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Summary

Prestressing of concrete with non-metallic reinforcement is an emerging field
in structural engineering, as it can significantly contribute to better exploita-
tion of the mechanical properties of such reinforcement and behaviour of con-
crete structures. Non-metallic reinforcement includes fibre reinforced polymer
rebars and tendons, as well as various types of textile reinforcement. Textile
reinforcement is particularly challenging as a material used for prestressing
because of its geometrical form and structure. Therefore a technology of
chemical prestressing, where expansive cement is used to induce stresses in-
stead of mechanical devices, comes as an alternative yet promising method
for such types of reinforcement.

In the thesis, the chemical prestressing technology is analyzed and applied to
concrete elements with carbon textile reinforcement. The thesis aimed was
to experimentally assess the behaviour of expansive concrete members with
carbon textile reinforcement. Three objectives were undertaken: 1) to prove
whether chemical prestressing of concrete elements with textile reinforcement
is possible, 2) to quantify the introduced prestressing forces and the influence
of prestressing on serviceability limit state with a focus on cracking load, 3)
to analyse the influence of chemical prestressing on aspects relevant for the
design of structural members and on their performance.

A feasibility study was performed to investigate the possibility of prestressing
with expansive cement. Proper concrete ingredients were chosen and mixtures
were designed, following by testing their material properties and the influence
of expansive admixture in various amounts. Expansive strains were measured
with standardized methods, as well as with distributed fibre optic sensors
in specimens that were subsequently subjected to loading tests. Chemically
prestressed concrete elements were tested for uniaxial tensile behaviour, in
bond and flexural tests. Their behaviour was compared with this of non-
prestressed ones.

Measurements of expansion in time and investigations of the behaviour of
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tested specimens have confirmed that chemical prestressing of elements with
textile reinforcement can be realized. In specimens subjected to tensile tests,
concrete prestress estimated from expansion measurements corresponded very
well with calculations from tensile tests results, prestressing effect was also
observed in beams with steel reinforcement and large scale slab specimens
with textile reinforcement. Furthermore, specimens made of expansive con-
crete shown a significantly higher cracking load in comparison to reference
specimens made of concrete without expansive admixture. At the same time,
no deterioration of concrete material properties was observed, on the contrary,
compressive and tensile strength increased with an addition of expansive ad-
mixture and the modulus of elasticity remained on the same level. Finally, an
overall performance index was calculated which described the performance of
chemically prestressed specimens compared to the reference members.

Keywords: chemical prestressing, expansive admixture, textile reinforced
concrete



Zusammenfassung

Die Vorspannung des Betons mit nichtmetallischer Bewehrung ist ein Bere-
ich des Bauingenieurwesens, der zunehmend an Bedeutung gewinnt, weil sie
wesentlich zu einer besseren Ausnutzung der mechanischen Eigenschaften de-
rartiger Bewehrung und des Verhaltens von Betonbauteilen beitragen kann.
Zu den nichtmetallischen Bewehrungen gehören Faserverbundkunststoffstäbe
und Litzen sowie verschiedene Arten von Textilbewehrung. Textilbewehrung
ist als Material aufgrund der geometrischen Form und Struktur für die Vorspan-
nung besonders herausfordernd. Aus diesem Grund stellt die Technologie der
chemischen Vorspannung, bei der Quellzemente anstelle mechanischer Vor-
richtungen zur Einleitung von Spannungen verwendet werden, eine alternative
und vielversprechende Lösung für solche Bewehrungsarten dar.

In der Dissertation wird die Methode der chemischen Vorspannung analysiert
und auf Betonbauteile mit Carbon-Textilbewehrung angewendet. Im Rah-
men dieser Arbeit wurde das Verhalten von Quellbetonelementen mit Textil-
bewehrung experimentell erforscht. Es wurden drei Zielstellungen vorgenom-
men: 1) Nachweis, ob die chemische Vorspannung von Betonelementen mit
Textilbewehrung möglich ist, 2) Quantifizierung der eingeleiteten Spannkräfte
und des Einflusses der Vorspannung auf den Grenzzustand der Gebrauch-
stauglichkeit mit Schwerpunkt auf der Risslast, 3) Analyse des Einflusses der
chemischen Vorspannung auf die für die Bemessung und Leistungsfähigkeit
von Bauteilen relevanten Aspekte.

Zunächst wurde eine Machbarkeitsstudie durchgeführt, um die Möglichkeit
der Vorspannung mit Quellzementen zu untersuchen. Die geeigneten Beton-
bestandteile wurden bestimmt und die Mischungen entworfen. Anschließend
wurden ihre Materialeigenschaften und der Einfluss von Quellzusatzmitteln
in verschiedenen Dosierungen untersucht. Die Dehnungen wurden sowohl
mit genormten Verfahren als auch mit quasi-kontinuierlichen faseroptischen
Sensoren in Probekörpern gemessen, die anschließend in Belastungsversuchen
geprüft wurden. Chemisch vorgespannte Betonelemente wurden auf uniaxi-
ales Zugverhalten, auf Verbund- und Biegeverhalten untersucht und mit den
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nicht vorgespannten Elementen verglichen.

Die Messungen der Dehnungen über die Zeit und die Untersuchungen des
Verhaltens der Probekörper bestätigten, dass die chemische Vorspannung
von Bauteilen mit Textilbewehrung erreichbar ist. Die aus Dehnungsmessun-
gen geschätzte Betonvorspannung den Probekörpern entsprach sehr gut den
Berechnungen aus den Ergebnissen der Zugversuchen, die Vorspannungswir-
kung wurde auch bei Balken mit Stahlbewehrung und großformatigen Plat-
tenprobekörpern mit Textilbewehrung nachgewiesen. Darüber hinaus zeigten
Probekörper aus Quellbeton eine deutlich höhere Belastung bei der ersten
Rissbildung im Vergleich zu Referenzproben aus Beton ohne Quellzusatzmit-
tel. Dabei wurden keine negativen Beeinträchtigungen der Materialeigen-
schaften des Betons beobachtet. Im Gegenteil, die Druck- und Zugfestigkeiten
erhöhten sich bei Zugabe von Quellzusatzmitteln und das Elastizitätsmodul
blieb unverändert. Schließlich wurde ein Gesamtleistungsindex ermittelt, der
die Leistungen der chemisch vorgespannten Probe-körper im Vergleich zu den
Referenzelementen darstellt.

Schlagwörter: chemische Vorspannung, Quellzusatzmittel, Textilbeton
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Chapter 1

Introduction

1.1 Motivation
Prestressing of concrete elements is a way of optimizing their load-bearing
capacity, durability, crack resistance and serviceability limit state, and it can
be used to produce larger, thinner and more cost-effective concrete structures.
Recently, besides fibre reinforced polymer (FRP) reinforcement, the topic of
efficient application of concrete reinforced with carbon textile reinforcement
(TRC, ger. Textilbeton) has gained increasing attention in Germany and
worldwide (Triantafillou, 2016; Peled et al., 2017). TRC is sometimes de-
scribed as a solution between unidirectional FRP rebars and fibre reinforced
concrete (FRC) with randomly oriented short fibres. Its distinct feature is
combining extraordinary mechanical properties of carbon or glass fibres with
a dense structure providing sufficient ductility and deformability. At the same
time, textile reinforcement has most often a form of a two-dimensional grid,
which allows to reinforce elements in both directions simultaneously.

