of multiple days and that the cracks will
likely develop at the location where concrete is weakest. Therefore, it is proposed to use only 70%
of the mean tensile strength for calculation purposes. For normal weight concrete up to C90/105, this
value is equal to f¢x 0.05 = 0.7 frm (NEN, 2020). The crack-induced strain is therefore slightly different
compared to NEN-EN 1992-3:

(3.19)

Ecr = (Esm — &cm) =

0-5aekckfctk,0.05 <1+ 1 >
Eg aep

3.4.4. Effect of tension stiffening and element length

The expressions for the crack-inducing strain in NEN-EN 1992-3 (equation 3.9) and the adjusted one
given in equation 3.19 for elements restrained on both ends, do not include the effects of tension
stiffening and length. Tension stiffening refers to the additional stiffness imposed on reinforced concrete
elements by the concrete, as depicted in section 2.1. Equation 3.19 is based on the assumption that
the load remains the same during the crack propagation phase. In reality however, when the stress in
an end restrained element exceeds the tensile strength of concrete anywhere throughout the element,
the stress is partially relieved due to tension stiffening. Due to this partial relieve of stress, the crack
widths will reduce, this reduction becomes smaller after each subsequent crack. When the load after
the first crack increases, the crack will increase in size again until the second crack occurs. Both cracks
will then reduce in width again, but to a lesser extent than when the first crack occured. Following this
logic, the final crack width is inversely proportional to the length of the element. CIRIA C766 gives an
equation to include these effects:

L+055(n—1)(B-1)

=05(B+1 3.20
Esmr B+ Deécww | T 53 055« nB+ D) (3.20)
where:
&smr = the mean residual strain in the steel after cracking
gtu = the tensile strain capacity of concrete
L = the length of the element restrained on both ends
S = the length over which the reinforcement is debonded, which is assumed to be s, 4
n = the number of cracks that have formed
and

k*xk
Bz( i C+1> (3:21)
aep
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The expressions for crack width found in NEN-EN 1992-3, the equation using f.x .05 and the equation
including tension stiffening and length, are used for an arbitrary example with thermal loading on a
restrained element. The results are visualized in figure 3.8:

0.5
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Figure 3.8: Crack width values for a reinforced element subject to imposed thermal loading using EN1992-3, C660 and
C766 including tension stiffening (Bamforth, 2019).

The most conservative approach is the one using the mean concrete tensile strength of the element.
A constant crack width of 0.4 mm is observed, as there is no stress relief due to tension stiffening. CIRIA
C600 (equivalent approach compared to CIRIA C766) uses only 70 % of the mean tensile strength and
therefore the crack width is reduced to 0.28 mm. The solid black line represents the approach of
CIRIA including tension stiffening and it is clear that he crack width immediately after the first crack is
significantly lower compared to the equation without tension stiffening. The crack width after the first
crack equals 0.22 mm and just after the fourth crack there is an expected crack width of 0.24 mm. This
illustrates the effect of the element length on the crack width.

3.5. Van Breugel

‘Concrete Structures under Imposed Thermal and Shrinkage Deformations’ by Klaas van Breugel
explores the complex behavior of concrete structures subjected to thermal and shrinkage deforma-
tions. The book delves into the fundamental principles governing the response of concrete elements
to changes in temperature and moisture, offering insights into how these factors influence the overall
performance and durability of structures.

Van Breugel distinguishes three phases in the tensile member diagram, as shown earlier in section 2.1.
For the second and third stage, the crack formation stage and stabilized cracking stage respectively,
there are expressions to determine the crack width.

An interesting remark from the book of Van Breugel is the effect of the load duration on the crack-
ing of concrete. For ordinary concrete made with gravel, the stress at which the concrete cracks at any
moment is defined as:

Ocr () = 0.75fcem () (3.22)

The parameter f..,,,(t) represents the mean axial tensile strength at the time of cracking. It is assumed
in this study that the mean axial tensile strength is equivalent to the mean tensile splitting strength

fctm,sp-
For loads with a long-term duration, such as drying shrinkage, the cracking stress is significantly lower
than equation 3.22 suggests. For a sustained tensile load the cracking stress equals:

Ocr = 0.60f,tm (3.23)

The following figure of Van Breugel’s book illustrates the effect of time on the cracking load of concrete:
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Figure 3.9: Concrete tensile strength as a function of the load duration (van Breugel et al., 2011).

3.5.1. Crack width calculation - crack formation stage

The crack formation stage is characterized by the force acting on the element being equal to the crack-
ing force N, (in case the simplified tensile bar model is assumed). The second stage lasts until no more
cracks can form in the element and this point is characterized by the strain at which the fully developed
cracked pattern g, is reached. Van Breugel gives the following mean crack width wy,, equation to be
used during the crack formation stage:

0.85

=2 049 %)’ 1 3.24
Wmo = 2 x| x| * (14 aep) (3.24)

fcm,cube s

One should ensure that the loading on the reinforced element indeed causes the element to enter the
crack formation stage, otherwise the latter expression is not valid. In case of an imposed load &, it
should thus be smaller than the strain at which the fully developed crack pattern &¢4. is reached. The
latter value can be determined using the following formula according to Van Breugel:

grac = (60 + 2.405,) ¥ 107¢ (3.25)

In this formula, the steel stress immediately after cracking is denoted by o5 .. Equation 3.25 should
only be used when the cracks occur in a relatively short period of time. When cracking occurs after
a longer period of time, for restrained shrinkage for example, then the following expression should be
used:

<c—‘fdcoo = Vo * gfdc (326)

The term y,, is a factor accounting for the long-term effect, being 1.3 at maximum.

Another difference between the book of Van Breugel and the structural codes discussed before, is
that Van Breugel also specifies the mean transfer length and crack width instead of only the maximum
values. The transfer length in the crack formation stage is a function of the mean crack width w;,,:

Es

lSt = 12Wm0 (3.27)

Os,cr
Van Breugel underscores the significance of concrete tensile strength, as it dictates the stress level,
o, at which initial cracks form, and notably affects crack width. A higher concrete tensile strength will
result in higher stresses in reinforcing steel directly after cracking o ., and therefore increases crack
widths (van Breugel et al., 2011).
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3.5.2. Crack width calculation - stabilized cracking stage

The crack spacing in the third stage of the tensile member diagram, the stabilized cracking stage, varies
from I, to 21, as depicted in figure 2.4. The average crack spacing is assumed to be 1.5[;; so the
mean crack spacing over the length of the tensile member equals (see equation 3.27:

Es
lm = 1.8wpyg (3.28)
O-S,CT
The mean crack width during the stabilized cracking stage is a function of the mean crack spacing
among other variables:

l
Wiy = Eﬂ % (05 — 0.505 ) (3.29)
S
The mean crack width during the stabilized cracking stage can also be expressed using the mean crack
width for the cracking stage in the following manner:

Wy = 1.8me< I _ 0.5) (3.30)

Os,cr



Reinforced mini-TSTM set-up and
procedure

To test the hypothesis outlined in section 1.2, an experiment using the mini-TSTM was designed. The
objective of the experiment is to measure whether the crack widths, due to the combination of an im-
posed thermal load due to hydration and a mechanical load, are smaller than the calculations based
on theory used in structural design codes would suggest.

Unlike the standard TSTM, the mini-TSTM, with dimensions of 50 mm x 50 mm, has not yet been
equipped with reinforcement. lts smaller size limits the possible combinations of bar diameter and the
number of bars. According to Eurocode 2, the maximum steel ratio is 4% of the concrete area A,
meaning that reinforcing bars with a diameter of 12 mm and larger cannot be used as the maximum
steel ratio would be exceeded. Concrete containing higher amounts of steel reinforcement will cause
the concrete to reach its ultimate strain before the reinforcement starts to yield. As a result, a brittle
failure occurs instead of a ductile one, which is undesirable due to safety reasons. There is one more
important aspect for the reinforcement layout: the transfer length of the reinforcement should be small
enough to allow multiple cracks to form, the reason for which will be explained later.

4.1. Experimental set-up

The mini-TSTM experiment was designed to test novel types of cementitious materials on their early
age characteristics such as creep, relaxation and autogenous deformation. The experiment consists of
a mold which is placed inside of a uniaxial loading machine, the TSTM and a mold which is unrestrained,
the ADTM. The procedure starts preparing the molds (including reinforcement), mixing the mortar and
thereafter filling the molds, attaching the cryostat to the mold and then start the experiment when the
concrete starts to set.

4.1.1. Reinforcement layout

To analyze crack widths, a reinforcement layout must be designed. Without reinforcement, concrete
fails when the load exceeds its tensile strength at any point in the section. There are various geometri-
cal constraints on reinforcement layouts and practical considerations to address. Figure 2.14c depicts
a dogbone specimen used in both ADTM and TSTM tests, featuring two embedded bars. Two LVDTs
are attached to the ends of these embedded bars to measure the strain between these bars during
testing. The steel bars cannot pierce these bars, so the design should account for this. Secondly, the
steel bars should be placed symmetrically in order to avoid any eccentricity and therefore undesired
bending moments when the specimen is subjected to an axial load. Proper spacing between reinforcing
bars and the concrete cover is crucial to ensure effective mortar bonding. Furthermore, the radial bond
stress exerted by a reinforcing bar on the concrete should not disrupt adjacent reinforcing bars, as this
may invalidate cracking models. Analytical formulations for radial bond stress, found in the literature,
depend on whether the concrete is cracked or in the pre-cracking stage (Chang et al., 2021).

34
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Eurocode specifies values for the minimum cover c,,;,, with regard to durability depending on the ex-
posure class and structural class of the element (NEN, 2020). Since the TSTM is a scaled down
structural element and is not meant as a long-lasting structure in service, this durability requirement is
disregarded. The same standard states minimum bond requirements to ensure the safe transmission
of bond forces and achieve adequate concrete compaction. For separated bars the minimum cover
Cmin,p €quals the diameter of the bar. It is deemed improbable that this requirement will be governing,
whereas Model Code 2010 mentions minimum cover requirements in the section about bond stress-slip
relationship, which are more strict. For concrete to be considered well-confined, the concrete cover ¢
should be at least five times the bar diameter, and the clear spacing between bars should be at least
ten times the bar diameter (fib, 2013).

The reinforcement layout must ensure that multiple cracks can form within the measurement length
between the LVDTs, which is 100 mm. If only a single crack forms over this length, it becomes inef-
fective for the experiment’s purpose. The objective is to investigate crack width under the combination
of imposed deformation and mechanical loading. To capture the crack formation phase accurately, at
least two cracks are required otherwise the stabilized cracking stage starts immediately after the first
crack. ldeally, three cracks should form to minimize uncertainty in determining crack widths. Since
each measurement is subject to errors, having three cracks rather than one or two will provide more
reliable insights into the behaviour of reinforced concrete under a combination of thermal imposed de-
formation and additional mechanical loading.

The final requirement addresses the stress levels that the steel can achieve during testing. Given that
the Instron loading machine has a capacity of 10 kN, reaching ultimate stress levels in the steel is un-
likely. Therefore, the reinforcement ratio should be moderate to ensure that crack widths are sufficiently
representative and that the steel stresses in the cracks reflect those typically observed in reinforced
concrete structures under ultimate or serviceability limit states. An arbitrary maximum steel stress of
300 MPa was selected for the testing. Based on these criteria, the following three reinforcement layouts
were designed to meet the outlined requirements:

Embedded bar ¢ 3 mm

o o o ¢) @) O
mortar area
50 x 50 mm
o o o ¢) @) J O
6 bars — diameter 2.6 mm 4 bars — diameter 3.2 mm 2 bars — diameter 4.5 mm
;=255 mm lk=31.1 mm k= 44.2 mm
2.0 — 3.9 cracks 1.6 — 3.2 cracks 1.1 —2.3 cracks
p=127% p=1.29% p=127%
Omax = 313.9 MPa Omax = 310.8 MPa Omax = 314.4 MPa

Figure 4.1: Three possible reinforcement layouts complying to the set requirements.

The three reinforcement layouts depicted in figure 4.1 with 6, 4 and 2 steel bars respectively, mainly
differ regarding the possible amount of cracks, spacing and concrete cover. A rough estimation for
the amount of cracks has been calculated using equation 2.8 and using an assumption of the mean
bond strength. Model Code 2010 assumes a mean bond strength of 7., = 1.8 * f.;,n(t), whereas
Van Breugel states that 7, = 2 * f.,,;, o which shows the best results when comparing theory with
experimental results. Combining the latter assumption with equation 2.8, gives the following simplified
expression for the transfer length:
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The amount of cracks is based on the principle depicted in figure 2.4 where the distance between cracks
varies between [, and 21,. Based on this information, the reinforcement layout using six steel bars was
chosen. It is expected that three cracks will consistently form during different tests and using more
bars would reduce the bar spacing too much. For the configuration using six bars, both the concrete
cover and spacing equals 12.5 mm. This does not satisfy the Model Code 2010 requirements to ensure
well-confined concrete, however this will be ensured during trial tests.

An important remark is that the bar diameters in figure 4.1 are smaller than the smallest standard
steel reinforcing bars, having a diameter of 6 mm. A solution to this problem is using steel threaded
bars. These are not commonly used in the construction industry because the distance between each
individual rib is relatively small and they have different strength classes than standard reinforcing bars.
Strength class B500B is used by practice, whereas threaded bars are classified using the strength
classes of bolts and screws. These typically have a lower yield and ultimate strength compared to
steel reinforcing bars. Threaded bar M3 is used with a major diameter of 3.0 mm, a minor diameter of
2.459 mm and has a steel grade of 4.8. The mechanical properties are given in table 4.1 below:

Table 4.1: Mechanical properties of steel grade 4.8 (NEN, 2013).

Steel grade 4.8

Ultimate strength [MPa] 400
Yield strength [MPa] 320
Ultimate strain [%] 22

Young’s modulus’ [GPa] 205

1 According to EN1992-1-1 (NEN, 2020)

The small rib distance can cause concrete containing coarse aggregates to not provide the expected
bond strength with threaded bars. Threaded bar M3 has a pitch of 0.50 mm (the distance between
individual ribs), meaning that aggregates larger than this are unable to fit between these ribs to en-
sure bond strength. Although specific literature on the effect of maximum aggregate size on the bond
strength of reinforcement with concrete is lacking, it is anticipated that large aggregates will not bond
well with threaded bars. A German company that produces steel anchors for concrete has documented
the bond strength of threaded bars under tension loads in C20/25 concrete. Threaded rod M8 up and
including M30 were tested, resulting in a bond stress of 6.5 MPa for M30 and 4.0 MPa for M8. Thus,
showing that the bond strength decreases for smaller bar diameters in regular concrete containing
coarse aggregates (MKT, 2015).