Prestressing of non-metallic reinforcement can contribute to better exploita-
tion of its mechanical properties (Terrasi, 1998; Bergmeister, 1999; Schmidt
et al., 2012; Zdanowicz, Kotynia and Marx, 2019). However, prestressing by
means of conventional technologies which are applied for either steel or FRP
reinforcement, is not easily adaptable for textile reinforcement. Firstly, car-
bon fibres are too sensitive to the transversal forces caused by mechanical
anchorages and secondly, the structure and geometry of textile reinforcement
do not allow to prestress all of the rovings simultaneously. First attempts to
chemical prestressing of concrete with textile reinforcement proved that good
results can be obtained, but such prestressing is not practically feasible and
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18 CHAPTER 1. INTRODUCTION

demands lots of effort (Reinhardt et al., 2003; Krüger, 2004). Actually, no
reliable prestressing method was developed for textile reinforcement.

Therefore the concept of chemical prestressing, which involves expansive con-
crete instead of conventional mechanical anchorages and load cells to prestress
the textile fibres, seems a promising solution to this problem. The chemical
prestressing concept was invented in France in the ’30s and further developed
in Japan in the ’60s, but besides numerous research activities and some pi-
lot field applications did not come to engineering practice (Möll, 1954; Aroni
et al., 1968; Klein et al., 1961; Okamura et al., 1977). Nowadays, this method
might be particularly useful and feasible for textile reinforcement. However,
to be able to apply the chemical prestressing method for TRC members,
thorough experimental research, a deep understanding and reliable models of
expansive concrete behaviour should be provided.

1.2 Research objectives

The aim of this thesis is to investigate the structural behaviour of chemi-
cally prestressed thin textile reinforced concrete members. Since chemical
prestressing is a complex phenomenon, it is of utmost importance to initially
design relevant concrete mixtures and additionally evaluate the strain devel-
opment in time to be able to gain an adequate understanding of the behaviour
of such prestressed elements. In the main part of this thesis, flexural, tensile
and bond behaviour of chemically prestressed specimens were investigated be-
cause they are dominant in typical thin concrete constructions such as façade
elements or slabs.

The specific objectives of the work presented in this thesis are:

1. To prove whether chemical prestressing of concrete members with car-
bon textile reinforcement is possible.

2. To quantify the introduced prestressing forces and the influence of pre-
stressing on serviceability limit state, focusing on cracking load and
pattern.

3. To analyse the influence of chemical prestressing on other aspects rel-
evant for the design of structural members, that is on bond behaviour
of the elements and material properties of concrete (compressive and
tensile strength and modulus of elasticity).
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1.3 Scope of the research and limitations
In the thesis, the flexural behaviour of chemically prestressed concrete mem-
bers with steel and textile reinforcement is investigated. Firstly, strain devel-
opment in time is analysed for various concrete mixtures; secondly, specimens
are cast out of chosen concretes and finally bending, tensile and pull-out tests
are conducted. During the tests the force-displacement relationship is inves-
tigated, strains are being measured in concrete and internal steel or textile
reinforcement, and the cracking pattern is observed.

The topic of chemical prestressing of concrete members with textile reinforce-
ment is a broad field with numerous remaining open questions and areas for
further investigations. This thesis focused on the feasibility study and anal-
ysis of the structural behaviour of such elements. There is still plenty of
limitations, which need to be considered, as they are relevant for a thorough
understanding of the phenomena of chemical prestressing. The main limita-
tions concerning the overall scope of work can be summarized as follows:

• long-term tests of creep and shrinkage were not carried out, yet they
are necessary to characterize the structural behaviour during service life
and possible prestress force losses,

• accelerated ageing of chemically prestressed specimens was also not a
part of the thesis,

• investigations were carried out on the structural level, therefore no de-
tailed material investigations are provided and changes in the chemical
composition of concrete mixtures were not investigated here,

• the influence of environmental conditions on the chemically prestressed
specimens was not studied,

• experimental sample sizes were restricted by the available resources.

Figure 1.1: Scope of the thesis and relevant topics out of scope
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1.4 Thesis outline
The first part "Theory" presents the current state of the art of knowledge
regarding chemical prestressing with expansive admixtures, while the second
part "Experimental research" includes methodology and results of own ex-
perimental research programme.

The following part summarizes the outline and contents of the thesis:

Chapter 1 – Introduction. Here the motivation, background information,
research objectives, as well as the scope of the research and its limitations are
provided.

PART I - THEORY

Chapter 2 – Chemical prestressing. Chapter describes the phenomena
of chemical prestressing, its origins and history, as well as field applications
and existing codes and standards.

Chapter 3 – Expansive materials. Expansive cements and admixtures
are described here with a specific focus on CSA expansive admixtures and
their compatibility with other concrete mixture ingredients. The influence of
expansive admixture on concrete compressive strength, bending crack resis-
tivity and creep is described. Furthermore, factors influencing expansion, the
extent of reaction and re-expansion phenomena are discussed here and the
state of the art in current knowledge about the mechanism of expansion is
provided.

PART II - EXPERIMENTAL RESEARCH

Chapter 4 – Experimental programme. Chapter presents the concept
of the experimental programme and conducted research as well as applied
materials. Specimens, their casting and used nomenclature are described.

Chapter 5 – Concrete parameters. Various concrete mixtures tested
within the work are addressed here as well as concrete compressive strength,
modulus of elasticity and tensile strength of finally chosen concrete mixtures.

Chapter 6 – Expansion measurements. Selected strain measurement
methods and their methodology are presented and the results of strain devel-
opment in time are provided for all types of specimens.

Chapter 7 – Tensile and pull-out tests. Tensile tests on specimens with
carbon textile reinforcement and their results regarding the effect of chemi-
cal prestressing are described and the initial study of pull-out behaviour of
specimens with textile reinforcement is also addressed.
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Chapter 8 – Flexural tests. Bending tests on beams with steel reinforce-
ment and two types of slabs with carbon textile reinforcement are described
and their results are presented. An analysis of prestress is included and dis-
cussed.

Chapter 9 – Conclusions. Summary of experimental research is given to-
gether with the discussion of the results and conclusions drawn from the
investigations. Further research possibilities and outlook are described.
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Part I

THEORY
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Chapter 2

Chemical prestressing

2.1 Phenomenon of chemical prestressing
Chemical prestressing is a concept which assumes that stresses can be in-
troduced into the internal reinforcement without any mechanical device but
through controlled expansion of the concrete itself. In such a way tensile
stresses are introduced into the reinforcement and compressive stresses in
concrete (see Fig. 2.1). To achieve this effect three conditions have to be
met:

1. an expansive admixture must be provided in the concrete mixture in a
suitable amount – to cause expansion which is sufficient to exert stresses,

2. internal reinforcement, which serves as a restraint to concrete expansion,
must be present - otherwise, free deformation occurs and no stresses are
induced,

3. the expansion needs to take place within an effective period, when the
bond between reinforcement and concrete is already provided but when
the concrete is not yet too stiff, otherwise internal concrete structure
might be damaged and material properties worsen.

By adjusting the amount of expansive admixture and taking into account the
properties of the reinforcement as well as the curing conditions, chemically
prestressed components can be designed and manufactured. This type of pre-
stressing can be considered not only as an alternative way for unidirectional
prestressing of composite reinforcement. For concrete elements with two- or
three-dimensional textile reinforcement, there is also the possibility of uniform
and self-acting prestressing in multiple directions.

25
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Figure 2.1: Schematic representation of chemical prestressing: free and
restrained expansion

2.2 History
The idea of using expansive concrete to introduce prestress in concrete el-
ements is attributed to Lossier, who started excessive works on the topic
already in the 1930s in France (Billig, 1952; Möll, 1954; Magnel, 1956; Naa-
man, 2000). His expansive cement consisted of a mixture of ordinary Portland
cement (OPC), sulfoaluminate cement and a stabilising compound, usually
blast furnace slag. Lossier conducted experimental research on the material
level, as well as model investigations on concrete decks, vaults and arches.
He designed for example vaults with 50-cm long keystone made of expansive
concrete (Fig. 2.2). Another application was an idea of a beam constructed
of two separated parts, with continuous reinforcement going through both of
them. The middle joint between two beams should be filled with expansive
concrete and in such a way prestress can be applied (Fig. 2.3) (Möll, 1954).