Validation of threaded bar

The information in the previous paragraph is not deemed enough to perform a test and assuming that
the bond strength is enough to provide the necessary amount of cracks. Therefore, a trial test is per-
formed using the reinforcement and the concrete (mortar) mix design specified in the next paragraph.
A tensile test until the capacity of the Instron, 10 kN, is performed on a specimen which has been cured
in a high humidity chamber and expected to have reached its final strength. Using displacement con-
trolled increments, the load was increased to 10 kN and afterward the load was gradually reduced to
zero. Digital Image Correlation (DIC) is used to determine the amount of cracks and their widths. The
specimen is painted white and afterwards black dots were applied. GOM Correlate 2019 is a software
package, able to measure the movement between individual black dots to measure the displacements
and strain during the test. Each ten seconds during the test, a photo was taken, and the area between
the LVDTs was analyzed using the software. The results of the test are displayed in figure 4.2
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(c) Strain in y direction - end of
painted with a contrasting speckle experiment.
pattern.

(a) Specimen fixed to the Instron and

Figure 4.2: DIC analysis on a hardened reinforced concrete specimen.

From figure 4.2b, it can be observed that the speckle pattern quality is good as the area of interest is
coloured green. The figure on the right, figure 4.2c, displays the strain when the load applied by the
Instron on the specimen is equal to 10 kN. Clearly, there are three cracks visible between the LVDTs,
which are coloured red. The worst case scenario would be no bond stress between the threaded bar
and the concrete, in this case there would be only one crack and the specimen would fail. From the
figure, it can be concluded that the threaded bar and the concrete bond well as multiple cracks occurred,
in line with the desired amount of three cracks.

4.1.2. Concrete mix design

It was chosen to use mortar instead of concrete for the test, as spaces in the mold including the rein-
forcement are tight (12.5 mm) and because of the small ribs of the threaded bar reinforcement. The
standard mortar mix design is used and the composition as described in EN 196-1 is given in table 4.2.

Table 4.2: Composition of mortar according to EN 196-1 (EN, 2016).

EN196-1 mortar

Cement [g] 450 £2
CEN standard sand [g] 1350 5
Water [g] 225 11

CEN Standard Sand is characterized by a specific grain size distribution, ranging from 0.08 to 2.00
mm, with rounded particles. This sand has a silica content of at least 98%, and a maximum moisture
content of 0.2%. It is packaged in bags of 1350 (x 5) grams and for each dogbone one of these bags
is used. The particle size distribution is shown in figure 4.3.

Square mesh size (mm) 2,00 1,60 1,00 0,50 0,16 0,08
Cumulative sieve residue (%) 0 7%5 335 675 875 99+1

Figure 4.3: Particle distribution of CEN standard sand (EN, 2016).

In the Netherlands, CEM IlI/B is a common type of cement used in the construction industry. This
cement type includes blast furnace slag to replace a portion of clinker, with the Dutch practice typically
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using 65-75% slag. This is labeled as CEM IlI/B according to NEN 197-1 standards and has been the
dominant cement type since the 1970s (NEN, 2011a; Polder et al., 2014). The slag acts as a binder
and helps to reduce CO, emissions and lower the embedded energy compared to Portland cement,
which consists entirely of clinker. The composition of CEM III/B cement is detailed in table 4.3.

Table 4.3: Specified composition of used cement (ENCI, 2020).

CEM Il/B 42.5 N-LH/SR
Clinker" [%)] 27
Blast furnace slag' [%] 71
Secondary components” [%)] 2
Setting time adjuster? [%] 4.8
Grinding aid? [%)] 0.04
Reducing agent? [%)] 0

' As a percentage of the sum of the primary and secondary components
2 As a percentage of the cement

Cement hydration is a chemical process that begins as soon as water is added to the cement powder.
The hydration reactions involve various clinker minerals, most notably tricalcium silicate (C3S), dical-
cium silicate (C2S), tricalcium aluminate (C3A), and tetracalcium aluminoferrite (C4AF). Among these,
C3A reacts most rapidly with water, which can lead to flash setting—an almost immediate stiffening of
the cement paste that is undesirable for practical construction purposes. To control this rapid reaction
and provide a workable time frame, setting time adjusters such as gypsum (CaSO, - 2 H,0O) and anhy-
drite (CaSO,) are added to the cement.

A grinding aid in cement is a chemical additive that is used during the milling process to improve the
efficiency and effectiveness of the grinding of cement clinker and gypsum. A reducing agent added to
reduce the emission of harmful oxides, such as nitrogen oxides (NO,.) and sulfur oxides (SO,,).

The table containing the chemical and mineralogical characteristics of the CEM IlI/B used for the ex-
periment can be found in table 4.4. Additionally, the Blaine fineness is provided, which quantifies the
total surface area of all particles in a given mass of material and is a crucial parameter for determining
the reactivity and strength development of cement.

Table 4.4: Chemical and mineralogical characteristics of used cement (ENCI, 2020).

CEM I1I/B 42.5 N-LH/SR
CaO [%)] 44
SiO, [%] 29.71
Al,O3 [%] 11
SO; [%] 1
SiO, [%] 2.79
Insoluble residue [%] 0.88
Loss on ignition [%] 0.6
Chloride [%)] 0.07
Chromium [%)] 0.07
Na,O equivalent' [%] 1.15
Blaine fineness [m?/kg] 457.2

" The calculated value is based on the average of the 2019 cement production plus two times the standard deviation.

The coefficient of thermal expansion (CTE) for this mortar mix design is expected to be slightly higher
than the standard 1 - 107°°C~! as specified in the Eurocode for concrete. Coarse aggregate has a
lower CTE compared to cement, as been discussed in subsection 2.3.2. Since mortar includes no
coarse aggregate opposed to concrete, the CTE of mortar compared to concrete is expected to be
higher. A particular study has measured the CTE of mortar made of CEM | using a dilatometer and
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measured a value of 1.45 - 107> °C~! (Jeong et al., 2012).

4.1.3. Concrete mold

The mold for both the ADTM and TSTM consists of a back plate, two side plates, two dovetails at the
ends and a front plate. These parts can be assembled using bolts. For the ADTM, all of these parts
are 3D printed using stereolithography with white powder-based polyamide (PA 2200). The dovetails
of the TSTM are made of steel as they must transfer the load applied to the specimen by the Instron.
The temperature of the concrete during the test can be regulated using the cryostat. The cryostat
circulates heated or cooled water through polyvinyl chloride (pvc) tubes which are connected to the
polyamide mold parts. Water channels are present throughout all of these parts (except the dovetails)
and a layer of copper is applied to the surface in contact with the concrete. This ensures that the
concrete can be cooled or heated effectively because of the relatively high thermal conductivity of cop-
per. Figure 4.4a shows the polyamide mold parts including water tube connections and copper contact
surface. Figure 4.4b displays the polyamide and steel dovetail for the ADTM and TSTM respectively.

(a) Polyamide mold parts including water tube connections (b) Polyamide and steel dovetail
and copper contact surface

Figure 4.4: The ADTM and TSTM mold parts including steel dovetail and water tube connections

4.1.4. Instron and cryostat

During an experiment, the displacement of the specimen should be zero to simulate fixed boundary
conditions. One method to achieve this is by directly controlling the deformation of the loading grip and
keeping it at zero. However, slip between the specimen and the loading grip may occur, unintentionally
allowing the specimen to expand or shrink. To eliminate the influence of slip, LVDTs are attached to
the embedded bars, as shown in figure 4.2a, to measure the strain between these two bars. The mea-
surement range equals £1 mm with a precision of 1 ym. The deformation is then kept at zero using a
PID control algorithm, which applies a counteracting load to the measured deformation.

Both the ADTM and TSTM molds have a small hole in the middle to allow for the installation of a
temperature sensor. A thermocouple, consisting of two intertwined wires made of different types of
metal, is fitted through this hole and measures the core temperature of the concrete with a precision
of 0.05 °C. An objective function for the temperature over time can be set and regulated with a PID
controller and a cryostat. The cryostat, which has a reservoir of water that can be heated or cooled,
circulates this water through the channels of the molds. This ensures that the temperature at the center
of the specimen follows the set temperature profile (Liang, 2024).
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4.2. Experimental procedure of mini-TSTM test

Preparatory work for conducting a mini-TSTM test includes assembling the reinforcement. First, twelve
threaded bars should be cut to a length of 300 mm and then be placed and fixed inside of the mold.
Following standard construction practices, concrete spacers are used to fix the reinforcement at a
specific distance from the surface. However, once the mold with fresh concrete is positioned vertically
after the initial setting time, the reinforcement no longer rests on top of the spacers. The initial idea
was to make end plates out of wood, drill holes through them, and fit the end plates and reinforcement
inside the mold. Two problems arose during trial tests. The first issue occurs when the specimen is
under compression. The reinforcement protrudes from the wooden end plates, causing the Instron to
apply the load directly onto the reinforcement. Due to the threaded bars not being perfectly centered
and of varying lengths, bending moments were introduced during the test. These bending moments
can lead to instability. The second problem occurs when the specimen is under tension. Since the
bars are not fixed to the end plates, pull-out of the threaded bars was observed. The force distribution
difference between fixed and loose reinforcement is depicted in figure 4.5.

Another idea was to put plates or another contraption anywhere else inside of the mold to avoid any
instability because of plates at the ends of the mold. The difficulty with this solution is keeping the
mortar continuous at these locations.

Load applied by Instron

Figure 4.5: Force distribution in concrete dovetail with (right) and without (left) fixing reinforcement.

It should be noted that six threaded bars are used during the test, but the figure above simplifies this
to a single bar. To address the issues with wooden end plates, a different method for fixing the rein-
forcement was implemented. Steel plates with a thickness of 2 mm were used, and the reinforcement
was attached to the plates rather than passing through them. Applying a nut to the threaded bars and
soldering them to the steel plate was unsuccessful because the tin did not adhere to the steel. Instead,
an adhesive was used called Pedikit 860, a two-component adhesive manufactured by Permacol B.V.
Industrial Adhesives. Figure 4.6 illustrates how the wooden and steel end plates are fitted inside the
mold.
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u.

(a) TSTM dovetail with wooden end plate (b) TSTM dovetail with steel end plate

Figure 4.6: Difference between wooden and steel end plate, respectively loose and fixed connection, including
reinforcement.

The steel end plates effectively prevent the concrete dovetails from being pulled off the concrete, as
observed in trial tests. This contrasts with the performance of the dogbone specimen fitted with wooden
end plates. In the trial tests, the maximum force observed did not exceed the limit of the Instron load-
ing machine, reaching only around 8 kN. It was noted that the concrete dovetail was pulled off the
reinforcement, as it is not fixed to the end plate. Figure 4.7 illustrates the dovetail being pulled off the
reinforcement. The observed cracks suggest that the stress distribution shown in figure 4.5 is accurate.
The conclusion drawn from these trial tests, is that the actual mini-TSTM experiments should be
equipped with steel end plates with the reinforcement glued to these plates. This should be done
to prevent the dovetails from being pulled of the reinforcement and not reaching the Instron loading
capacity.

Figure 4.7: The dovetail pulled off the reinforcement during a trial test.

To initiate a test, one needs to first assemble the back plate of the mold, the dovetails and the two
sides of the mold using bolts. Then, the inside of the mold is lubricated using oil after which a sheet of
plastic film is applied. This helps minimizing the friction between the mold and the specimen, prevents
concrete or mortar from entering the crevices of the mold and prevents drying shrinkage. During trial
tests, it was observed that the surface of the mortar specimen was wrinkled due to do the wrinkles in
the plastic film. These wrinkles reduce the effective concrete area and will cause cracks to form at
sections where this area is smallest. Thin aluminum tape is placed on all four side of the narrow part
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of the specimen, as shown in figure 4.8, to ensure that the mortar is smooth on these surfaces.

The next step involves the assembly of the reinforcement. The threaded bars and steel plates should
be cut to the right length and then attached to one another using the two-component adhesive. The
reinforcement is then placed inside of the mold along with the embedded bars which should be pierced
through the plastic film and aluminum tape.

The mold is then ready to be filled. The first step involves dry mixing the cement and sand for one
minute using a Hobart mixer. Next, the water should be gradually added to the dry mix, and the entire
mixture should be mixed for another minute. Since the blade of the Hobart mixer does not reach the
bottom and sides of the bowl, the bowl should be scraped and then mixed briefly again to homogenize
the mortar. Subsequently, the mortar is added into the mold in stages. During each stage, the mortar
should be compacted, as good bond strength between the steel and mortar cannot be guaranteed oth-
erwise. In this experiment, the entire mold is placed on a vibration table to ensure proper compaction.
Once this step is done, another piece of aluminum tape is put on top of the straight part of the dogbone
after which the plastic film is closed.

Figure 4.8: The ADTM mold after casting, compacting and putting a piece of aluminum tape over the narrow part of the
specimen.

Then, a hole is made in the middle using a screwdriver to insert the thermocouple. The thermocouple
should be threaded through the mold and then inserted inside of the fresh concrete. The three plates
forming the top of the mold are secured using bolts and then both the TSTM and ADTM are ready for
the next stage of the experiment. Still in horizontal position, six inlet and outlet tubes of the cryostat
should be connected to the plates, ensuring that each plate is connected to an inlet tube and an outlet
tube. The cryostat can be turned on afterwards and will start to circulate water through the plates. If
there are no leakages, a temperature curve can be initialized and one should ensure that the feedback
loop is activated so that the temperature of both the ADTM and TSTM follow the specified temperature
curve.

During the previous steps, the mold is in a horizontal position because the concrete is still fresh. The
molds can be put vertically after its plasticity is lost which corresponds to the initial setting time. This
should not be confused with the final setting time, this is when the mixture is starting to gain strength
(Zhang, 2011). The initial setting time is around 3 — 4 hours and after this period both the ADTM and
TSTM are put in the vertical position. The TSTM mold is fixed inside of the Instron and the ADTM on
any flat surface. The four bolts at the top of the back plate are removed on both the ADTM and TSTM
and the six bolts at the middle are loosened. This is done to allow the dovetail to move freely and
removing the lateral constraint of the middle part as described by Liang (2024). The LVDTs are then
attached to the embedded bars, calibrated using a computer and it should be checked whether their
measurements behave as expected using the Instron. The setup of the ADTM and TSTM after these
steps is illustrated in figure 4.9.



4.2. Experimental procedure of mini-TSTM test 43

(a) ADTM with cryostat tubes connected and installed (b) TSTM back plate with removed bolts at the top and
LVDTs. loosened bolts in the middle.

Figure 4.9: Setup of the ADTM and TSTM after the initial setting time has passed.

Once the setup is complete, the experiment can begin by setting the Instron to strain control mode.
The Instron will then actively maintain zero strain between the LVDTs by applying counteracting loads
when any strain is detected. It is important to verify that this is happening; the force and measured
strain should behave in opposite ways. If they do not, the experiment is unstable.

A day after the mortar has been mixed, the front plate can be removed to paint the front surface white
for DIC analysis. First, the plastic sheeting is opened and then the aluminium tape is removed. The
concrete surface is then smoothened using a putty knife to ensure the speckle pattern can be applied
correctly. With the front plate removed, the specimen will rapidly lose heat to the surrounding air, as it
has already reached a significant temperature. Although no significant tensile stresses will occur since
the specimen is under compression during the heating process, this situation is still undesirable. The
maturity of both specimens should be comparable, and the cryostat will try to compensate and heat up
as the average temperature of both specimens decreases.

The drying process can be accelerated by using a heat gun on the painted surface. Once the white
paint layer has dried, a black speckle pattern can be applied with a black permanent marker, ensuring
the dotted pattern is sufficiently dense. After completing the speckle pattern, the plastic sheeting is
put back in place and the front plate is refitted. The next step is to wait for the moment to apply the
mechanical load, the front plate is then taken off again to perform the DIC analysis. At this point, the
camera is set up with adequate resolution and correctly focused on the dogbone specimen. The cam-
era is programmed to take images at specific intervals, synchronized with the application of the load
on the specimen. Displacement control is used to allow the force to decrease at the onset of each crack.

The final step is to stop the experiment, which involves several actions: the Instron is set to posi-
tion control, the LVDTs are disconnected, the bolts connecting the Instron to the TSTM are removed,
the bolts securing the mold parts are removed, the cryostat tubes are disconnected, and the mold parts
are cleaned. Afterward, the DIC data is analyzed for further investigation.



Experimental results

The experimental results are divided into two main parts: the general mortar properties and the crack-
ing analysis of the mini-TSTM experiments. Given that time is a crucial variable and varies significantly
across different experiments, a maturity method will be used to establish a link between time and the
development of the mortar’s strength and elastic modulus. Various maturity methods are available,
with some being more accurate than others, depending on the underlying principles. The CTE is an
unknown but critical constant, as it governs the imposed deformation force during the experiments.
The ADTM data can provide an estimate of this quantity by analyzing the free deformation and the
temperature differential during the test. Autogenous shrinkage can then be determined, as the total
deformation is the sum of thermal deformation and autogenous shrinkage.

The second part of this chapter focuses on the cracking behavior observed during the various exper-
iments. This analysis involves examining the data collected from the Instron machine alongside the
results from the DIC analysis and optical microscope images. The observed crack widths will then
be compared to the predicted crack widths derived from the structural design codes and guidelines
discussed in chapter 3.

5.1. General mortar properties
5.1.1. Weighted maturity

Three distinct mini-TSTM tests were performed in this thesis, each subjected to a 10 kN load at different
time intervals relative to the initial setting time. Consequently, the mortar properties differed across
these three tests. To relate these tests to each other, the maturity of the mortar was determined. There
are various maturity methods, each based on different principles. Examples include the Nurse-Saul,
Rastrup, Weaver and Sadgrove, Arrhenius, and Dutch weighted maturity method. These methods
assess the maturity of concrete, which indicates the development of its material properties. While
maturity is naturally time-dependent, it is also influenced by temperature. In this research, the Dutch
weighted maturity function was chosen, as expressed in equation 5.1 (Borsje and Prins, 2002).

10 (CO.IT—1.24—5 _ C—2.24—5)

R = In(C) (5.1)
where:
Ry, = the weighted maturity during a period of 1 hour (°Ch)
T = the average temperature of concrete during the specific hour
C = cement specific constant

The term 0.1T — 1.245 in the above equation accounts for the non-linear effect of temperature on matu-
rity. The cement-specific constant C varies for each mortar or concrete mixture and must be determined
experimentally. For CEM III/B 42.5, this constant has been established as 1.55 by Borsje and Prins
(2002) and will be used in this research. Although this method considers mixture dependency, unlike
the Nurse-Saul, Rastrup, and Weaver and Sadgrove methods, it does not account for activation energy

44
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dependency. The Arrhenius method does include activation energy in its calculations, but implement-
ing it would require additional testing, which is not deemed necessary for the scope of this research
(Soutsos et al., 2018).

The weighted maturity curve can be constructed once the temperature profile is known. In this re-
search, it is essential for the specimen to reach a fully developed crack pattern. An estimation for
the required strain to achieve this pattern is provided in equation 3.25. By assuming a conservative
value for the mortar’s tensile strength, an approximate coefficient of thermal expansion, and neglect-
ing autogenous shrinkage, a required temperature differential AT of 46.7 °C is estimated. However,
the developer of the mini-TSTM advised against exceeding a temperature of 50 °C to avoid negatively
impacting the cryostat system. Consequently, a temperature profile for a real structure was adjusted
to start at 20 °C, peak at 50 °C, and then cool down to 10 °C. Although the estimated temperature
differential is not fully reached with this profile, the assumptions made are conservative. Therefore, it
is still expected that the fully developed crack pattern will be achieved using this temperature curve.
The temperature profile used during the experiments is shown in figure 5.1.

Temperature profile used during mini-TSTM experiments

TEemperature [°C]
g W &5 &

~
o]

0 24 43 Tz 96 120 144 168 192 216 240 264
Time [h]

Figure 5.1: The temperature profile used for the experiments to be performed for this research.

The weighted maturity over time can be computed using Python by taking the hourly average mortar
temperature and a C value of 1.55. The results of this computation is found in figure 5.2.
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Figure 5.2: The weighted maturity for the specific temperature profile and cement used.

Four different experiments were conducted, each with an ADTM specimen and a TSTM specimen.
Three of those experiments had steel end plates and one of them with wooden end plates. The ADTM
mechanical test of one of the three test with steel end plates failed which is why the test using wooden
end plates is used. This test in not usable for crack width analysis, but is useful for maturity analysis.
The experimental procedures of the three usable experiments were as follows:
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1. Experiment no. 1: This experiment has the wooden end plates and was stopped when the
imposed deformation in the TSTM caused one crack between the LVDTs. This ensured that the
crack propagation phase was reached, but not yet the fully developed crack pattern. After this
point, both specimens were gradually loaded to 10 kN using the Instron loading machine. The
TSTM specimen started at the load caused by the imposed deformation, while the ADTM started
at zero load.

2. Experiment no. 2: This experiment was stopped when the TSTM specimen remained in the
uncracked phase. Subsequently, both the ADTM and TSTM specimens were gradually loaded to
10 kN.

3. Experiment no. 3: This experiment concluded after two cracks had formed in the TSTM speci-
men and similarly to the other experiment, mechanically loaded.

From these tests, three different maturities were recorded along with six tensile strengths at which
the first crack occurred. Typically, calibration lines are constructed using the compressive strength of
specific concrete mixtures at different maturities. Although it is not possible to retrieve the compressive
strengths of the ADTM and TSTM specimens from the obtained results, it is feasible and potentially
more useful to construct a calibration line using the tensile strengths at different maturities.

Table 5.1: Tensile strength at onset of cracking with corresponding weighted maturities

Testno. ADTM strength [KN] TSTM strength [kN] Weighted maturity [°Ch]

1 3.124 6.373 4445
2 1.490 5.872 2175
3 4.960 7.954 5781

From the data listed in table 5.1 it is apparent that the first crack in the ADTM specimens is structurally
at a lower force compared to the TSTM specimens. One of the differences between the ADTM and
TSTM is the loading duration. The ADTM experiences no load as it is free to shrink and expand, while
the imposed deformation load in the TSTM is gradually increasing for a duration ranging from hours
to even days. However, it is known that the strength of concrete is higher for loads applied in a short
duration compared to loads applied over a long term. This contradicts the observed data.

The reason could be due to the variability of the strength of concrete. The reason is however deemed
more likely to be the attributed to the way how the first crack is registered in the ADTM and TSTM
tests. For the TSTM, the first crack has to be between the LVDTs as this is the region of interest for this
research. It should be noted that stress peaks occur in the disturbed region between the dovetail and
the narrow part of the specimen. It is likely that the first crack in both the ADTM and TSTM occurs at
these disturbed regions and that the first registered crack between the LVDTs in the TSTM, is not truly
the first crack in the entire specimen.

Therefore, averaging the tensile strength of the ADTM and TSTM would not be valid. A calibration line
for both the ADTM and TSTM is constructed and the results are visualized in figure 5.3.

Calibration line weighted maturity vs. tensile strength - ADTM Calibration line weighted maturity vs. tensile strength - TSTM

Weighted maturity [°Ch] Weighted maturity [Ch]

(a) Calibration line of the ADTM tests (b) Calibration line of the TSTM tests

Figure 5.3: Calibration line linking the maturity of the used mortar and its tensile strength.
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5.1.2. Coefficient of thermal expansion

Thermal deformation is directly linked to the coefficient of thermal expansion as discussed in subsec-
tion 2.3.2. The CTE determines the strain imposed by a temperature increase AT. It is largest directly
during curing and decreases linearly until a stable value after 8-10 hours of curing. The deformation
measured by the ADTM consists of two components; thermal deformation and autogenous shrinkage.
Drying shrinkage is not present as the whole mortar specimen is concealed with plastic sheeting. The
influence of autogenous deformation can be eliminated by conducting a test under a cyclic temperature
profile. These short temperature changes result in measurable deformations, autogenous shrinkage is
negligible in these short intervals (Liang, 2024).

Another experiment could be performed to accurately predict the coefficient of thermal expansion, how-
ever it is deemed sufficiently accurate for the research objectives of this research to predict the CTE
using the obtained data. The CTE is non-linear during the first 8-10 hours making it an inadequate
period to determine the CTE. Autogenous shrinkage supposedly decreases with time as figure 2.10
suggests, which is why the last stage of the experiment is most suitable to determine the CTE.

Data from two arbitrary ADTM tests are taken and the temperature and displacement measurements
of the last three hours are analyzed. The linear CTE can be determined by determining the linear strain
and temperature in the analyzed period. This is done by taking the least-squares linear fit through the
measurements. The temperature and displacement of one of those tests are displayed in figure 5.4.
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Figure 5.4: Temperature and deformation measurements of roughly the last three hours of the ADTM test on the 2nd
of August.

The strain differential equals the deformation differential divided by the length of the specimen between
the LVDTs:

Ae = —

(5.2)
Aw

~ 100 [mm]

The linear CTE is then determined by dividing the strain differential by the temperature differential. The
average of the two ADTM tests is taken and equals to the following value:

Ae

(Z(;:E

(5.3)
=1.2050- 1075 [*C™]

The calculated value for the CTE «, aligns with the expected values mentioned in subsection 2.3.2. It
is higher than the value specified in NEN-EN 1992-1-1, which is 1 - 1075 °C~* (NEN, 2020). It should be
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noted that the value based on the obtained data does not account for autogenous shrinkage occurring
during the considered period. The CTE can either be smaller or larger when autogenous deformation is
considered, as the measured deformation is influenced by both thermal and autogenous deformations.
As will become clear in the following subsection (see figure 5.5), autogenous deformation can result in
either expansion or shrinkage during certain intervals. Depending on whether expansion or shrinkage
occurs in the interval during which the CTE is determined, the CTE value will be either smaller or larger.

5.1.3. Autogenous shrinkage

The total deformation measured by the ADTM consists of thermal and autogenous deformation. This
means that the autogenous deformation can be determined based on the determined CTE in the latter
subsection. The thermal strain at any point during an experiment can be calculated by taking the
temperature at that moment, subtracting the initial temperature and then multiplying this value with the
linear CTE:

er,j = (T; = Tinitiar) * @c (5.4)

The results of computing the autogenous deformation for each of the three successful TSTM experi-
ments are found in appendix A. Figure 5.5 displays the autogenous deformation for the TSTM experi-
ment finished on the second of August.
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Figure 5.5: The autogenous deformation based on the total deformation of the ADTM and the determined CTE.

The autogenous deformation development observed in the figure above is not in line with figure 2.10
where the curve is concave, starting at the final setting time. Figure 5.5 shows that the specimen is
shrinking in roughly the first ten hours, then it expands until hour twenty and finally the concave shrink-
age is visible. These characteristics have also been observed by Liang (2024), looking at figure 6-3e,
almost the exact same autogenous shrinkage characteristics can be observed.

The main difference between the latter mentioned figure and figure 5.5 is the magnitude of the autoge-
nous shrinkage. Figure 6-3e of Liang (2024) has a maximum of 110 ustrain after 45 hours of curing at
30 °C. This would be 0.0110 mm compared to a maximum of 0.0080 mm observed in figure 5.5. This
is because of the different types of cements and different water to cement ratios. Moreover, the linear
CTE determined in this research is likely less accurate because no specific test was performed.

Liang (2024) distinguishes four phases of autogenous shrinkage, known as the four-stage process,
thus owing its name to this classification. The material is still plastic during the first stage and experi-
ences high creep. The deformation in this stage is highly uncertain as observed in different tests and
this is also seen in the graphs in appendix A. The second stage in which the mortar expands is charac-
terized by crystal growth such as ettringite and calcium hydroxide. The third stage denotes the stage
of transition from autogenous expansion to self-desiccation shrinkage. This stage is significant for low
curing temperatures (< 30 °C) and is not present at higher temperatures. Figure 5.5 does not show
this stage and is in line which the observation that the third stage is not present at high curing temper-



5.2. Cracking analysis - mini-TSTM experiments 49

atures. The fourth and final stage is where autogenous shrinkage occurs and due to the developed
elastic modulus, cracking may happen.

5.2. Cracking analysis - mini-TSTM experiments

5.2.1. Experiment 1 - no imposed deformation cracks

The goal of the first experiment is to ensure that the specimen remains uncracked before the mechan-
ical tensile test is performed. Although some stress from imposed deformation will be induced, the
mechanical test should occur before any cracking results from this deformation. The imposed defor-
mation is driven by autogenous shrinkage and thermal shrinkage, as the TSTM specimen cools down
after reaching peak temperature.

Initially, the TSTM is set to strain control directly after the initial setting time in accordance with Liang
(2024). However, the test did not reach a stable situation. This is likely due to the low elastic mod-
ulus of the concrete causing the specimen to compress due to its own mass. A compressive strain
is registered by the LVDTs meaning that a tensile force is delivered by the Instron to counteract the
compression of the specimen. Another reason for instability is because the mortar has a low elastic
modulus during this stage and the steel reinforcing bars have a relatively large elastic modulus (205
GPa). This means that the force of the Instron is acting purely on the reinforcing bars as the mortar
hardly has any load bearing capacity yet. The steel bars will always have some eccentricities, meaning
that bending moments will occur. Without setting a limit to the tensile force of the Instron, this would
cause the Instron to suddenly apply its maximum force onto the specimen, essentially failing the ex-
periment.

Therefore, it was decided for this experiment and the experiments to come, to start strain controlling
after around 24 hours after casting the mortar. This ensures that the mortar has a sufficient elastic
modulus to not decompress under its own mass and to have load bearing capacity. The Instron was
then set to position control after which strain control was started after 24 hours.

An assessment of autogenous shrinkage, force development, and tensile strength of the mortar was
conducted through preliminary experiments. Although autogenous shrinkage was anticipated to be
negligible, the experimental results indicated otherwise. The mechanical loading test was initiated the
day after the mortar for the ADTM and TSTM specimens was mixed.
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(a) Temperature over time of the ADTM and TSTM (b) Force over time of the TSTM

Figure 5.6: Temperature and force development of the TSTM experiment started on July 24.