Figure 2.2: Vault with expansive concrete in keystone (Möll, 1954)
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Figure 2.3: Beam with joint filled with expansive concrete (Möll, 1954)

Billig also summarized the developments of Lossier and concluded, that in
1952 it was "not yet possible to produce in this way preliminary stresses of
specified value with any accuracy" (Billig, 1952). Despite this fact, expansive
concretes were used to repair war-damaged arched bridges, as the application
of expansive concrete in holes resulted in perfect bond as well as additional
pressure on the arch.

The development of expansive concrete in its current form started again after
II world war at the University of California at Berkeley, where Klein and
Troxell developed an expansive compound, namely an anhydrous calcium
sulfoaluminate (Klein et al., 1961). Later on, this compound was sometimes
named "Klein compound" or "Type K cement" and is until now the basis
for CSA admixtures type. First research activities and further developments
of expansive concrete were pursued in following years (Lin and Klein, 1963;
Aroni et al., 1968; Li, 1965; Mehta, 1967; Bertero, 1967; Benuska et al., 1971).

In Keil (1971), the development of expansive cements beginning from Lossiers’
type until Type K cements are described in detail from the material point
of view. In 1966 prestress with a magnitude of about 200 N/mm2 in the
steel reinforcement was introduced in laboratory conditions, which made the
technology of chemical prestressing worth developing further to profit from
practical applications. Krenkler (1980) described later developments in the
expansive cements field and stated that the problem with expansive concretes
is that they require loads of specific knowledge and therefore their industrial
introduction is very slow although there is a need for such technology from
the industry. Other researchers suggested however that "it is doubtful that
chemically prestressed concrete will replace mechanical prestressing where
high percentages of steel and high levels of prestress are required" (Aroni
et al., 1968).

2.3 Field applications
Although numerous research studies and analyses can be found in the liter-
ature, not many field applications are described. Here findings of published
applications of expansive cement are shortly summarized.
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Expansive Cement in Japan

Nagataki (1980) summarized various applications and the market of expansive
concretes in Japan up to the 1980s. In 1976 the production of expansive
cement reached 1% of the total cement market. Generally, at this time in
Japan concretes with expansive admixtures were divided into two groups:
shrinkage compensating concrete (with expansive admixture content about 25
– 30 kg/m3) and self-stressing concrete (40 – 60 kg/m3). Numerous examples
of application of expansive concretes could be found in Japan at this time
– for instance, slabs on the ground (with the amount of expansive additive
within the range of 26 – 40 kg/m3) or underground structures, such as conduit
tunnel linings (with increased amount of expansive admixture, up to 60 or 70
kg/m3).

Furthermore, in Japan up to 1976, about 85% of the produced box culverts
(i.e. 170 thousand tonnes) were chemically prestressed (Okamura et al., 1977).
In 1995, about 1,700,000 m3 of expansive concrete was used yearly with the
share of 30% of cast-in-place concrete and 70% of precast concrete (Nagataki
and Gomi, 1998).

According to a Technical Committee Report JCI-TC094A published by Japan
Concrete Institute, nowadays, expansive concretes are still the most popular
in Japan, where the ratio of use of expansive concrete to total ready-mix
concrete increased from 0.4% to 1.6% from 1994 to 2006 (Hosoda, Morioka,
Tanimura, Kanda, Sakai and Kishi, 2011).

Expansive cement in the USA

Numerous slabs of car parks, garages and highway pavements were cast al-
ready in the 1960s using Type K cement concrete, to avoid drying shrinkage
cracking and/or compensate for high temperatures (Baltimore underground
parking garage) (ACI Committee 223, 1970). Further, already in 1963 in Con-
necticut, an almost 500-meter long experimental section of pavement made
of expansive concrete was cast besides numerous applications of shrinkage
compensated concrete (Li, 1965). In 1972, an estimated 380,000 tonnes of
expansive concrete were used in the USA (Hoff, 1972). This US Army report
mentions, besides applications as shrinkage-compensating concrete, also that
expansive concrete has the ability to prestress the reinforcement what "makes
it very useful in precast operations as concrete pipes, building elements and
modules, and tilt-up construction" (Hoff, 1972).

Besides, expansive concrete and its chemical prestressing possibilities were
utilized by Naval Civil Engineering Laboratory for the application in thin-
shell constructions (Keeton, 1973).
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In the 1990s, Type K cement concrete was used for the construction of five
bridge decks in Wisconsin. Besides these decks, comparison bridge decks
were cast in conventional technology and the members were subsequently
evaluated for cracking and surface distress. However, because of higher cost
and unresolved "surface scaling issues" the application of expansive cement
concrete was not proceeded later (Battaglia, 2012). On the other hand, similar
projects were undertaken more recently in Georgia with promising results:
reduced thickness, curling, cracking and fewer joints needed (Keith et al.,
2006). The possible use of shrinkage compensating concrete reinforced with
fibres for slabs on ground and concrete floors are also documented in a US
Patent and should also lead to no shrinkage cracking, very good floor flatness
and no detectable curling (Rice, 2003).

Field applications in Europe

Although the biggest market for expansive cements and admixtures are Japan
and the USA, expansive cements are also already being applied in Europe.
Three examples of field applications from Italy prove, that using expansive
concrete mixtures with shrinkage-reducing admixtures (SRA) are a success-
ful way to avoid shrinkage-related cracks or opening of joints. One of the
construction sites in Italy where the combination of concrete including SRA
and expansive admixture was used is the Museum of Arts of XXI century
(MAXXI) in Rome, finished in 2006. Several concrete walls, 20 metres high
and 60 metres long with sinuous shape should have no construction joints
(Figure 2.4). Special self-compacting, expansive concrete was designed for
this purpose. After its good performance, similar concretes were then suc-
cessfully used for thick slab on the ground and a channel of a navigation lock
(Troli and Collepardi, 2011).

Figure 2.4: Joint-less walls of the MAXXI in Rome (Troli and Collepardi,
2011)
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In Germany, the usage of expansive cements based on CSA was investigated
and analysed in the 1990s (Breitenbücher et al., 1992), however, no more
field applications can be found in the literature. Expansive concretes are
currently mainly used in concrete slabs on the ground with steel fibre rein-
forcement. Application of CSA admixtures in such elements can compensate
tensile stresses due to restrained contraction and reduce curling et the edges.
Recently a concept of joint-free slabs on the ground made of expansive con-
crete with steel fibres has been described in (Destrée et al., 2018), with several
field applications in Denmark, Lithuania and Norway. In general, curling-free
slabs and screeds is a very important reason for applying shrinkage-free con-
crete with CSA admixtures (Péra and Ambroise, 2004).

2.4 Codes and guidelines
Currently, there are two guidelines or standards which consider expansive
concrete in general. First in the USA, ACI 223R-10 "Guide for the Use
of Shrinkage Compensating Concrete" was published in 1998 and actualised
in 2010 (American Concrete Institute, 2010). The second guideline exists in
Japan since 1993, JSCE No. 75 "Recommended praxis for expansive concrete"
(Japan Society of Civil Engineering, 1994).

ACI 223R-10 guide deals however only with shrinkage compensating concrete
and not with chemical prestressing technology. Nevertheless, it considers
various restraint conditions, reinforcement ratios and arrangements and can
therefore be a useful source also for expansive concrete applications where
expansion is higher than only to compensate for shrinkage. Expansive cements
which are available in the USA are described more in detail in Chapter 3.1.
The guideline gives provisions for structural members such as structural RC
slabs, slabs-on-ground and their joints, post-tensioned elements and walls. It
provides information about concrete mixture compositions and compatibility
with other admixtures. For RC slabs, ACI Guideline states that although the
flexural strength of shrinkage-compensating concrete remained uninfluenced,
there is an effect on the load at which flexural cracking occurs - cracking load
is higher in shrinkage-compensating concretes in comparison with portland-
cement concretes.