The force on the TSTM specimen was allowed to increase up to approximately 3.5 kN, ensuring that
the specimen remained in the uncracked phase. Figure 5.6a shows the temperature over time during
the test and points out the temperature decrease at t = 23 hours which is credited to the front plate
being removed for the speckle pattern application. The figure next to it, figure 5.6b shows the force
development over the duration of the test. Interestingly from both figures, the 3.5 kN was reached
while the test was still in the heating phase. The force increased from t = 25 hours until t = 30 hours
because of autogenous shrinkage in combination with a relatively low temperature increase (~1 °C).
The maturity of the mortar after 3.5 kN had been reached equals 2175 °Ch.
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Figure 5.7: TSTM displacement over time measured by the LVDTs

Figure 5.7 shows the TSTM displacement between the LVDTs over time. From t = 0 until t = 24 hours,
the loading grip of the Instron was set at a fixed position. Figure 5.7 reveals that the displacement
between the LVDTs is not constant, in contrary to the loading grip. At t = 25 hours, the displacement
was manually set to zero and the Instron was set to strain control, meaning that the loading grip ac-
tively counteracts any measured strain to keep the strain at zero. This is indeed the case, as the
displacement is 0.000 mm from t = 25 hours until t = 31 hours when the long term test was stopped.
Figure 5.6b shows a gradual increase in force with no significant drops, indicating that cracking has
not yet occurred. Additionally, Figure 5.7 demonstrates a consistent displacement pattern from t = 25
hours and onwards, with no sudden changes that would typically signal the onset of cracking. This
behavior aligns with expectations, as the test was stopped while the specimen remained uncracked.

At t = 31 hours the long term test was stopped and the next step of the experiment is to apply a
mechanical load (short term) of 10 kN to the TSTM specimen. The Instron is displacement controlled,
meaning that the displacement increases with a continuous rate while the force is allowed to decrease
at the occurrence of cracks. A displacement rate of 0.001 mm per second was chosen for the mechan-
ical test. The displacement rate determines how quickly the force increases and thus how long the total
test will take. A balance between the displacement rate and photo frequency is crucial. A sufficient
amount of photos is required for an accurate analysis but not too many as this will lead to redundancy
and large data files. A photo was taken every 5 seconds during this tensile test. The data of the LVDTs
and recorded force of the Instron, show the following results:
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Figure 5.8: Force over time of the 10 kN mechanical test - Experiment 1

@ See figure 5.10b for corresponding crack location

Figure 5.8 shows the force development over time during the mechanical test. The load starts at 3.5
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kN, equivalent to where the long term test was stopped. Two cracks become apparent from this figure
around t = 100 seconds. These are potentially located at the location where the dovetail and the narrow
part of the specimen meet, leading to a stress concentration and therefore leading to the first cracks in
the specimen. The slope at which the force progresses after these two cracks occurred is decreased
compared to before. Since the displacement rate is constant throughout the test, this means that the
stiffness of the specimen has decreased because of these two cracks. Some microcracks are visible at
around t = 230 seconds, the force is not dropping significantly but the curve does show some disruption.
Finally, a through crack between the LVDTs occurs at t = 370 seconds, indicated a significant drop in
force of 1.1 kN and labelled in figure 5.8 with an encircled '1’. The force then steadily increases again
until the load capacity of 10 kN has been reached at t = 650 seconds. The load versus displacement
data will reveal more insights of the test and are displayed in figure 5.9a and figure 5.9b:
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(a) Force versus displacement measured by the LVDTs (b) Force versus loading grip displacement

Figure 5.9: Force over time and versus displacement of the 10 kN tensile test - Experiment 1

@ See figure 5.10b for corresponding crack location

Two smaller cracks formed between the LVDTs at 5.9 kN and 6.0 kN, shown in figure 5.9 and correspond
with the two cracks in figure 5.8 at t = 100 seconds. The LVDT measurements in subfigure 5.9a do
not show the same displacement increase as in subfigure 5.9b. The latter subfigure shows the load
displacement curve of the loading grip of the Instron and this observation points out that these cracks
occurred outside of the LVDT region. The through crack is again indicated with an encircled "1’ in both
subfigures and occurred at a load of 8.0 kN. This through crack formed between the LVDTs as the
displacement in figure 5.9a suddenly increases by 0.036 mm or 36 uym. The stiffness of the element
is significantly decreases comparing the slopes before and after this through crack in figure 5.9a. The
latter figure als reveals the final displacement difference between the LVDTs from the start until the end
of the mechanical test: 80 um. The displacement measured by the loading grip shows that the total
deformation equals 540 pm, thus indicating that most of the deformation happens outside of the LVDT
region.

The final source of information regarding the evolution of cracks is the DIC analysis. This analysis will
reveal the strain and therefore also displacement of the region behind the middle front plate.

DIC analysis

A DIC analysis using the software GOM Correlate 2019 is performed in order to analyze the cracks in
the TSTM specimen. Two important parameters in a DIC analysis are the facet size and point distance
which dictate the accuracy of the analysis and the coverage. A smaller facet size increases accuracy
and computational times as well as coverage. A larger facet size increases the ability of the analysis
to correlate points with larger distances between them, but the analysis will lose data near the edges.
A proper ratio between the facet size and point distance for this particular software equals 2:1. The
facet size to point distance ratio is set at 30 pixels and 15 pixels respectively. Figure 5.10a shows the
speckle pattern applied to the TSTM specimen during the second experiment and its coverage. The
coverage is satisfactory as the analyzed region fully extends to the bottom and the top and only small
parts of the edges are not able to be analyzed. Figure 5.11 shows the measured strain during the first
picture, the occurrence of the first crack and at the final stage of the mechanical test.
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(a) no new cracks (b) first crack (c) final photo

Figure 5.10: Strain in y-direction as computed by the DIC software at different stages of the tensile test.

The first new crack occurred at photo 72, which converts to 360 seconds after the start of the test.
This corresponds with the significant drop in force in figure 5.8, which shows the force development
over time. There are no other clear formations of cracks observed in the DIC analysis, however there
are some red coloured regions at the top and even more at the bottom of figure 5.10b and 5.10c.
This could either indicate inaccuracy of the analysis, the occurrence of a new crack or leftover plastic
or aluminium tape deforming. It is expected that two cracks occur at the dovetails where the stress
concentrations are located and one crack is clearly visible in the DIC analysis. Figure 5.8 and figure
5.9b show that three cracks have occurred during the mechanical test, which would indicate that the
red coloured regions in figure 5.10c are no cracks. The photos also show that the aluminum tape and
plastic sheeting are not completely removed on the top and bottom of the exposed area, supporting
the fact that these red coloured regions are no cracks. The final and most obvious method to verify
whether these red coloured regions, is using an optical microscope. This analysis will be presented in
the following subsection.

The width of the through crack can be quantified using GOM by taking a longitudinal section through
the middle of the specimen and analyzing the deformation along this section. By providing a refer-
ence distance in GOM, the software can correlate each pixel with a specific distance in millimeters,
allowing for accurate measurement of the crack width. Figure 5.11 displays the longitudinal section.
The y-axis represents the y-deformation, while the x-axis indicates the length of the analyzed region,
approximately 150 mm. The point at x = 0 corresponds to the top of the area of interest, and x = 145
mm marks the bottom.
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Figure 5.11: The deformation in y-direction at the final photo of the DIC analysis.
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At x = 75 mm the deformation equals 0.288 mm and at x = 72 mm the deformation equals 0.360 mm,
meaning that the crack has a width of 0.072 mm. The potential crack at the bottom of the specimen is
not able to be quantified. The diagram of the y-deformation shown in figure 5.11 is of photo 127/127.
To see how the crack evolves during the last stages of the test, the crack width has been determined
at four photos and the result of this is shown in table 5.2.

Table 5.2: Crack width during the last stages of the tensile test

Photo no. w; [mm]
112 0.066
117 0.067
122 0.067
127 0.072

Optical microscope analysis

The DIC analysis gives strong evidence of a new crack during the mechanical tensile test and shows
red coloured regions on the top and bottom of the analyzed area (see figure 5.10c). To have a better
understanding and be completely certain of the induced cracks, an analysis using an optical micro-
scope can be performed. The optical microscope is able to visualize the cracks by magnifying the
specimens. A VHX Digital Microscope (VHX-7100) was used with a VHX-E20 objective lens which
has a magnification of 20-100x. This optical microscope analysis was performed more than five weeks
after the tensile test was performed and initially did not show any signs of cracking. The reason is likely
attributed to the autogenous healing capabilities of concrete and there are three reasons which support
this claim:

CIRIA C766 section 2.6 discusses this phenomenon and uses a graph from BS EN 1992-3 showing
that cracks of 0.2 mm without any external pressure will self-heal within a few weeks (Bamforth, 2019).
The crack during the mechanical tensile test during the experiment had a width of 0.072 mm (see table
5.2) at maximum and after that the specimen was unloaded. The crack width of the unloaded specimen
will be significantly smaller than 0.072 due to elasticity of the reinforced concrete element and therefore
autogenous healing is certain to happen. Secondly, the mortar mix used in this research uses blast fur-
nace slag cement (CEM IlI/B) and is known to slow the early age process of microstructure and strength
development. Research shows that due to this characteristic, the capability of autogenous healing is
significantly higher compared to Portland cement (CEM 1), which also explains why no signs of cracking
were observed (Van Tittelboom et al., 2012). Finally, the weighted maturity of this experiment at the
start of the mechanical test is rather low (2175 °Ch). This indicates that the early age development has
not yet been finished. Unhydrated cement will therefore still continue to hydrate which increases the
autogenous healing capabilities of the specimen.

The adopted solution to the cracks being self-healed over time and therefore not being visible any-
more, is to apply load the specimens once more, to open the cracks which had previously formed.
The cracks in the specimens were then indeed able to be observed using the optical microscope. The
whole speckle pattern can be visualized using three dimensional (3D) stitching and the result of this is
shown in figure 5.12 on the left. The cracks are indicated using red lines and zoomed in images are
shown on the right.



5.2. Cracking analysis - mini-TSTM experiments 54

TSTM specimen

Steel bar LVDT

Figure 5.12: Stitched optical microscope image (left) including zoomed in images of cracks in the TSTM specimen
(right)

Looking at the figure above, two clear cracks are visible at the top and bottom of the LVDT region
and signs of the third crack in the middle. The top and bottom cracks were not present in the DIC
strain analysis (see figure 5.10), this is explained by the Instron data obtained from opening the cracks
once more. These data are presented in appendix C and figure C.2 shows the load versus the dis-
placement measured by the LVDTs. The latter figure shows two sudden and significant increases in
displacement, indicating the formation of two new through cracks between the LVDTs. This explains
the top and bottom cracks in figure 5.12 not being present in the strain analysis using DIC in figure 5.10.

The second observation requiring further explanation is the less distinguishable crack in the middle
compared to the more prominent top and bottom cracks. The middle crack had healed after the first
tensile test, and it appears that the healing product inside the crack is stronger than the surrounding
concrete. Cracks typically form at the weakest points of a tensile member, which explains why the top
and bottom cracks are more pronounced, while the middle crack barely shows signs of reopening.

A plausible explanation for this behavior is the higher density and strength of the healing product com-
pared to the original mortar. As the healing process progresses, the crack becomes filled with materials
such as calcium carbonate and hydration products, resulting in a denser and more resilient zone. This
increased density may prevent the healed crack from reopening under subsequent loading.
Moreover, as the healed area becomes stiffer or stronger, the stresses during reloading are likely re-
distributed to weaker regions of the concrete, leading to the formation of new cracks elsewhere. This
redistribution of stress further supports why the healed crack remains closed while new cracks develop
at different locations.

The optical microscope analysis confirmed the presence of the crack in the middle of the specimen,
which was also observed in the DIC analysis (figure 5.10). The red regions seen at the top and bottom
of the speckle pattern in figure 5.10c were proven not to be cracks based on the microscope images.
New cracks formed during the reopening process, which indicates that the previously identified regions
were not cracks, as those areas would not have allowed for new cracking.

5.2.2. Experiment 2 - one imposed deformation crack

The goal of the second experiment is to induce a single crack between the LVDTs through restrained
thermal and autogenous shrinkage before applying a mechanical load to analyze the resulting crack
widths. The corresponding force and temperature developments are shown in figure 5.13.
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Figure 5.13: Temperature and force development of the TSTM experiment started on July 8 until the first crack.

At 50 hours and 24 minutes after casting, the tensile force from the imposed thermal and autogenous
shrinkage surpassed the tensile strength of the mortar in the region between the LVDTs. The plotted
temperature data in Figure 5.13 does not start immediately after casting; therefore, the final points in
the figure do not correspond to the true final time of 50 hours and 24 minutes. The initial hours of the
test were omitted because the test was unstable during this period, and the data collected was not
interpretable. Additionally, linear interpolation was applied to account for missing data between t = 2
hours and t = 4 hours, as well as between t = 19 hours and t = 21 hours when the DIC pattern was
applied and no data was recorded. The temperature at which the imposed deformation crack occurred
was 45.5 °C, and the weighted maturity at that time was 4036 °Ch, which is significantly higher com-
pared to the first test (2175 °Ch).

Looking at the corresponding force development in figure 5.13b, it is observed that the force is increas-
ing from t = 19 hours. This is the moment when strain control was active and stable. Att = 27 hours,
the force drops from 2 kN to zero. Initially, the autogenous shrinkage was ought to be neglected. This
would mean that the deformation is purely due to thermal differences. Using this logic, it was expected
that the Instron would deliver a compressive force to counteract the thermal expansion during the heat-
ing of the mortar. Instead, a tensile load was observed already during the heating phase, the force was
then brought back to zero to see whether the behaviour would continue. Then, it was realized that this
phenomenon could be attributed to autogenous shrinkage which could thus not be neglected.
Another drop in the load is visible at t = 43 hours in figure 5.13b. This would suggest a crack, butinstead
this is due to an error which caused the strain control to be activated. This can be seen in figure 5.14a
and will be further elaborated in the respective paragraph.

The force at which the specimen cracked between the LVDTs equals F = 6.573 kN and this crack

should be detected by the LVDTs. Figure 5.14 illustrates the TSTM displacement as measured by the
LVDTs during the whole experiment as well as during the last hours.
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Figure 5.14: Both the full TSTM displacement and during the last hours measured by the LVDTs.
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During the first 19 hours when the TSTM was set to position control, the deformation between the
LVDTs is increasing significantly during this period. It is clear that keeping the loading arm fixed does
not cause the specimen to be restrained from deforming. The DIC speckle pattern has been applied at
t =19 hours and an hour later the Instron is set to strain control. The displacement was manually set to
zero, explaining the jump from 0.034 mm to 0.000 mm. Att= 27 hours a decrease is visible correspond-
ing to the force being set from 2 kN to zero shown in figure 5.13b. The deformation is correctly kept
at zero apart from this sudden decrease until t = 36 hours. A load capacity had been reached during
the night to prevent the force from excessive loads from occurring and to prevent sudden instability.
Exceedance of the load capacity causes the Instron to set to position control and therefore the strain
between the LVDTs is no longer kept at zero. A shrinkage deformation of 0.003 mm was reached in
the morning (t = 43 hours) and then strain control was activated again. Figure 5.14 reveals a sudden
increase in deformation along with a sudden decrease in force as seen in figure 5.13b, indicating a
crack between the LVDTs. The long term test was therefore stopped as the goal for this experiment
was to induce one crack between the LVDTs due to imposed deformation.

The next step of the experiment is to turn off the cryostat and to remove the front plate, revealing
the DIC pattern underneath. Then, the camera is put into place with a remote attached, allowing pho-
tos to be taken at a certain frequency. The displacement rate of this test was set to 0.001 mm per
second.

The 10 kN mechanical test was performed and the force over time including indicators for the occur-
rence of two through cracks is visualized in figure 5.15:
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Figure 5.15: Force over time of the 10 kN mechanical test - Experiment 2
@ See figure 5.17b for corresponding crack location

@ See figure 5.17c¢ for corresponding crack location

The figure above illustrates a rapid increase in load between 70 seconds and 90 seconds, with the load
reaching 7.5 kN at t = 90 seconds. As this was the first experiment conducted, the optimal displacement
rate had not yet been determined. The initial rate of 0.005 mm per second proved to be too rapid,
prompting the test to be halted and then resumed at the correct rate of 0.001 mm per second. The
first through crack, as will be made clear during the DIC analysis, occurs at 7.0 kN indicated by the
encircled '1’. The second and final through-crack occurred at a load of 8.1 kN, as indicated by "2’ in
figure 5.15. Following this, the force dropped from 8.1 kN to 7.5 kN before gradually increasing again,
reaching the test’s final load of 10 kN. Minor drops in load, such as the one at t = 210 seconds, are
indicative of microcracking in the specimen.

Additional insights are provided by the load-displacement data from both the LVDTs and the Instron’s
loading grip. These graphs are presented in figure 5.16a and figure 5.16b, respectively.
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Figure 5.16: Force versus displacement curves of the 10 kN tensile test - Experiment 2
@ See figure 5.17b for corresponding crack location

@ See figure 5.17c¢ for corresponding crack location

In the first subfigure, figure 5.16a, an initial rapid load increase from 6.1 kN to 7.0 kN is observed.
Following this, a decrease in load is accompanied by a significant increase in displacement, indicating
the occurrence of a crack between the LVDTs. Based on the graph, the estimated crack width is
approximately 0.013 mm (13 pm). The same crack is visible in figure 5.16b indicated with the encircled
1.

A similar change in force and displacement can be observed, though it is important to note that the
displacement scales differ between the graphs. A small load drop is visible at 7.6 kN in figure 5.16a,
followed by the occurrence of a second and final through crack at 8.0 kN. Despite this, no significant
increase in displacement is observed in figure 5.16a, which would typically be expected for cracks
forming between the LVDTs. However, the DIC analysis (figure 5.17¢) shows that the second crack
occurred outside of the LVDT region, resulting in a slight displacement decrease measured by the
LVDTs. Figure 5.17b displays a displacement increase, further confirming the presence of the crack
at this load but outside the LVDT region. The load then gradually increases from 7.5 kN to 10.0 kN,
marking the conclusion of the mechanical tensile test.

DIC analysis

For the DIC analysis of this experiment, the optimal facet size and point distance were determined to
be 50 pixels and 25 pixels, respectively. The speckle pattern density was lower compared to the first
experiment, requiring an increase in the facet size and point distance ratio. This increased ratio allows
more points to be correlated, but it comes at the cost of reduced accuracy and limits the analysis of
border regions. Figure 5.17a illustrates that the pattern quality at the top of the area of interest is poor.
In contrast, the bottom of this area appears to have a satisfactory pattern, although no distinct dots are
present; the software can still differentiate shades of black and white in this region.
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Photo 1/94 Photo 3/94 Photo 34/94

(a) no new cracks (b) first crack (c) second crack (top)

Figure 5.17: Strain in y-direction as computed by the DIC software at different cracks.

Looking at Figure 5.17c, one might assume a through crack is located at the bottom of the area of
interest. However, there is leftover aluminum tape in this location, rendering the strain data unusable
for further analysis. The first new crack occurs in the third photo, as shown in figure 5.17b, while the
third and final crack appears in photo 34. The second crack is located outside the LVDT region, which
is why there was no corresponding increase in the LVDT displacement data. The deformation in the
y-direction at the final stage of the mechanical test (at 10 kN) can be computed using GOM and is
presented in figure 5.18.
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Figure 5.18: The deformation in y-direction at the final photo of the DIC analysis.

The y-axis in figure 5.18 represents the vertical deformation, while the x-axis denotes the length of the
analyzed region, approximately 150 mm. The position at x = 0 corresponds to the top of the region of
interest, and x = 140 mm indicates the bottom. The top and middle crack widths can be determined by
the sudden jumps visible in the graph. The top crack has a width of 0.065 mm and the middle crack a
width of 0.061 mm, averaging 0.063 mm. The crack widths during the final stages of the experiment
have been recorded in the following table:
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Table 5.3: Crack width during the last stages of the tensile test (w, top crack, w, bottom crack).

Photo no. w; [mm] w, [mm] Wapg [Mm]
79 0.062 0.055 0.059
84 0.064 0.056 0.060
89 0.062 0.059 0.061
94 0.065 0.061 0.063

Optical microscope analysis

To clarify the locations of actual cracks, an optical microscope analysis is also conducted for the second
experiment. The cracks in the specimen were visible without reopening the cracks using the Instron,
potentially because the load already exceeded 10 kN during the first mechanical test, causing plastic
and irrecoverable strain in the steel reinforcement. A stitched image was created of the speckle pattern
area and the cracks have been indicated using red lines. Figure 5.19 displays this image with zoomed
in images of the individual cracks on the right of the figure.

TSTM specimen

\

Figure 5.19: Stitched optical microscope image (left) including zoomed in images of cracks in the TSTM specimen
(right)

The first observation regarding the figure above is that the maximum length for the stitched area is 100
mm. As a result, the top and bottom cracks could not be fully captured in the complete image; instead,
individual images were taken to document each crack.

The crack at the top corresponds with crack 2 in the strain analysis using DIC (see figure 5.17). Itis
clearly visible that this crack is located just outside of the LVDT range (indicated using dotted lines in
figure 5.19). The crack in the middle of figure 5.19 corresponds with crack 1 in the strain analysis using
DIC.

The crack at the bottom of the specimen in figure 5.19 is not present in the DIC analysis (figure 5.17).
This crack is located just above the bottom embedded bar to which the LVDT is attached while the red
indicated region in the DIC analysis is well below this embedded bar. There are two possible expla-
nations to why this crack is visible in the optical microscope analysis, but not in the DIC analysis: The
first explanation is that this crack is the one which occurred due to the restrained imposed deformation
during the long term test. The goal of this test was to induce one crack due to imposed deformation
between the LVDTs. Since the DIC analysis shows strain relative to the first photo, it is possible that an
already occurred crack does not show in the strain analysis. However, no visible crack was observed
in the photos. Moreover, this crack would increase in width during the tensile test and therefore show
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some strain at the last photo compared to the first photo. A more plausible explanation seems to be
that the tensile test was conducted beyond the 10 kN mark which is reported in figure 5.16. The theo-
retical load capacity of the Instron is 10 kN, but the actual observed maximum is around 11.7 kN. The
recorded data may have been stopped at 10 kN while the Instron kept increasing the displacement of
the specimen to a higher. This crack might have been induced during that phase and therefore not be-
ing present in the data and DIC analysis, but does become apparent in the optical microscope analysis.

The optical microscope analysis has revealed several key findings: the first is the presence of the
top and bottom of the specimen which were also present in the DIC analysis. The second finding is
that the red region at the bottom of the DIC analysis is indeed not a crack, but rather the deformation of
the leftover aluminium tape. The third and final finding includes the presence of a third crack just above
the lower embedded bar. This crack is assumed to be formed after the data was stopped recording
during the first mechanical test.

5.2.3. Experiment 3 - two imposed deformation cracks

The fraction of stress due to imposed deformation in the first experiment was relatively small as it
remained in the uncracked stage. The second experiment experienced more stress due to imposed
deformation and was mechanically tested when the specimen entered the crack propagation stage.
The goal for the third and final experiment is to increase the fraction of imposed deformation stress
even further. The TSTM specimen will be mechanically tested after two cracks have formed between
the LVDTs due to restrained thermal and autogenous shrinkage. The necessary load due to imposed
deformation is expected to be higher compared to the first two experiments and this was indeed the
case. The temperature development along with the force during the long term test are presented in
figure 5.20.

Average temperature over time Instron force over time
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(a) Temperature over time of the ADTM and TSTM (b) Force over time of the TSTM

Figure 5.20: Temperature and force development of the TSTM experiment started on July 30.

The data presented in figure 5.20 indicates that the long term test was halted at a temperature of
37.01 °C, 74 hours and 50 minutes after casting (different from the figure as the initial hours are not
included). The mortar had a maturity of 4445 °Ch at that moment. The initial hours of the experiment
are not shown in these graphs, as no LVDT measurements were taken before the initial setting time
was reached. Strain control was activated when the maximum temperature was reached. In the first
and second experiment, strain control was active after the DIC pattern was applied.

Figure 5.20b shows that the force delivered by the Instron starts increasing from t = 28 hours, cor-
responding with the activation of strain control mode. The load then increases gradually until t = 41
hours at which a drop in the load occurs. The load drops with roughly 0.7 kN, not due to the occurrence
of a through crack but rather because the manually set load capacity had been surpassed. Because
of this, the strain was no longer kept at zero and manually had to be set to 0.000 mm, coinciding with
the decrease in load. Afterwards, the load gradually increases again and at a load of 7.95 kN, a sud-
den load decrease and a displacement increase (see figure 5.21b) is visible at t = 67.5 hours. This
is regarded to be the first through crack in the TSTM specimen. The second through crack follows
shortly after the first one, att = 71.3 hours. Suddenly the load decreases once more accompanied with
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an increase in displacement between the LVDTs (see figure 5.21b). The force at which this second
through crack occurred equals 8.36 kN. Both through cracks happened at a significantly higher tensile
strength compared to the first and second experiment, but this can be attributed to the higher weighted
maturity as determined in subsection 5.1.1.

The displacement measured between the LVDTs during the long term test is presented in figure
5.21. Figure 5.21a shows the whole test, while figure 5.21b shows the finals hours of the test to identify
the increases in displacement due to the occurrence of the two through cracks.
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Figure 5.21: Both the full TSTM displacement and during the last hours measured by the LVDTs.

The Instron was set to position control from t = 0 to t = 20 hours and again the length between the
LVDTs is not completely restrained because of this and rather shows a displacement of 30 ym, see
figure 5.21a. This is a similar displacement compared to the first two experiments. The strain was then
kept zero from t = 21 hours.

As mentioned before, the first through crack is considered to be formed at t = 67.5 hours and the second
att=72.3 hours, as seen in figure 5.21b. At these points in time, the load decreases while the LVDTs
detect and increase in displacement. The accuracy of the strain control (PID) can be seen from the
latter figure as well, which is roughly 1 uym.

After the second crack had occurred, the test was stopped and then the mechanical test was performed.
The recorded force over time data of this tensile test are presented in the figure 5.22 below:

Instron force over time

10.00

@, %

950

925

Force [kN]

9.00

875

850

0 100 200 300 400 500
Time [s]

Figure 5.22: Force over time of the 10 kN mechanical test - Experiment 3
@ See figure 5.24b for corresponding crack location

@ See figure 5.24c¢ for corresponding crack location

Figure 5.22 reveals the force development over time during the mechanical test, the force increases
from 8.25 kN to 8.70 kN and then drops. A displacement is registered by the loading grips, but not by
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the LVDTs, meaning that this crack occurred outside of the LVDT region (see figure 5.23). Next, the
load increases again until F(t = 250) = 9.60 kN and then significantly drops to 8.15 kN. A displacement
increase is detected by the LVDTs (see figure 5.23a), meaning that a through crack occurred between
the LVDTs. This crack is indicated with an encircled 1’ and its location is also indicated in the DIC anal-
ysis, see figure 5.24b. After another gradual load increase, the force drops again at F(t = 440) = 9.90
kN and marks the second through crack. Although a through crack is formed, it is not located between
the LVDTs as figure 5.23a shows no increase in displacement measured by the LVDTs. Figure 5.24
confirms this, crack number 2 is located at the bottom of the exposed area but outside of the LVDT
range. Finally, the load increases again and stops at 10 kN, which is the load capacity of the Instron.
The total duration of the test equals 570 seconds. The load displacement curves of both the LVDTs
and the loading grip are displayed in figure 5.23 below:
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(a) Force versus displacement measured by the LVDTs (b) Force versus loading grip displacement

Figure 5.23: Force versus displacement curves of the 10 kN tensile test - Experiment 3
@ See figure 5.24b for corresponding crack location

@ See figure 5.24c¢ for corresponding crack location

Since the initial force of this tensile test was closer to the capacity of the Instron compared to the first
two experiments, a displacement rate of 0.0005 mm per second was used (twice as slow compared to
the first experiments). Figure 5.23a shows the first through crack at the location of the encircled ’1’.
The x-axis shows the displacement and the crack width is roughly 50 um for the first crack. This in-
crease in displacement is also visible in the loading grip load displacement graph. The second through
crack causes a snapback from F = 9.90 kN to F = 8.50 kN as the displacement decreases in figure
5.23a. Conversely, the loading grip data shows an increase in displacement because the crack oc-
curred outside of the LVDT range. The total displacement between the LVDTs equals 66 um, while the
total displacement between the loading grip and the bottom of the Instron equals 280 um.

DIC analysis

For this mechanical tensile test, a frequency of 5 seconds per photo was chosen. The density of the
speckle pattern is slightly less dense compared to the first experiment and more dense compared to
the second experiment. Therefore, a facet size to point distance of respectively 40 pixels and 20 pixels
proved to be the optimal ratio for good pattern quality over the area of interest. The strain in y-direction
during the test according to the DIC analysis is shown in figure 5.24 below:
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Photo 1/111 Photo 49/111 Photo 86/111

(a) no new cracks (b) first crack (c) second crack

Figure 5.24: Strain in y-direction as computed by the DIC software at different cracks.

Figure 5.24a shows the initial photo and the speckle pattern for the third and final experiment. The
first crack shows up at photo 47 and is located in the upper region of the area of interest. The second
and final crack becomes apparent from photo 86 and onwards and is located at the bottom of the area
of interest. It is clear that the second crack occurred outside of the LVDT range, while the first crack
formed just inside of the LVDTs. Both cracks are able to be quantified; the y-displacement graph at over
the longitudinal length of the area of interest is shown in figure 5.25. This graph shows the displacement
data at the final photo of the test, meaning at a force of 10 kN.
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Figure 5.25: The deformation in y-direction at the final photo of the DIC analysis.