JSCE Guidelines (Japan Society of Civil Engineering, 1994) on the other
hand from the beginning differentiates between shrinkage compensating and
expansive concrete (Fig. 2.5). Expansion of concrete at the early stage (2 or
3 days) should be measured according to JIS A 6202 standard (JIS, 1999),
then measurements should be repeated at 7 days and continued further. At 7
days, if expansion values are within the range of 0.15 mm/m and 0.20 mm/m,
concrete can be designated as shrinkage compensating. When expansion at 7
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Figure 2.5: Shrinkage compensating and self-stressing concrete in
comparison with portland cement concrete (Aroni et al., 1968)

days is not lower than 0.20 mm/m and not higher than 1.0 mm/m, concrete is
called chemically prestressed. Expansive admixture contents should be deter-
mined by testing to obtain the required expansion ratio, however according
to JSCE content equal to 30 kg/m3 can induce expansion rates between 0.200
– 0.700 mm/m, whereas with content up to 65 kg/m3 values around 1 mm/m
can be obtained.

When shrinkage compensating concrete is used, so the expansion rate is under
0.20 mm/m, the influence of induced stresses on existing reinforcement does
not need to be considered. When higher values of expansion rates are achieved
and expansion is restrained for example through internal reinforcement in con-
crete, chemical prestress will be induced – which will cause improvements in
crack strength and displacement and deformation properties. Such members
should be considered as prestressed concrete elements. However, the influ-
ence of the expansion of concrete on the reinforcement should be taken into
consideration only during calculations of axial strength, and not for flexural
tensile strength. It is explained that chemical prestressing does not have a
high influence on the lever arm length and thus on the ultimate limit state.
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Chapter 3

Expansive Materials

3.1 Expansive cements and admixtures
Expansive cement is in general, according to the ACI 223R-10, "a cement
that, when mixed with water, produces a paste that, after setting, increases in
volume to a significantly greater degree than does portland cement paste; used
to compensate for volume decrease due to shrinkage or to induce tensile stress
in reinforcement" (American Concrete Institute, 2010). There are various
types of premixed expansive cement which in the United States of America
are differentiated by four letters:

• Type K - a mixture of portland cement, anhydrous tetracalcium trialu-
minate sulfate (C4A3S), calcium sulfate (CaSO4), and lime (CaO),

• Type M - interground or blended mixtures of portland cement, calcium-
aluminate cement, and calcium sulfate,

• Type G - where the primary chemical mechanism for expansion is the
reaction of calcium oxide and water to create the expansive calcium
hydroxide,

• Type S - a portland cement containing a high computed tricalcium
aluminate (C3A) content and an amount of calcium sulfate above the
usual amount found in portland cement.

The difference between types S, M and K is presented in Figure 3.1. Generally
speaking, Type K cement was developed in the USA, while Type M cement
in Russia (Krenkler, 1980). All these cements do not require further mixing
with portland cement, however, it is therefore also not possible to adjust

33
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proportions in order to achieve the desired expansion. In Russia, expansive
cements are additionally divided into three classes: 20, 40 and 60 and they
provide prestress in a magnitude of 2, 4 or 6 N/mm2 (Kurdowski, 2014).

Figure 3.1: Expansive cement types S, M and K compared with normal and
C3A free portland cement (based on (Krenkler, 1980))

In Europe and Asia, this nomenclature is less widely used. The most com-
mon expansive cements are so-called calcium sulfoaluminate cements (CSA),
which are in fact comparable with Type K cements. They contain typically
between 30–70 mass % ye’elimite (C4A3S), belite, gehlenite and calcium alu-
minates (Winnefeld et al., 2017). Which phases are formed during hydration
of CSA cements depends also on the calcium sulfates which are added. In
the presence of calcium sulfates (i.e. anhydrite, hemihydrate or gypsum), et-
tringite and aluminium hydroxide are formed. In absence of calcium sulfates,
when only water is available, the process of hydration of ye’elimite results
in the formation of monosulfate and aluminium hydroxide. Also, the pres-
ence of lime in various form is attributed to differences in hydration processes
(Trauchessec et al., 2015). Expansion mechanisms are complex phenomena
that are believed to be linked with ettringite formation, although not yet thor-
oughly understood. The previous and currently viable theories of expansion
are presented in chapter 3.7.

Expansive properties are not the only difference between CSA and OPC ce-
ments. CSA cements have also shorter setting and hardening times than OPC,
which makes them good for repair purposes, but in casual applications often
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demand using retarders (Pimraksa and Chindaprasirt, 2018). The compati-
bility of CSA cements with commonly used retarders is described in chapter
3.2.1. Furthermore, one of their drawbacks is a lower pH after hydration,
what can cause faster corrosion of steel reinforcement. Lower alkalinity is
however not relevant when non-corrosive, composite or textile reinforcement
is used or can be even advantageous for reinforcement made of glass fibres
(Péra and Ambroise, 2004).

CSA cements are becoming more recognition recently also because they are a
potential low carbon dioxide alternative to ordinary Portland cements (?Hanein
et al., 2018). Lower emissions of CO2 are connected to two reasons: firstly,
the clinkerization temperature is around only 1250°C (which is 200°C lower
than for OPC clinker) and, secondly, the percentage of limestone is lower
(Winnefeld and Lothenbach, 2010; Trauchessec et al., 2015). In comparison of
OPC with CSA cements, not only is the CO2 emission lower (-43% for calcium
sulphoaluminate cement), but also the specific heat consumption during clink-
ering (-14% lower) and crushing energy (-40% lower) (Justnes, 2007). Fur-
thermore, concrete with CSA admixture is being investigated as self-healing
concrete, as its expansive properties allow to effectively close cracks with the
width of 250–400 µm and to decrease the permeability of concrete (Sisomphon
et al., 2012). Last but not least, CSA cements are also studied regarding their
potential to stabilize radioactive wastes (e.g. borate-containing), as their rate
of hydration is less retarded by borate ions than that of ordinary Portland
cements (Champenois et al., 2015).

Currently, more commonly used are so-called expansive admixtures which can
be intermixed with Portland cement in desired ratio and proportions. Ex-
pansive admixtures are generally divided into basing on ettringite formation
(mainly calcium sulphoaluminates) and portlandite formation (mainly based
on magnesium oxide). Figure 3.2 shows a three-component diagram of ex-
pansive admixtures relating to calcium sulfoaluminate series. When concrete
hydrates, expansive hydrates are being produced: ettringite (T), monosulfate
(M) and calcium hydroxide, CaO (Nagataki and Gomi, 1998).

In the work in this thesis, DENKA CSA #20, one of the commercially avail-
able CSA-based admixtures was used. DENKA CSA #20 is an admixture
which contains mostly calcium-aluminium-sulphate (3CaO ·3Al2O3 ·CaSO4),
Anhydrite (Calciumsulphate, CaSO4), and Calcium oxide (CaO).

3.2 Factors influencing expansion
The expansion of concrete with CSA admixture can be influenced by various
factors. In complex compositions, such as concrete mixtures nowadays, the
number of issues that should be considered is high. Eventually, the expansive
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Figure 3.2: Three-component diagram of expansive admixture (Nagataki
and Gomi, 1998)

behaviour of a new concrete mix must be tested before desired application.
Nevertheless, there is a bundle of recommendations and results of previous
investigations, which can help in the design of a proper mixture. Here the
most important for the experimental part of this thesis are summarized.

3.2.1 Compatibility with other materials
In general, CSA admixtures can be mixed with Portland or other types of
cements, however particular concrete mixture ingredients can interfere with
them and influence the expansion or compressive strength of concrete. ACI
223R-10 states, that accelerating admixtures based on calcium chloride should
not be used with expansive admixtures, and for all other accelerators, air-
entraining, water-reducing or retarding admixtures a trial batch and a re-
straint expansion test should be conducted to determine their effect on ex-
pansion (American Concrete Institute, 2010). Numerous further recommen-
dations regarding the compatibility of CSAs are available in the literature,
several most relevant are described in the following sections.

Cements

In general, cements that are not rapid-hardening should be used to let some
time for initial expansion before achieving full strength. A study by Ito et al.
(2004) shows that concrete mixtures containing low-heat cement with expan-
sive admixture or low-heat cement with expansive admixture and shrinkage-
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reducing agent show higher expansion than similar mixtures with ordinary
Portland cement.

This finding was later confirmed by research, which checked the influence of
various cement types on the chemical prestress effectiveness (Iijima et al.,
2013). Two amounts of expansive admixture were tested, i.e. 20 kg/m3 and
40 kg/m3. Cements used in this research were: ordinary portland cement,
low-heat portland cement and high early strength portland cement. The
conclusion was that for higher dosages of expansive admixtures, which should
introduce not only shrinkage reduction but also chemical prestress, the use of
low-heat cement can be desirable as the prestrain achieved for these specimens
was almost twice as high as for specimens made of ordinary cement (Iijima
et al., 2013). Furthermore, high calcium aluminate cements which are prone
to a rapid decrease of compressive strength should rather not be used as a
component of expansive concrete (Nocuń-Wczelik et al., 2011).

Retarders

As CSA cements are generally rapidly setting and hardening, the use of re-
tarders is often unavoidable to achieve proper workability. However, the com-
monly available retarders also influence the hydration process of CSA (Zajac
et al., 2016; Hu et al., 2017). The usage of borax and citric acid retarders
influenced the setting times of the calcium sulfoaluminate cements: when
the amount of retarder increased, also the initial and final setting time in-
creased (from 20-30 to about 55-65 minutes). Although the 1-day compressive
strength of CSA cement decreased when borax or citric acid were used, the
decrease was not observed any more after 28 days, and for mixtures where
retarder was used in an amount of 0.5 - 0.6% by weight of cement, even a
strength increase was observed (Hu et al., 2017).

The effect of Na/K-tartrate, Na-gluconate and borax retarders on the early
age hydration of CSA cements was also investigated at a single addition rate
(2% by mass of cement) and it was proved, that all three retarders suppressed
or slowed down the initial formation of ettringite (Zajac et al., 2016). The
differences between those retarders were that the addition of tartrate and glu-
conate inhibited the growth of ettringite (gluconate slows down the reaction
more than tartrate) and increased the pH of cement paste, while the use of
borax inhibits dissolution of ye’elimite and lowers the pH. Finally, on scan-
ning electron microscopy (SEM) it was observed, that the final morphology
of ettringite also depends on the retarder type (Zajac et al., 2016). There is
however no direct linkage between the type of retarder used and the expansion
of CSA cement.
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Silica fume and fly ash

Silica fume is said to reduce the expansion of CSA-based cements, probably
because the pH of pore solution is lowered and in presence of silica fume,
there is not enough water for hydration (Lobo and Cohen, 1992). For fly
ashes, the topic is more complex. Addition of fly ashes in general decrease
the chloride permeability of expansive cement mortar mixture (Folliard et al.,
1994). According to (Chaunsali and Mondal, 2015b, 2016), an addition of class
C also reduces expansion and shortens the period when expansion takes place,
whereas class F has a positive effect and increases expansion. However, Garcia
Calvo et al. (2017) used class F low CaO fly ashes and Type K expansive
agent in a self-compacting concrete mixture and concluded that the expansion
performance was worse than in plain SCC concrete without fly ashes. The
explanation is that Ca(OH)2 is consumed by hydration of fly ashes or that
setting time is prolonged. Limestone fillers are recommended instead.

Limestone

Free lime, or CaO, has an advantageous effect on expansion (Kurdowski and
Thiel, 1981; Polivka, 1973). Previously, it was believed that in absence of lime,
no effective expansion takes place (Mehta, 1973). This theory was denied for
example by Mather (1984), and although not necessary, lime is indeed impor-
tant for effective expansion. The contribution of limestone to the hydration of
calcium sulfoaluminate cement was studied recently by (Martin et al., 2015),
who by calorimetric analysis concluded that limestone can accelerate the hy-
dration reaction. The addition of limestone to the OPC with CSA admixture
is not only economically advantageous but also indirectly stabilizes ettringite
and increases the volume of formed hydrate phases and enhances the com-
pressive strength development. This stabilising effect (based on the creation
of monocarbonate instead of monosulfate) for OPC was also described previ-
ously (Lothenbach et al., 2008). The presence of lime is also said to retard
the hydration of ye’elimite (C4A3Ŝ) during the first 6 hours (Chaunsali and
Mondal, 2015b).

Gypsum

The presence of gypsum also positively influences the hydration of CSA ce-
ment. With addition of gypsum, hydration is faster (according to isothermal
calorimetry results) than with anhydrite only (Winnefeld et al., 2017). Im-
provement in strength development and hydration kinetics is visible already
when 20% of anhydrite is replaced by gypsum. CSA cements that contain
less than 30% gypsum by mass are said to be rather non-expansive, while a
high expansion up to 4 mm/m in air drying after 14 days was observed for a
50% CSA clinker–50% gypsum mixture (Telesca et al., 2014).
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Aggregates

Expansion can differ also when particular aggregates are used. As mentioned
above, expansion increases when aggregates contain gypsum or other sul-
phates but decreases when large amounts of chlorides are provided in ag-
gregates (American Concrete Institute, 2010). Furthermore, aggregate types
which can accumulate water in their pores (e.g. lightweight aggregates, LWA)
can contribute to higher expansion rates (Aroni et al., 1968). Besides LWA,
also superabsorbent polymers (SAP) can be used to increase the expansion
(Wyrzykowski et al., 2018). Finally, according to (Mailvaganam, 1995), ag-
gregates of high elastic modulus contribute to larger expansion. Therefore a
recommendation is made to use the same aggregates during initial expansion
tests that will be used in actual applications.

Self-compacting concrete

In general, because of the higher volume of paste, self-compacting concretes
(SCC) tend to have higher shrinkage than conventionally vibrated concrete
(Loser and Leemann, 2009; Leemann and Lura, 2014). Therefore, the use of
expansive admixtures in SCC mixtures was described as even more advan-
tageous than in normal concrete, as in SCC "a significant improvement in
post-cracking can be expected" (Kishi et al., 2000). Even in poorly cured
SCC beams, cracking load and ductility were improved. (Garcia Calvo et al.,
2017) compared conventionally vibrated concrete with self-compacting con-
cretes either with limestone filler or fly ashes and two types of expansive
admixtures, Type K and Type G. They observed no significant differences
in expansion behaviour between conventional and SCC mixtures. The most
remarkable observation was that in the SCC mixes air content measured was
higher (Garcia Calvo et al., 2017).