Figure 5.25 shows a jump between x = 20 and x = 22 mm corresponding with the crack on the top of the
specimen. The jump between x = 138 mm and x = 140 mm corresponds with the crack at the bottom of
the exposed area. The latter crack has a width of 0.058 mm, while the crack at the top of the specimen
has a width of 0.064 mm. The evolution of both cracks during the final stages of the mechanical test
are displayed in table 5.4 below:
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Table 5.4: Crack width during the last stages of the tensile test (w, top crack, w, bottom crack)

Photo no. w; [mm] w, [mm] Wapg [Mm]
96 0.063 0.055 0.059
101 0.060 0.054 0.057
106 0.064 0.056 0.060
111 0.064 0.058 0.061

From table 5.4 it becomes clear that the first crack is slightly larger compared to the second crack.
The maximum average crack width is observed in the final photo. Notably, the average crack width at
photograph 96 surpasses that at photo 101.

Optical microscope analysis

Similarly to the first two experiments, the third experiment requires clarification regarding the crack
locations. The results of the optical microscope analysis are presented in figure 5.26. In this specimen,
the cracks were closed and not visible under the microscope, so they were reopened using the Instron.

TSTM specimen
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Figure 5.26: Stitched optical microscope image (left) including zoomed in images of cracks in the TSTM specimen
(right)

Figure 5.26 shows that there are two cracks between the LVDT region, of which one is just on the
border. The cracks on the top and bottom of the specimen are the same cracks which occurred during
the DIC analysis as seen in figure 5.24. The bottom crack is outside of the LVDT region and just inside
of the exposed speckle pattern.

The goal of the third experiment was to induce two cracks between the LVDTs due to restrained autoge-
nous and thermal shrinkage. The crack located just below the middle of the specimen was not observed
in the strain analysis from the DIC (figure 5.24). This absence suggests it might have occurred due to
imposed deformation. However, the Instron data from the reopening of the cracks indicates otherwise.
As shown in Figure C.5, there is a significant increase in displacement accompanied by a decrease in
load, confirming that this displacement was indeed caused by a through crack in that region. There-
fore, it is almost certain that the crack in the middle of figure 5.26 was induced during the reopening
process.

Examining the spacing between the cracks in figure 5.26, it appears highly unlikely that additional
through cracks exist in the exposed region where the speckle pattern is applied, especially considering
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the transfer length of the threaded bar. Remarkably, two imposed deformation cracks were anticipated
based on the long term test, yet the optical microscope analysis shows no visible imposed deformation
cracks. Two possible explanations can account for this observation. First, the imposed deformation
cracks may have healed, with the healing product being denser than the original mortar. As previously
explained, this can lead to stress redistribution, potentially causing a new crack to form elsewhere rather
than reopening the healed crack. However, the maturity of the specimen after the first mechanical test
was relatively high (4445 °Ch), especially when compared to the first and second experiments. There-
fore, it is not expected that a significant amount of unhydrated cement would be available to facilitate
healing of the cracks afterwards.

The second explanation is that there are genuinely no imposed deformation through cracks present
during the long-term test. The observed decreases in load and increases in displacement during this
test may correspond to either microcracks or cracks located outside the exposed area of the mini-
TSTM. Nonetheless, it remains valid that the fraction of stress due to imposed deformation relative to
the stress from mechanical loading is greater compared to the first and second experiments.

5.3. Theoretical crack width

Three different experiments were performed, each loaded to the same final force but with a differ-
ent fraction of load due to imposed deformation beforehand. Chapter 3 discussed five different design
codes and guidelines which can be used to predict crack widths. NEN-EN 1992-1-1 states that stresses
due to imposed deformation and mechanical loading should be summed to determine the crack width.
Therefore, the final load of 10 kN may be used for calculating the predicted crack width and may then
be compared to the measured crack widths. The same holds for Model Code 2010 which states the
following:

"Hence, where cracking is due to imposed deformations and loads, the steel stresses at the cracks
due to loads as well as imposed deformations should be taken into account.” (fib, 2013).

Van Breugel also states to combine stresses due to imposed deformation and mechanical loading
and distinguishes crack widths during the crack propagation phase and cracks during the stabilized
cracking stage.

However, NEN-EN 1992-3 and CIRIA C766 are not constructed for the combination of imposed de-
formation and mechanical loading. Annex M of NEN 1992-3 is used to calculate crack widths due to
‘restraint of imposed deformations’ and should thus not be used for mechanical loads as well. CIRIA
C766 states that it is not common practice to add restrained thermal and shrinkage deformations with
structural loading. According to CIRIA C766, it does cause harm to the structural performance to not
add the imposed deformation and structural loading (Bamforth, 2019). Imposed deformation is not re-
garded to cause reinforced concrete elements to reach the stabilized cracking stage (& > &¢4.) which
is why NEN-EN 1992-3 and CIRIA C766 do not account for this stage.

For these reasons, NEN-EN 1992-3 and CIRIA C766 will not be included to compare the final cracks
widths, but may be used to determine cracks occurring in the crack propagation stage. The results will
be presented in twofold: the crack widths and predictions of the first new crack during the mechanical
test and at the final stage (at 10 kN).

Two assumptions have been made in order to obtain the crack width values found in table 5.5 and ta-
ble 5.7. The Eurocode expressions make use of f.; . which is the mean value of the tensile strength
effective when the first cracks are expected. Usually, f.;,,, should be used according to Eurocode, but
since the cracking occurs before the mortar has reached 28 days, f.:»(t) has to be used. It is known
that the first crack in a reinforced concrete element under pure tension happens at a lower strength
than f..,(t). The first assumption is the relation given in equation 3.22, which is a,,-(t) = 0.75f;1m (t).
The second assumption has been made to estimate the elastic modulus of the mortar at the time of
cracking. For this, the relations found in Eurocode have been used. The mean tensile strength is known
using the first assumption, the characteristic compressive strength according to Eurocode follows from
(CEN, 2005):
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3/2

fao="o3 (5.5)
The mean compressive strength is easily found when the characteristic compressive strength is known:
fem = fer +8 (5.6)

The latter expression is then used to determine the elastic modulus, which is the second assumption
made to calculate the theoretical crack widths.

) for 03
E., =22+ (E) (57)

Cracks during crack formation stage

Table 5.5 shows the measured crack widths and predictions of the first crack occurring during the DIC
analysis. For Model Code 2010, it has been assumed that short term loading and the crack formation
stage is applicable. The according parameters to determine the strain difference between concrete
and steel can be found in figure 3.6.

Table 5.5: Measured and predicted crack widths using different structural codes and guidelines during the crack formation phase
(presented values in mm).

Experiment NEN-EN NEN-EN CIRIA Van
no. Measured 4995 1.1 1992-3 MC2010 C766 Breugel
1 0.044 0.059 0.082 0.043 0.058 0.034
2 0.027 0.031 0.089 0.022 0.062 0.036
3 0.053 0.056 0.111 0.040 0.077 0.043

Experiment 1: zero imposed def. cracks
Experiment 2: one imposed def. crack
Experiment 3: two imposed def. cracks

These values do not immediately show the crack width differences and the magnitude of the differences.
Hence, a bar plot is created in which the measured crack widths are displayed using a horizontal dotted
line for each of the experiments. Figure 5.27 shows the measured crack width of the first crack occurring
during the mechanical tests and the predictions of the five structural design codes and guidelines.
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Measured and predicted crack widths during the crack formation phase
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Figure 5.27: Measured and predicted crack widths using different structural codes and guidelines.

The third and final way of visualizing the results of comparing the measured and predicted crack widths
is by expressing the differences compared to the measured crack widths in percentages. This has
been done in 5.6, in which the measured crack widths are still expressed in mm, but the predicted
crack widths are expressed in percentual differences compared to the measured crack widths.

Table 5.6: Predicted crack widths differences in percentages of the measured crack widths.

Experiment Measured NEN-EN NEN-EN CIRIA Van
pno. [mm] 199211 19923 MC2010 ~766  Breugel  AVerage
1 0.044 +34% +86% 2% +32% 23% +25%
2 0.027 +15%  +230%  -19%  +130%  +33%  +78%
3 0.053 +6%  +109%  -25% +45% -19% +23%
+18%  +142%  -15% +69% 3%

Experiment 1: zero imposed def. cracks
Experiment 2: one imposed def. crack
Experiment 3: two imposed def. cracks

Both table 5.5 and table 5.6, along with figure 5.27, provide key insights. The first notable observation
is the relatively low measured crack width of the second experiment (0.027 mm). One might expect this
value to fall between those of the first and third experiments (0.044 mm and 0.053 mm, respectively) or
atleast close to them. This discrepancy is also evidentin table 5.6, where the second experiment shows
a significantly higher average increase (+78%) compared to the first and third experiments (+25% and
+23%).

Secondly, NEN-EN 1992-3 and CIRIA C766 appear to be the least accurate of the five predictions.
NEN-EN 1992-3 exhibits inaccuracies across all three experiments, while CIRIA C766 provides rel-
atively accurate predictions for the first and third experiments (+32% and +45%), yet is significantly
off for the second experiment (+142%). It is surprising that these structural design codes, which are
specifically designed to address cracking during the crack formation stage under imposed deformation,
perform the worst out of all the codes and guidelines.

In contrast, Model Code 2010, NEN-EN 1992-1-1, and Van Breugel are the most accurate and consis-
tent for the crack formation stage. Van Breugel shows the highest accuracy with an average deviation of
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just -3%, though it falls short in terms of absolute differences. Model Code 2010 and NEN-EN 1992-1-1
are more consistent in this regard. MC2010 tends to underestimate crack widths, while NEN 1992-1-1
consistently overestimates them.

Model Code 2010 stands out as the most consistent and accurate of the five codes and guidelines.
However, considering the primary goal of structural design codes and guidelines, which is to offer stan-
dardized procedures for design, NEN 1992-1-1 is the most suitable. It consistently and accurately
predicted crack widths during the crack formation stage and never underestimated them.

Cracks at the end of the mechanical test

The crack widths at the end of the mechanical test, at a load of 10 kN, are displayed in table 5.7. It
should be noted that for experiment 2 and 3, two cracks were measured and this has been included in
the table. The stabilized cracking stage is assumed for the predictions of Model Code 2010, along with
short term loading as the mechanical test is regarded as such. NEN-EN 1992-3 and CIRIA C766 are
excluded as they do not regard cracks widths in the stabilized cracking stage.

Table 5.7: Measured and predicted crack widths using different structural codes and guidelines at 10 kN during the mechanical
test (presented values in mm).

Experiment NEN-EN

no. Measured 1 Measured 2 1992-1-1 MC2010 Van Breugel
1 0.072 - 0.098 0.095 0.066

2 0.065 0.061 0.090 0.091 0.063

3 0.064 0.058 0.064 0.079 0.052

Experiment 1: zero imposed def. cracks
Experiment 2: one imposed def. crack
Experiment 3: two imposed def. cracks

The data found in table 5.7 above is again visualized using a bar plot to easily interpret them. The dotted
lines for the measurements are indicated with w; and w, and correspond with the labelled cracks in
the DIC analyses (see figure 5.10, 5.17 and 5.24).

Measured and predicted crack widths at a load of 10 kN
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Figure 5.28: Measured and predicted crack widths using different structural codes and guidelines.

The differences between the measured and predicted crack widths will again be expressed in percent-
ages relative to the measured crack widths. Since the second and third experiment each have two
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separate measured crack widths, the differences will be compared to the average of these two mea-
surements. Table 5.7 shows the percentual differences including an average per experiment and the
average per structural design code or guideline.

Table 5.8: Predicted crack widths differences in percentages of the measured crack widths (percentages based on average crack
width).

Experiment Measured 1 Measured 2 NEN-EN Van
pno. [mm] [mm] 1992-1-1  MC2010 g0 gel  Average
1 0.072 - +36% +32% -8% +20%
2 0.065 0.061 +43% +44% 0% +29%
3 0.064 0.058 +5% +30% -15% +7%
+28% +35% -8%

Experiment 1: zero imposed def. cracks
Experiment 2: one imposed def. crack
Experiment 3: two imposed def. cracks

Tables 5.7, 5.8, and figure 5.28 provide valuable insights. Starting with Van Breugel, this structural
guideline is the most accurate and consistent across the three experiments. It slightly underestimates
the first and third experiments by 8% and 15%, respectively, and even perfectly predicts the second
experiment when considering the average crack width. Overall, Van Breugel can be regarded as ac-
curate and consistent, although slightly conservative in its predictions for two experiments.

Looking more generally at the final stage of the mechanical test, the crack widths are predicted with
greater accuracy, with the worst prediction overestimating the width by 44%. This is considerably more
precise compared to predictions during the crack formation stage, where the worst estimate was 230%
off. This improvement in prediction accuracy at the mechanical test stage highlights the consistency of
structural design codes at this phase.

Model Code 2010 predicted the crack widths the worst at the 10 kN stage, overestimating them by
at least 30% for each experiment. This suggests that Model Code 2010 is conservative when pre-
dicting crack widths resulting from the combination of imposed deformation and mechanical loading.
Interestingly, during the crack formation stage, Model Code 2010 consistently underestimated crack
widths (table 5.6). This trend indicates that, while the code is conservative under mechanical loading,
it is potentially unsafe when applied to the crack formation stage, as it may underestimate critical crack
widths.

NEN-EN 1992-1-1 overestimated the crack widths for the first and second experiments by 36% and
43%, respectively, but was much more accurate in the third experiment (+5%). This suggests that
NEN-EN 1992-1-1 may become more precise when the proportion of stress due to imposed deforma-
tion increases or when dealing with cementitious materials at higher maturities. When comparing the
predictions for the crack formation stage to those at 10 kN, NEN-EN 1992-1-1 provided better predic-
tions during the crack formation stage (+18% on average compared to +28% at 10 kN).

Tables 5.6 and 5.8 highlight Van Breugel’s accuracy in both phases of the mechanical test. Van Breugel
remained consistent at the 10 kN load stage and, although slightly less consistent during the crack for-
mation stage (-23%, +33%, and -19%), it remains a reliable guideline.

The final and perhaps most interesting observation from the data is the decreasing trend in measured
crack widths across the three experiments (0.072 mm, 0.063 mm, and 0.061 mm, respectively). There
are two key factors that likely explain this trend. The first and most apparent reason is the variation
in weighted maturity across the experiments—2175 °Ch, 4036 °Ch, and 4445 °Ch, respectively. In-
creased weighted maturity is linked to increased mortar stiffness, which results in less deformation
under the same load, thereby limiting crack widths. Additionally, the bond stress between the steel
reinforcing bars and concrete increases as the concrete compressive strength increases, as noted by
Song et al. (2015). With higher weighted maturity, the mortar specimens better control crack widths.

The second potential explanation is the increasing proportion of stress due to imposed deformation
relative to mechanical loading. The load due to imposed deformation before the mechanical test was
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3.5 kN, 6.6 kN, and 8.7 kN, respectively, for the three experiments. All three specimens were then
mechanically loaded to 10 kN, but the increasing amount of imposed deformation stress may explain
the trend of decreasing crack widths.