3.2.2 Mixing time and temperature
Mixing water should be possibly free from sulphates or chlorides, otherwise,
it can the expansive properties of concrete (Mailvaganam, 1995). Another
important factor is the mixing time. If mixing is unnecessarily prolonged,
more ettringite is formed during mixing and so the rate of expansion later on
decreases. Especially at higher temperatures prolonged mixing is a serious
threat (Polivka, 1973). Also when the temperature is too low, the expansion
will be inhibited and final strains will decrease (50% decrease for concrete
with the same composition but cured at 7oC in comparison to 21oC) (Polivka,
1973). However, too high temperatures are also not advantageous, as they
cause the strength to increase more quickly. So although the expansion rate
is higher at the beginning, the final strains might be lower than for concrete
cured at normal temperature.
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3.2.3 Geometry and restraint
Expansion occurring at the early stage, when concrete has not yet gained
enough strength and the bond between concrete and reinforcement is weak,
has a much lower contribution to total prestress amount than expansion oc-
curring later. Thus proper curing of concrete members, which provides water
for later stages of hydration, is of great importance. Therefore, also the influ-
ence of dimensions of concrete members needs to be taken into consideration
– elements with higher depths have different moisture contents along their
depth, due to the fact that external moisture curing can not penetrate the
whole depth to the same extent. Thus, expansion values can differ within the
element (Aroni et al., 1968).

Not only is the geometry important, but also the restraint is considered the
most significant issue for chemically prestressed concrete. Uni-, bi- or triaxial
restraint can be applied for a concrete member, among which internal, con-
stant restraint by reinforcement can be distinguished from external restraint,
which can be temporary – e.g. to encounter only for the expansion occur-
ring in the first phase of curing of the element. Reinforcement embedded
in concrete needs to be analysed during the design of chemically prestressed
members. Also during the construction phase, unpurposive changes of the
location of rebars can induce additional, unplanned stresses and unsdesirable
distortions.

Surface elements need only biaxial restraint and their reinforcement ratio is
usually of moderate values, therefore chemical prestressing can be a particu-
larly good solution for such members. In prismatic structures such as beams
or columns usually higher prestressing stresses are necessary and not always
they can be achieved through expansive concretes. According to (ACI Com-
mittee 223, 1970), chemically prestressed concretes might also require mild
bi- or triaxial restraint because lateral deformations due to expansion might
have a detrimental effect on the concrete strength. Furthermore, restraint
should be symmetrical, otherwise differences in deformation and subsequent
warping might occur.

However, in most of the research published, only uniaxial reinforcement is
provided as internal restraint, the same is valid for most of the theoretical
models for prestress analyses. Results with biaxial restrain are scarce (Okada
et al., 1983; Ishikawa and Tanabe, 2010). It is believed that when specimens
have biaxial restraint, the chemical prestressing in one direction reduces the
expansion in another direction. Okada et al. (1983) introduced a formula (Eq.
3.1) which attributes for this decrease:

"RX = "Rx0 �Kx · "RY + ⌫ · "cey (3.1)
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where:

eRX, eRY - restrained expansive strains under biaxial restraint in the direction
of X and Y,
eRx0 - restrained expansive strains under uniaxial restraint,
ecey - elastic strain caused by chemical prestressing,
Kx - expansion reducing coefficient,
n- Poisson’s ratio.

If no restraint is provided, microcracks occur in expansive concrete specimens
(Sakai and Kishi, 2012). Figure 3.3 shows a result of SEM analysis of two
unrestraint specimens, made of normal concrete (left) and concrete with ex-
pansive admixture (right) with a magnification of 300 times. The length of
microcracks is around 10µm in normal concrete and around 100µm in expan-
sive concrete. Such microcracks in concrete structure might cause nonlinear
behaviour of expansive concrete when compared with normal concrete (Sakai
and Kishi, 2012). When restraint is given the changes in volume are limited
and expansion strains are lower, which decreases the development of microc-
racks.

Figure 3.3: Microcracks visible in normal concrete (left) and expansive
concrete (right) in SEM pictures with magnification of 300 times
(Sakai and Kishi, 2012)

3.2.4 Water curing and re-expansion phenomena
As mentioned above, expansion is strongly influenced by water curing, either
from an external or internal source. A sufficient water supply is essential to
obtain a proper expansion of concrete. Also, by limiting the amount of water
or the time when it is available, the expansion degree can be controlled.

In general, curing in water is often performed and considered as advanta-
geous, although only in the early age of concrete – according to (Okamura
et al., 1977), up to maximum of 10 days after concreting. Although curing
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in water provides the most rapid expansion, the same expansion rate can
be obtained with curing in fog (loose-fitting membrane) (Klein et al., 1961).
Hoff (1972) indicates, that water curing for minimum of three days is opti-
mal, although curing membrane can also be applied. It is important to retain
all the moisture in concrete and prevent evaporation, therefore curing with
plastic sheets had limited success (Hoff, 1972). Another possibility of provid-
ing enough water supply is the method of internal water curing. There are
two main methods of internal water curing – using pre-saturated lightweight
aggregates or super-absorbent polymers (José Oliveira et al., 2014). These
methods can contribute to the mitigation of shrinkage and may function as
well with expansive admixtures.

The early-age curing is indispensable for expansion and if in the first period
the members are not cured properly, expansion can take place later when
members are exposed to rain or high humidity atmosphere. According to the
JCI Technical Committee on Performance Evaluation of High Performance
Expansive Concrete (Hosoda, Minoru, Tanimura, Kanda, Sakai and Kishi,
2011) when the water/binder ratio is lower than 0.3, expansive admixture
might remain unreacted and delayed re-expansion can take place. However, if
an expansive admixture with higher fineness is used, its efficiency can increase
so that there is no unreacted part remaining.

To understand the re-expansion phenomena, it is necessary to ensure which
part of the expansive admixture added to the mixture has already reacted.
If unreacted expansive admixture is present and water is provided later (eg.
in form of rain, humidity or external supply), expansion may continue. The
extent of reaction of ettringite can be described with a parameter R, which is
a ratio of supplied CS to required CS (Sousa Ribeiro, 1998). It is, in other
words, "percentage of reactivity of expansive agent in expansive cement blend
(the supplier of aluminates) controlled by means of sulphates". R is a param-
eter that reflects the extent to which the substrates convert to ettringite. If
R = 100%, the reaction was the most efficient and the whole expansive agent
reacted, however sometimes in this case the magnitude of expansion is too
high and leads to the destruction of the material. On the contrary, values
of R lower than R = 55% mean negligible and ineffective expansion (Sousa
Ribeiro, 1998; Olek and Cohen, 1991).

Bertero (1967) investigated the re-expansion phenomena. The research in-
cluded ten specimens, out of which four were placed into water curing with
1-day delay (after casting), and the other have following delays in begin of
water curing: 3, 6, 8, 10, and two specimens delayed by 11 days. After casting
and before placing in water, specimens were wrapped in polyethylene sheets
and stored at room temperature. It was observed, that in the time of first
24 hours no expansion occurred for specimens without water curing, and the
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expansion was also delayed for specimens that were without water curing for
a longer time. The expansion was retarded as soon as specimens were placed
in water again, the longer was the delay period, the higher expansion rate
was observed within the first four days and the longer was also the time nec-
essary to achieve a stabilised value of expansion. However, the total loss of
expansion was not higher than 10% and the compressive strength was also not
influenced, contrary to the stiffness of the specimens. Secant modulus of elas-
ticity was approximately 30% lower than for conventional member (Bertero,
1967).

Thus, understanding the mechanism of expansion, and possibly the ability
to measure or calculate the extent of expansion is necessary to avoid the
undesired increase in introduced prestressing.

3.3 Influence on compressive strength
As far as the changes in compressive strength are considered, two schools of
thought are present in the literature. The first one states that a decrease
in compressive strength is unavoidable when expansive agents are used and
it is directly related to the amount of expansive admixture. The second one
claims that strength decrease is not necessarily to be observed, either because
changes in the structure of concrete influence compressive strength positively
or because reinforcement provides sufficient restraint for concrete.

And so, Klein et al. (1961) claim that when expansion exceeds 0.3% - 0.4%, the
compressive strength decrease is large and achieves up to 50%. Also, Bertero
(1967) investigated the influence of curing time on the compressive strength
and observed that for expansive concretes compressive strength increases only
within the first ca. 10-12 days of water curing. Afterwards compressive
strength values decreased and compressive strength of specimens cured under
water for 21 or 28 days was about 40% lower than for specimens cured for
5 days. Such a significant drop in strength was justified by an increase in
mortar stiffness and transverse expansion ratio. The transverse direction
was unrestrained (transversal expansion reached up to 2%, while longitudinal
about 0.3%) and therefore additional strains caused deterioration of concrete
mechanical properties.

Another theory says that compressive strength might increase because as
expansion proceeds, concrete "heals itself" and fills in the pores and empty
spaces in its structure (Aroni et al., 1968). In such a way compressive strength
of expansive concretes might be higher than that of normal concrete. Mailva-
ganam (1995) defines an expansion threshold - when expansion exceeds 0.3%
and is unrestrained, the strength of concrete can be reduced, but when enough
restraint is guaranteed the decrease of compressive strength can be avoided.
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Similarly, Jia et al. (2016) present a hypothesis that up to some extent, the
concrete structure gets denser (as the pores are filled with expansion prod-
ucts), and above this threshold, expansion leads to defects in the structure
of concrete and therefore a decrease in strength is observed. A strength in-
crease of 2% and a decrease of 15% was observed with expansive admixture
amount in the range between 7% and 25%. On the other hand, experiments
conducted on Type K expansive admixtures showed almost no influence (less
than 1% loss) on compressive strength, although the additive was applied in
high amounts reaching 15% and 20% (Carballosa et al., 2015).

The positive influence of expansive admixtures on compressive strength was
also observed when expansive admixture was used simultaneously with SRA
(José Oliveira et al., 2014). The use of common SRAs caused a decrease
in compressive strength of concrete equal to around 30%, and this decrease
remained constant after 28 days (experiments were repeated after 9 months).
However, when SRA was used simultaneously with expansive admixture, a
lower reduction of compressive strength was observed after 28 days (up to
23%). What is more, strength developed further after 28 days and therefore
a kind of recovery was observed as after the next 9 months there was almost
no reduction in compressive strength (up to 1.6% decrease).

In conclusion, there is no unified opinion of the researchers on the influence
of CSA-based expansive admixtures on the compressive strength of concrete.
Results obtained within this work are presented in Chapter 5.1.

3.4 Influence on bending crack resistivity
Bending crack resistivity, or the load at which cracks occur when specimens
are subjected to flexure, might be also influenced by the use of expansive ad-
mixtures. According to Okamura et al. (1977), the bending crack resistivity is
increased by using expansive concrete and producing chemically prestressed
elements. Furthermore, bending crack width of chemically prestressed con-
crete members should be smaller than in non-prestressed elements. The same
is valid for diagonal crack resistance when shear forces are acting – when
chemical prestress of concrete between 2 and 5 N/mm2 was introduced into
elements, their diagonal crack resistance was increased by 20 to 40% in com-
parison to non-prestressed concrete (Okamura et al., 1977).

Hosoda and Kishi (2001) claim that improved cracking load and reduced
crack width are considerable advantages of chemical prestressing. However,
they state that there is a difference in the tensile behaviour of conventionally
prestressed concrete members and elements prestressed chemically. In tensile
tests, conventional specimens exhibit linear behaviour up to cracking, whereas



3.4. INFLUENCE ON BENDING CRACK RESISTIVITY 45

chemically prestressed ones show nonlinear behaviour (i.e. plastic deforma-
bility) even before cracking (Fig. 3.4). This leads to a conclusion, that the
crack resistance is improved not only due to prestress, but also because de-
formability is greater. It is believed that plasticity is a result of the collapse
of voids in concrete and of slippage between aggregate and mortar. Further,
the contribution of plasticity in expansive concrete to the crack resistance is
so high, that “the effects of expansive agent cannot be rationally evaluated
only in terms of stress” (Hosoda and Kishi, 2001).

Figure 3.4: Stress-strain relationship under tensile test of normal mortar
(NM) and expansive mortar (CP) after 3 days (Hosoda and
Kishi, 2001)

Elasto-plastic fracture (EPF) model is adopted which for uncracked concrete
classifies sources of nonlinearity into fracture and plasticity, where the fracture
is understood as the "elasticity damage caused by dispersed defects with
no clear localization" and plasticity means unrecoverable deformation (Fig.
3.5) (Maekawa et al., 2003). Thus, a fracture affects ultimate strength while
plasticity the deformation of concrete.

Concrete is modelled as a set of elasto-plastic components, where springs
refer to elasticity and sliders to plasticity. Breaking those springs means that
fracturing damage occurs. For chemically prestressed concrete, in the EPF
model we can assume that new elements (spring-slider pairs) are produced
during the hydration process, and due to expansion, each element has its
initial strain even before the tensile strain is applied (Hosoda and Kishi,
2001). Therefore, during loading various spring-slider pairs are damaged at
different load levels, which leads to observed stiffness decrease. Fracture is
caused by accumulated damage in concrete structure: microcracks in the
structure, microscopic buckling and collapse of the mortar and aggregates
(Hosoda and Kishi, 2001). EPF model explains why for expansive mortar a
stiffness decrease is observed after unloading when maximum tensile stress
increases, while for normal mortar there is no difference in stiffness.
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Figure 3.5: Scheme of the elasto-plastic fracture (EPF) model (Maekawa
et al., 2003)

Hosoda and Kishi (2001) claim also, that expansive strains become uniform
in sections more than 500 mm from the member’s end, therefore in four-
point bending tests, a sufficient length is crucial to provide uniform moment
distribution in the designated area. This issue is further addressed in chapter
6 with expansive strain measurements.

3.5 Creep of expansive concrete
Creep deformations belong to the load and time-dependent deformations
that concrete undergoes from the beginning of its loading and that con-
tinue to progress during its use. Creep deformations must be separated from
shrinkage and expansion deformations since these two components are load-
independent. The creep of concrete results mainly from the creep tendency
of the hardened cement paste. On the contrary, the creep of aggregates is
relatively low and can usually be neglected.

From the field of prestressed concrete structures, it is known that concrete
creeps under compressive stress and that it leads to losses of prestress force.
Regarding the creep of expansive concrete, there is an open question if the
advantages of expansive concrete will not be utilized fully because of creep
of concrete, which will eventually decrease the prestressing effect. Unlike the
investigations of the shrinkage behaviour, there are still not many studies on
the creep behaviour of the chemically prestressed concrete.

Okamura et al. (1977) assumed that lower creep deformations occur when
CSA is used. They support their assumption with the fact that since the ex-
pansion of concrete begins at a very early age and compressive stresses which
are introduced into concrete increase gradually, the prestress has already been
influenced by creep up to that time. This implies that following creep defor-
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mations will be lower than when prestress is mechanically applied “all at once”.
Furthermore, it is believed that expansion energy exists in concrete elements
even after the time when expansion seems finished. The reason for such belief
is because although the expansion is constant after 28 days under restrained
conditions when restraint is temporarily released, some more expansion can
be observed even after a longer time. It can contribute to contradicting creep
deformations (Okamura et al., 1977).

Aroni et al. (1968) also argue similarly. The creep deformations are lower
if expansion admixtures are added to the concrete. This is attributed to
the creep process, which already takes place when the expansion agent is
added as a result of the expansion and the associated self-prestressing. Creep
under external load is therefore substantially reduced since part of the creep
deformation has already been completed.