Conclusion

This research primarily consists of two parts: the development of the experimental setup for a rein-
forced mini-TSTM experiment and the investigation of cracking behavior resulting from a combination
of imposed deformation and mechanical loading. The conclusions drawn from this twofold study will
be presented in this chapter.

6.1. General mortar properties

The autogenous shrinkage was deemed negligible initially. The utilized mortar mix design has a water
to cement ratio of 0.50, which theoretically shows a lesser amount of autogenous shrinkage compared
to lower water to cement ratios. Figure 5.5 shows the total deformation of the ADTM specimen and
separated into thermal and autogenous deformation. It is clear that the autogenous shrinkage is def-
initely not negligible and even caused tensile stress being applied by the Instron during the heating
phase of the experiment.

Liang (2024) developed the mini-TSTM, which is a scaled down version of the TSTM. The mini-TSTM
can be operated by a single person and required a significantly lower working force to be executed. He
found that the mini-TSTM is still accurate compared to the regular TSTM, with the downside being that
coarse aggregate does not fit in the relatively small mold. In this research, different mix designs were
tested to investigate autogenous shrinkage. The regular TSTM has been fitted with reinforcement, but
the mini-TSTM had not yet been fitted with reinforcement. Chapter 4 discusses the development of
this experimental setup, resulting in a fully functional experiment that produces useful data for future
research applications.

Liang (2024) investigated the autogenous shrinkage behavior of a certain mortar mix design. He iden-
tifies four distinct phases, which are also evident in figure 5.5. However, the autogenous shrinkage
exhibits considerable variability across the three experiments, and literature continues to explore meth-
ods for mitigating the uncertainty in quantifying autogenous shrinkage.

The temperature regime has been constructed assuming no autogenous shrinkage and using a conser-
vative value for the CTE. A temperature differential of 46.7 °C was determined in order for the thermal
shrinkage to cause the fully developed crack pattern to be reached. Because of the significant autoge-
nous shrinkage and the CTE to be higher than assumed, a significantly lower temperature differential
could be adopted. When two cracks occurred in the third experiment, the temperature differential was
only 13.01 °C.

The tensile strength development of the mortar mix design is constructed by determining the weighted
maturity of two specimens at a certain age and the stress at which the mortar cracked. Figure 5.3
shows the calibration lines for the ADTM and TSTM specimens. The results indicate that the tensile
strength measured in the TSTM is higher than in the ADTM, even though both have the same weighted
maturity. This difference is likely due to the first cracks consistently forming at the transitions between
the dovetails and the straight part of the specimens, where stress concentrations occur. In the ADTM
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specimens, these initial cracks are considered, while for the TSTM specimens, only the cracks occur-
ring between the LVDTs are taken into account.

The calibration line for the ADTM is quite accurate with an R-value of 0.916 and the TSTM calibration
is somewhat less accurate with an R-value of 0.725.

The coefficient of thermal expansion (CTE) of the mortar mix was determined by analyzing the tempera-
ture and displacement differential of the ADTM during the final three hours of two separate experiments,
yielding a value of 1.2050 - 10> °C~. For ordinary concrete, NEN-EN 1992-1-1 suggests a standard
value of 1- 107> °C~1. In comparison, Jeong et al. (2012) reported a higher value of 1.45 - 107> °C 1!
for mortar made with CEM | cement. The mortar mix in this research used CEM I1I/B, and the obtained
value appears reasonable in light of this.

6.2. Experimental results

The mini-TSTM was chosen for the experimental work in order to answer the main research question.
The results of chapter 5: 'Experimental results’ have lead to a sufficient amount of data to answer
this main research question. The first research question, which is used to answer the main research
question, outlined in chapter 1 is as follows:

How do the crack width predictions of structural design codes and guidelines compare to
experimentally observed crack widths due to the combination of imposed deformation and
mechanical loading?

CIRIA C766 and particularly NEN 1992-3 are both inconsistent and inaccurate in predicting crack width
during the crack formation stage. This is rather remarkable as they are designed specifically for im-
posed deformation, most often causing reinforced concrete to enter and remain in the crack formation
stage. The strain difference between concrete and steel is determined based on force equilibrium
between steel reinforcement and concrete according to NEN 1992-3 and CIRIA C766. However, the
findings in this research suggest that relying on force equilibrium is inadequate for predicting crack
widths, especially when compared to the underlying theories used by other structural codes and guide-
lines.

Model Code 2010, on the other hand, uses the tensile member theory and acknowledges that, unlike
the theoretical model, the load during the crack formation stage is not constant. It distinguishes be-
tween crack widths during the crack formation stage, the stabilized cracking stage, and even accounts
for differences between short-term and long-term loading. Among all the structural codes analyzed,
Model Code 2010 is the most consistent and accurate for predicting crack widths during the crack
formation stage, as reflected in its minimal absolute differences compared to the measured data (see
table 5.6).

NEN-EN 1992-1-1 is also considerably consistent and accurate for the crack formation stage. Itis also
based on force equilibrium, but does take into account the actual steel stress for each crack. This
significantly increases its accuracy compared to NEN 1992-3 and CIRIA C766.

Van Breugel may initially seem like the most accurate structural design code or guideline, as shown in
table 5.6. However, while it overestimated the crack width in the second experiment, it underestimated
the crack widths in the first and third experiments. Therefore, its absolute accuracy relative to the ex-
perimental measurements is less precise than it might appear at first glance.

It should be noted that the measured crack width during the crack formation stage of experiment 2
appears unexpectedly low. Given its weighted maturity and load at cracking, one would anticipate a
crack width of 0.027 mm to fall between the first and third experiments (0.044 mm and 0.053 mm, re-
spectively), or at least be closer to those values.

After the crack formation stage, the crack widths were recorded at the end of the mechanical test,
with a load of 10 kN. Van Breugel’s predictions for this stage were notably accurate and consistent. As
shown in Table 5.8, the absolute difference in Van Breugel’s predictions averaged just 8%.

In contrast, the predictions of Model Code 2010 were less accurate at this stage compared to the crack
formation stage, showing averages of -15% and +35%, respectively. Model Code 2010 consistently
underestimated crack widths during the crack formation stage, while overestimating them at the 10 kN
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load.
NEN-EN 1992-1-1, while still relatively accurate, was slightly less so for crack widths at 10 kN com-
pared to the crack formation stage, with average differences of +28% and +18%.

To directly answer this specific research question, the design codes and guidelines predict the crack
widths, due to the combination of imposed deformation and mechanical loading, with decent accuracy
when NEN-EN 1992-3 and CIRIA C766 are disregarded. It can be concluded that crack widths due the
combination of loading purely based on force equilibrium during the crack formation stage, is not ade-
quate. The other three structural design codes and guidelines either consider the actual steel stress at
each crack, and/or distinguish cracking during the crack formation stage and stabilized cracking stage.
While Model Code 2010 is the most consistent for the crack formation stage, it should be used cau-
tiously due to its tendency to underestimate. Based on the experimental data, Van Breugel stands out
as the most consistent and accurate for predicting crack widths under the combined effects of imposed
deformation and mechanical loading.

How does an increase in the fraction of imposed deformation relative to mechanical load-
ing affect crack width in reinforced concrete?

To answer this research question, it is inadequate to analyze the crack widths during the crack formation
stage. The reason for this, is that there is hardly any mechanical loading for experiment 2 and 3. The
measured crack widths at the end of the mechanical test, with a load of 10 kN, can be directly used
to formulate an answer to this research question. The amount of load due to imposed deformation
before the mechanical test was conducted equals 3.5 kN, 6.6 kN, and 8.7 kN for experiment 1, 2 and
3 respectively. The corresponding measured crack widths, shown in table 5.7, were 0.072 mm, 0.063
mm, and 0.061 mm, with the latter two values representing the average of the two cracks recorded in
the DIC analysis. Based on the amount of imposed deformation and according final crack widths, it
could be said that an increase in the fraction of imposed deformation relative to mechanical loading will
decrease the final crack width in reinforced concrete.

However, as mentioned in chapter 5: the weighted maturity for the individual experiments were not
equal. For experiment 1, 2 and 3, the respective weighted maturities equal 2175 °Ch, 4036 °Ch, and
4445 °Ch. Both the stiffness and bond stress between the steel reinforcement and mortar are increase
for increasing weighted maturities. An increased stiffness results in less deformation for a specific
load compared to lower stiffnesses. A higher bond stress results in a lower transfer length. Both a
decreased deformation and decreased transfer length will reduce the final crack width. Consequently,
it cannot be confidently concluded that an increase in the fraction of imposed deformation relative to
mechanical loading will consistently decrease the final crack width in reinforced concrete.

How do crack widths develop in reinforced concrete under the combination of imposed
deformation and mechanical loading?

This main research question will be answered based on the conclusions found in the two research
questions discussed in this chapter. Crack widths under the combination of imposed deformation and
mechanical loading were best predicted by Model Code 2010 during the crack formation stage. Model
Code 2010’s crack width theory is based on the tensile member diagram and includes the actual steel
stress in all its stages. It has been concluded that NEN-EN 1992-3 and CIRIA C766 are inadequate
for the crack formation stage, as the force equilibrium theorem does not align with the experimentally
observed crack width values.

The crack widths at 10 kN of load, both due to imposed deformation and mechanical loading, were best
predicted by Van Breugel. Van Breugel makes a clear division for calculating crack widths during the
crack formation stage and for the stabilized cracking stage. This means that Van Breugel effectively
captures the behaviour of concrete under the combination of imposed deformation and mechanical
loading during the stabilized cracking stage.
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EN-EN 1992-1-1 is the most commonly used structural design code for designing reinforced concrete
structures in Europe and consistently overestimated the crack widths at both stages of the experi-
ments. While the overestimation was not extreme, with a maximum of +43% and an average of +18%
for the crack formation stage, and an average of +28% at a load of 10 kN, this persistent overestima-
tion indicates a conservative approach. This conservatism may result in the specification of excessive
reinforcement in concrete structures under combined imposed deformation and mechanical loading.
Based on the findings of this research, CIRIA C766 and particularly NEN-EN 1992-3 should be avoided
when predicting expected crack widths due to imposed deformations. Although these guidelines are
specifically designed for imposed deformation, their exclusion of the actual steel stress appears to be
detrimental to the accuracy of their crack width predictions.

Based on this research, it is advised to use Model Code 2010 to predict crack widths due to combined
imposed deformation and mechanical loading for the crack formation stage and Van Breugel for the
stabilized cracking stage. It is important to note that both structural design guidelines tend to slightly
underestimate crack widths, which should be taken into account during the design process. The most
crucial takeaway is that one must understand the underlying principles and theories of the individual
design codes and guidelines. Based on this understanding, the most appropriate one should be se-
lected depending on the specific circumstances.

The data in table 5.8 suggest that an increase in the fraction of imposed deformation relative to me-
chanical loading tends to reduce the final crack width in reinforced concrete. However, due to varying
weighted maturities across the experiments, this cannot be confirmed with certainty. It is recommended
to avoid restraining reinforced concrete structures during their early age as much as possible, since
thermal, drying, and autogenous shrinkage may lead to cracking. Crack widths at lower maturities will
likely be larger than those at higher maturities and should therefore be minimized.



Discussion

The reinforcement layout was designed to encourage the formation of three cracks between the LVDTs.
However, it was observed that only in the first experiment were these three cracks clearly visible in the
DIC analysis. Even in this case, one of the crack widths could not be quantified as it was located near
the border of the area of interest. Increasing the number of visible cracks would reduce the uncertainty
in the average crack width, thereby improving the accuracy of the results. This could be achieved in
two ways: by adjusting the reinforcement layout to reduce the spacing between cracks, or by exposing
more of the dogbone area to ensure that all cracks are captured in the DIC analysis.

In this study, threaded bars were used as reinforcement for the mortar specimens, deviating from the
conventional use of regular reinforcing bars that typically possess higher yield and ultimate strengths.
The decision to use threaded bars required validation of their bond strength with the mortar. To assess
this, a tensile test was conducted on a reinforced specimen, resulting in the formation of three distinct
cracks. This cracking pattern suggests that the threaded bar achieved good bond strength with the
mortar, as the stress transfer was sufficient to induce cracking. However, it is important to note that
while this tensile test provides initial validation, a pull-out test would offer a more direct and rigorous
evaluation of the bond strength. A pull-out test specifically measures the force required to extract the
bar from the mortar, providing a more precise assessment of the bond performance between the rein-
forcement and the surrounding cementitious material.

The DIC speckle pattern was created by first painting the surface of the mortar white, drying it with
a heat gun, and then applying black dots using a black permanent marker. The accuracy of the DIC
analysis could be improved by using smaller dots, for example, by using a spray can. This would allow
for a reduction in facet size and point distance, resulting in a larger area for investigation and enhanced
accuracy. However, precautions must be taken to prevent the mini-TSTM equipment, such as the mold,
cryostat, and loading machine, from becoming stained with paint.

To establish a correlation between the age of the mortar and the development of strength and elas-
tic modulus across different experiments, the weighted maturity method was employed. This method
accounts for the type of cement used but does not consider activation energy. Although the Arrhenius
method, which accounts for both factors, would provide greater accuracy, it necessitates an adiabatic
test of the mortar mixture. Given that the primary focus of this research is on structural aspects rather
than material properties, the Dutch weighted maturity method is considered sufficiently accurate for the
intended analysis.

The same conclusion applies to the determination of the CTE in this research. A small interval at the
end of two experiments was selected to minimize the influence of autogenous shrinkage before deter-
mining the CTE. A more accurate method for determining the CTE is described by Liang (2024), which
involves applying a temperature cycle over a short period to more effectively exclude the influence of
autogenous shrinkage. However, for the purposes of this research, the approach used to determine
the CTE is deemed sufficiently accurate.

In this study, structural design codes and guidelines developed for concrete were employed to deter-
mine the crack width of mortar specimens. While these codes provide well-established methodologies
for assessing crack behavior, it is important to recognize that they are specifically designed for con-
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crete, which has different material properties and behavior compared to mortar. The application of
these guidelines to mortar, therefore, introduces certain assumptions and potential limitations. For
instance, differences in material composition, mechanical properties, and cracking behavior between
mortar and concrete may affect the accuracy and relevance of the predicted crack widths. Neverthe-
less, given the absence of specific codes for mortar, using these established guidelines for concrete
provides a reasonable and systematic approach to crack width estimation, though the results should
be interpreted with caution.

The optical microscope analysis identified both the cracks formed due to imposed deformation and
those resulting from mechanical loading. As expected, no cracks were observed due to imposed de-
formation in the first experiment, and one crack formed during the mechanical test. However, when
the cracks were reopened for the microscope analysis, two additional through cracks were observed
within the LVDT region. It remains unclear how these two additional cracks occurred at a lower load
level and a higher weighted maturity compared to the initial mechanical test.

In the calculation of crack widths at a load of 10 kN, it was assumed that the specimen had reached
the stabilized cracking stage, implying that no new cracks could form. However, the reopening of the
specimen indicates that new cracks could still occur, suggesting that the specimen was still in the crack
formation stage rather than the stabilized cracking stage. This finding raises questions about the tran-
sition between these stages and the implications for crack width predictions under combined imposed
deformation and mechanical loading.

The final and most significant discussion point pertains to the limited number of experiments conducted.
Due to the time required to develop the experimental setup, fewer experiments were completed, which
affects the robustness of the hypothesis validation. The hypothesis is that an increase in the fraction
of imposed deformation relative to mechanical loading will decrease the final crack width in reinforced
concrete. This hypothesis cannot be accepted based on the current results, but the uncertainty in the
results of just three experiments is significant, performing more experiments could reduce this uncer-
tainty whereby the hypothesis can be declined, or accepted with more confidence.



Recommendations

The first part of this research involved developing an experimental setup for the reinforced mini-TSTM.
Key findings include the necessity of using threaded bars instead of regular reinforcing bars, as the
latter are unsuitable for this setup. Additionally, it was determined that the reinforcing bars should be
securely fixed to the end of the dovetail to prevent the dovetail from being pulled away from the rein-
forcing bars. The results obtained are promising, demonstrating that reliable and meaningful data can
be derived from these experiments, which bodes well for future research.

The main research opportunity lies within further investigating the effect of an increase in the fraction
of imposed deformation relative to mechanical loading on crack width in reinforced concrete. Due to
varying weighted maturities in experiments 1, 2, and 3, the observed crack widths cannot be directly at-
tributed to the level of imposed deformation stress. Performing the same experiments, but at the same
weighted maturity would allow to confidently accept or reject the hypothesis. This can be achieved by
designing the temperature profile of each experiment such that the desired amount of imposed defor-
mation is achieved at the same weighted maturity. This will likely require optimization, as autogenous
deformation is inherently unpredictable.

Ideally, if the hypothesis is accepted, a reduction factor for imposed deformation stresses could be
developed. Integrating such a reduction factor into structural design codes and guidelines would lower
the amount of reinforcement required to control cracks due to combined imposed deformation and
mechanical loading. This advancement would represent a significant achievement in understanding
imposed deformation in construction practice. By reducing the necessary amount of steel to control
crack widths, designs for reinforced concrete structures would become more sustainable and cost-
effective.

As discussed in section 2.2, reinforcement affects the shrinkage of concrete members. Bond stresses
between reinforcing bars and concrete restrain part of the concrete’s shrinkage, creating compressive
stresses in the reinforcement and tensile stresses in the concrete. While this effect was not explored in
this research, future studies could investigate the differences in shrinkage between reinforced and plain
concrete elements. Additionally, there are significant research opportunities in examining the effects
of novel reinforcing bars and cementitious materials on structural behavior and early-age properties,
such as autogenous deformation.
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Autogenous shrinkage

This appendix includes the three graphs of the total measured ADTM deformation divided into thermal
deformation and autogenous deformation for all three experiments. The thermal deformation has been
calculated by determining the CTE as shown in subsection 5.1.2 and the autogenous shrinkage then
follows from subtracting the thermal deformation from the total ADTM deformation.

ADTM displacement as measured by LVDTs - 25-07
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Figure A.1: Autogenous shrinkage of experiment 1
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Figure A.2: Autogenous shrinkage of experiment 2
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Figure A.3: Autogenous shrinkage of experiment 3



Crack width prediction calculations

Crack width predictions have been made for two stages during the experiments: during the crack
formation stage and at a load of 10 kN after the mechanical test. NEN-EN 1992-3 and CIRIA C766
are not applicable for the final stage of the experiment. The following calculations are the prediction of
each structural design code and guideline for the first experiment during the crack formation stage. The
translation to the 10 kN stage is not complicated: the empirical factors of Model Code 2010 (see figure
3.6) are equal for both stages and the calculations for NEN-EN 1992-1-1 are almost identical as well,
apart from the actual steel stress. Van Breugel uses a separate equation for the stabilized cracking
stage, this expression is based on the crack width during the crack formation stage and the actual steel
stress (see equation 3.30). Since this equation is notably different compared to the crack width during
the crack formation stage, this calculation has been added to this appendix as well. The crack width
values found in the calculations below can be found in table 5.5 in the row of experiment 1.

B.1. NEN-EN 1992-1-1

The maximum distance between cracks can be determined using the following equation according to
NEN-EN 1992-1-1:

Srmax = K3€ + w (B.1)
Ppers
where:
ks = 341[]
c = 12.5[mm]
ky = 08[]
ks = 1.0[]
ky = 0.425[]
) = 2.459 [mm]
Poerr = o =0.11529[]
Srmax = 115.02 [mm]

The mortar stress at cracking for the first experiment equals:
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oo = 1T
cTr AC
_ 5872 [N] (B.2)
~ 2500 [mm?2]

= 2.35 [N/mm?]

The average tensile strength of the mortar can be determined using the relationship of Van Breugel:

4
fetm (8) = 3 ocr(t)

= 3.13 [N/mm?]

(B.3)

The characteristic tensile strength, mean tensile strength and elastic modulus are obtained using the

relationships of NEN-EN 1992-1-1:

3/2
foe =03

= 18.47 [N/mm?]

fem = fer +8

= 26.47 [N/mm?]

f 0.3
Epm = 22 % ({—g‘) * 1000

= 29462 [N /mm?]

The ratio between the elastic moduli of the steel and mortar, «, is then known:

Es
ae=E—

c

=6.96 [—]

(B.4)

(B.5)

(B.6)

(B.7)

The steel stress at the moment of interest equals the final applied load divided by the area of steel. The
applied load for the first new crack in the DIC analysis equals 8017 N and the area of steel is known

because of its inner diameter:
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&

T

oS
“

(B.8)

281.4 [N/mm?]
The difference in strain between the mortar and steel according to NEN-EN 1992-1-1 is therefore:

fet,
05 — kt cuel) (1 + aepp,eff)
_ Ppeff
Esm — €m = E
s

(B.9)

= 0.0005136 [mm/mm]

Lastly, the strain difference between the mortar and steel is multiplied with the maximum distance
between cracks to obtain the predicted crack width for the first experiment using NEN-EN 1992-1-1:

Wk = Srmax (&sm — €cm)
(B.10)
= 0.059 [mm]

B.2. NEN-EN 1992-3

The maximum distance between cracks can be determined using same equation as the one from NEN-
EN 1992-1-1:

Srmax = K3+ kakaks® (B.11)
Pperf
where:
ks = 3.4[]
c = 12.5[mm]
k4 = 0.8[]
k, = 1.0[]
ky = 0.425[]
(0] = 2.459 [mm]
Ppeff = AfAS = 0.11529 [-]
Srmax = 115.02 [mm]

The mortar stress at cracking for the first experiment equals:

For

A

c

_ 5872 [N] (B.12)
~ 2500 [mm?2]

= 2.35 [N/mm?]
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The average tensile strength of the mortar can be determined using the relationship of Van Breugel:

4
fetem(8) = §Ucr ®
(B.13)

= 3.13 [N/mm?]

The characteristic tensile strength, mean tensile strength and elastic modulus are obtained using the
relationships of NEN-EN 1992-1-1:

3/2

_Jctm
fer = 03

(B.14)

= 18.47 [N/mm?]

fom = fex +8
(B.15)
= 26.47 [N/mm?]

f 0.3
Epm =22 % (%) * 1000

(B.16)

= 29462 [N/mm?]

The ratio between the elastic moduli of the steel and mortar, «, is then known:
Ao = E

c

(B.17)
=6.96 []

The factors k. and k are given in NEN-EN 1992-1-1 and the first one equals 1.0 for a pure tensile
stress distribution. The factor k is also equal to 1.0 as the stresses are uniform throughout the cross-
section. The difference in strain between the mortar and steel according to NEN-EN 1992-3 equals:

0-5aekck?cteff 1
(gsm ng) ES ep

(B.18)

= 0.0007157 [mm/mm]

And finally the crack width is found by multiplying the maximum spacing between two cracks with
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the strain difference found above:

Wk = Srmax (&sm — €cm)

(B.19)
= 0.082 [mm]
B.3. Model Code 2010
Model Code 2010 uses the following expression to calculate crack widths:
Wq = le,max(‘gsm — &m — &cs) (B.20)

The first part of the expression, ;4. is the the length over which slip between concrete and steel
occurs and is calculated as follows:

ls,max=k*C+—*fcﬂ*&

B.21
4 Tpms Psef ( )

The factor k takes the influence of the concrete cover into consideration and may be assumed to be
1.0 according the Model Code. The average tensile strength of the mortar can be determined using
the relationship of Van Breugel:

4
fetm (8) = §acr ®
(B.22)

3.13 [N/mm?]

The mean bond strength between steel and concrete, t,,,,, for long term loading and the stabilized
cracking stage equals:

Toms = 1.8 * ferm

(B.23)
= 5.64 [N/mm?]

The effective steel ratio in the cross-section is also present in both Eurocode 2 norms and equals:

ps,ef - Ac _As

(B.24)

=0.011529 [—]

The cover ¢ = 12.5 mm and the diameter of the reinforcement ¢, equals 2.459 mm. Equation B.21
can then be filled in:
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lsmax = 42.1 [mm] (B.25)

The relative mean strain, meaning the strain difference between concrete and steel over the length
ls max, €an be determined as follows (note that the shrinkage equals zero, as the mechanical test is
regarded as a short term test, n,./ = /0):

os—fB*0o
Esm — E€m ~ s = % M *&n (B.26)
S

The steel stress at the moment of interest equals the applied load when the crack occurred divided by
the area of steel.

Oy = —

(B.27)

= 281.4 [N/mm?]

The coefficients g and n,- depend on the load duration and stage of the tensile member diagram, for
short term loading in the crack formation stage they equal to 0.6 and 0 respectively. The maximum
steel stress in a crack in the crack formation stage, for pure tension, is:

_ fctm

Osr P (1 + aeps,ef)
sl (B.28)
= 296.6 [N/mm?]
The strain difference between concrete and steel is then equal to:
_ Os — B * Ogr
Esm — €m — €cs = E— —Nr *&n
N
(B.29)
= 0.0005045 [mm/mm]
Finally, the crack width for the first experiment predicted by Model Code 2010 is known:
Wq = le,max(ssm — &m — &cs)
(B.30)

= 0.043 [mm]

B.4. CIRIA C766

The approach to directly calculate crack widths according to CIRIA C766 is almost identical to NEN-EN
1992-3. The maximum distance between cracks can be determined using:
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Srmax = k3 + M (B.31)
Ppeff
where:
ks = 341
c = 12.5[mm]
ky = 0.8[]
k, = 10[]
ky = 0.425[]
) = 2.459 [mm]
Poerr = g =0.11529[]
Srmax = 115.02 [mm]

The strain difference between the reinforcing steel and mortar is not determined with the mean ten-
sile strength of the mortar, but rather with 70% of the mean tensile strength (f.¢x.0.05):

_ 0.5ackckfctk0.05 1
(Esm — €cm) = B — 1+ 2 (B.32)
The mortar stress at cracking for the first experiment equals:
Oy = 2
cr Ac
_ O872IN] (B.33)
2500 [mm?]

= 2.35 [N/mm?]

The average tensile strength of the mortar can be determined using the relationship of Van Breugel:

4
feem(8) = §Ucr(t)
(B.34)
= 3.13 [N/mm?]

The characteristic tensile strength, mean tensile strength and elastic modulus are obtained using the
relationships of NEN-EN 1992-1-1:

3/2

for = 03

(B.35)
= 18.47 [N/mm?]
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fom =fex +8
(B.36)
= 26.47 [N/mm?]

f 0.3
Epm =22 % ({—g‘) * 1000
(B.37)

= 29462 [N /mm?]
The ratio between the elastic moduli of the steel and mortar, «, is then known:

Es
ae=E—
c

(B.38)
=696 [-]

The factors k. and k are given in NEN-EN 1992-1-1 and the first one equals 1.0 for a pure tensile
stress distribution. The factor k is also equal to 1.0 as the stresses are uniform throughout the cross-
section. The difference in strain between the mortar and steel according to CIRIA C766:

0'5aekckfcteff 1
— = — "~ "7 11 R
(SSm Scm) ES + aep

(B.39)

= 0.0005010 [mm/mm]

The crack width for the first experiment according to CIRIA is found by simply multiplying this strain
difference with the maximum distance between two cracks:

Wk = Srmax (&sm — €cm)
(B.40)
= 0.058 [mm]

B.5. Van Breugel

Van Breugel's method starts with determining the mean crack width in the crack formation stage:

2 0.85

0.49 Ocr
Wpo = 2 * (— * <7> *(1+ aep)> (B.41)

fcm,cubeEs

The mortar stress at cracking for the first experiment equals:
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o
a

_ 5872 [N] (B.42)
~ 2500 [mm?2]

= 2.35 [N/mm?]

The average tensile strength of the mortar can be determined using the relationship of Van Breugel:

4
fetm (8) = §Ucr(t)
(B.43)
= 3.13 [N/mm?]

The characteristic tensile strength, mean tensile strength and elastic modulus are obtained using the
relationships of NEN-EN 1992-1-1:

3/2
ctm

ﬁ - =
£03 (B.44)

= 18.47 [N/mm?]

fem = fex +8
(B.45)
= 26.47 [N/mm?]

f 0.3
Epm =22 % ({—g‘) * 1000

(B.46)

= 29462 [N/mm?]

The ratio between the elastic moduli of the steel and mortar, «, is then known:
a, = z

c

(B.47)
=696 [-]

A minor difference compared to the other structural codes and guidelines is that Van Breugel does
not take the effective steel ratio, but just the regular steel ratio:
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92

ps,ef - Ac _As

=0.011398 [—]

2
0.4
wm0:2*<—¢*<%) * (1+ agp)

fcm,cubeEs

= 0.034 [mm]

Next, the mean crack spacing should be determined and it equals:

1
Oscr = Ocr </_3 + ae)

= 222.4 [N/mm?]

Now the mean crack width in the stabilized cracking stage can be determined:

_ FCT
05 = A_
S
~ 10000 [N]
6 * %n * 24592 [mm?]

= 350.9 [N/mm?]

o-S
Wiy = 1.8wy0 - 05

Os,cr

= 0.066 [mm]

(B.48)

(B.49)

(B.50)

(B.51)

(B.52)

(B.53)



Crack reopening - Instron data

C.1. Experiment 1 - Zero imposed deformation cracks

Instron force over time
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Figure C.1: Force over time during the reopening of the TSTM cracks

Instron force vs. LVDT displacement
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Figure C.2: Load vs LVDT displacement during the reopening of the TSTM cracks



C.2. Experiment 3 - Two imposed deformation cracks
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Figure C.3: Load vs loading grip displacement during the reopening of the TSTM cracks

C.2. Experiment 3 - Two imposed deformation cracks

Instron force over time
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Figure C.4: Force over time during the reopening of the TSTM cracks

Instron force vs. VDT displacement
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Figure C.5: Load vs LVDT displacement during the reopening of the TSTM cracks



C.2. Experiment 3 - Two imposed deformation cracks
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Figure C.6: Load vs loading grip displacement during the reopening of the TSTM cracks
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