A recent study by Sirtoli et al. (2019) investigated the influence of CSA ce-
ment on creep behaviour. Three different mixtures were used: pure Portland
cement, complete replacement of the Portland cement by CSA cement and
a mixture of Portland cement with CSA cement in a ratio of 50% to 50%.
The respective creep tests show that the typical creep is greater when using
pure Portland cement than when using CSA cement. A mixture of Portland
cement and CSA cement shows a further reduction in creep deformation.

All three approaches presented here indicate a lower creep deformation in
the presence of CSA or expansive admixtures compared to normal concrete.
However, in the literature, there is only insufficient information regarding the
effects of creep of the expansive concrete, the decrease in chemical prestressing
due to creep, and the general factors influencing the creep processes. Further
research should be carried out in this area to be able to make reliable state-
ments regarding the creep behaviour of expansive concrete and to estimate
the prestressing force losses resulting from the creep phenomenon.

3.6 Long-term behaviour and durability
Long-term stability

Long-term behaviour and possible prestress losses are an important issue dur-
ing design of chemically prestressed specimens, especially as the introduced
prestress levels are usually not very high. Research conducted by He et al.
(2009, 2010) aimed to estimate the long-term behaviour of expansive con-
crete. Measurements of deformations were conducted on a three-year basis.
Concrete prisms with dimensions of 100 x 100 x 550 mm3 were reinforced
with either steel rebars, steel fibres or a combination of both. The concrete
mixture was based on sulfoaluminate expansive cement, lime rock coarse ag-
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gregate with a size of 5-20mm, medium sand and gravel. The exact amount of
expansive agent in cement is not provided, however concrete prestress should
be between 3 and 5 N/mm2). Results proved that losses of prestress intro-
duced with sulfoaluminate expansive cement were neglectable. Indeed, the
deformation achieved after about three months was almost the same as the
deformation after 36 months (He et al., 2010). The same is confirmed by
Nagataki and Gomi (1998), who claim that if the expansive concrete has ob-
tained proper water curing, it does not change the expansive rate after it has
reached a settled value.

Freeze-thaw resistance

Freeze-thaw resistance is also an issue that might interfere with practical ap-
plications of chemically prestressed elements. Concrete with CSA admixture
should have similar freeze-thaw resistance as Portland-cement concrete, un-
less it has excessive expansion or not enough restraint provided, then the
resistance might be lowered (Nagataki and Gomi, 1998).

In research conducted by Wisconsin Department of Transportation in the
USA, specimens were placed in 5% NaCl solution after 28 days of curing and
then 300 cycles of freezing and thawing were applied. After every 100 cycles
loss in mass was measured and compared. After 100 and 200 cycles results for
Denka CSA #20 specimen were almost the same as for the control specimen,
however, after 300 cycles loss in mass for Denka CSA 20 was equal to 5.4%,
whereas for the control specimen it was the only 1.7% (although both still
below the 10% threshold permissible in WisDOT Specifications) (Bischoff and
Toepel, 2004).

Carbonation of concrete

Also regarding the carbonation of concrete, using CSA admixtures might have
a positive effect on the durability. Depth of carbonation measured on plain
concrete and expansive concrete samples after 8 and 22 years shown, that
depth of carbonation in expansive concrete after 8 years is lower and after 22
years about the same as in normal concrete (Nagataki and Gomi, 1998).

3.7 Mechanism of expansion
Mechanism of expansion of CSA cement is not yet thoroughly understood
and thus estimating expansion and prestress is challenging as well (Zdanow-
icz and Marx, 2019a). Because of the gaps in knowledge about the chemical
behaviour of CSA during its hydration and multiple factors which influence
this behaviour, it is not yet possible to estimate the expansion of a given
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concrete mixture basing only on its composition. Trial batches and test spec-
imens are necessary before the application of a new mixture or even changes
in an existing one. Nevertheless, several hypotheses about the mechanism
of expansion are available and are summarized here to show the direction of
developments in this area.

3.7.1 Crystal Growth Theory
Crystal growth theory is one of the oldest theories of expansion; it assumes
that the growth of the ettringite crystals is responsible for the expansion of
calcium sulphoaluminates cement. Various hypotheses were stated regarding
the formation of ettringite crystals and how they contribute to expansion
(Cohen, 1983). At first, it was believed that ettringite crystals grow on the
surfaces of the expansive particles and contribute to exerting expansive force.
It assumed that expansive particles (C3A and C4A3S) are spherical and that
ettringite (C6AS3H32) created during hydration process (Eq. 3.2 and 3.3)
forms a layer on these particles. With further hydration, the thickness of
this ettringite layer increases and pushes other particles apart, thus leading
to expansion.

C4A3S + 8CS + 6C + 96H ! 3C6AS3H32 (3.2)

C3A+ 3CS + 32H ! C6AS3H32 (3.3)

This model was later validated and it was found out that ettringite does not
form as a layer, but as irregular particles in the first phase and as needle-like
crystals later on. The long crystals were believed to later be arranged radially
around C4A3S particles. Further, it was discovered that although ettringite
crystals are indeed formed at the surface of the C3A particles, they do not
remain there but eventually peel off and are later distributed in the solution.
Other theories said that not the total ettringite amount was contributing to
the expansion and that some of the ettringite was created in existing voids in
the concrete structure and did not cause expansion, so there is no direct link
between the ettringite amount and expansion rate (Cohen, 1983).

3.7.2 Swelling Theory
Another theory of expansion is based on the assumption that ettringite is
formed as colloidal crystals with a gel-like structure. The crystals have a large
specific surface area and they absorb water particles on their surface, which
leads to exerting swelling pressure and thus to expansion. In the absence
of lime, however, colloidal ettringite cannot be formed and the crystals are
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rather long, which means that their adsorption of water is also lower and does
not contribute to expansion (Mehta, 1973). This theory was is also believed
not to be valid (Mather, 1984; Bizzozero et al., 2014).

3.7.3 Theory of Crystallization Pressure
Another possibility, a theory of crystallization pressure, checks if a solution
is saturated, undersaturated or supersaturated. In the last case, when the
logarithm of the ratio of ion activity product to the solubility product is higher
than zero, pressure can be exerted by crystallization, and this crystallization
pressure finally leads to expansion (Bizzozero et al., 2014). However, crystals
growth happens first in the free space (so in the larger pores) without exerting
expansive forces, therefore the geometry of the pores and the pore solution
also influence the ability of a cement paste to cause crystallization pressure.
This influence of pore structure features such as pore size distribution was
also recognized in (Chaunsali and Mondal, 2015a).

Figure 3.6: Results of thermodynamic modelling of hydration of a CSA
cement (Hargis et al., 2018)

Hargis et al. (2018) pursued the path of crystallization pressure as responsible
for expansion in CSA cement. They investigated the hydration process and
expansion of CSA cements with various calcium sulfate to ye’elimite ratios and
raised an important issue – as described above, it is well known, that ettrin-
gite contributes to the expansion, but can the whole expansion be attributed
only to ettringite? If the theory of crystallization pressure is adopted, any
crystallising phase might be contributing to the expansion of CSA concretes.
In their study, monosulfate, CAH10, AH3 and strätlingite were considered
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and their hydrostatic tensile stress and the potential effect on expansion were
calculated, however it is necessary to confirm these effects experimentally to
understand why the pressure exerted by some hydrates is higher than by oth-
ers. Figure 3.6 shows results of thermodynamic modelling of hydration of a
CSA cement with a molar ratio of calcium sulfate to ye’elimite of 1 (Hargis
et al., 2018). The theory of crystallization pressure remains currently the
most viable approach to understand the mechanism of expansion of calcium
sulphoaluminate cements or concretes with CSA admixture.
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Chapter 4

Experimental programme

4.1 Programme of experimental research

The aim of the work was to find out if the chemical prestressing of speci-
mens with carbon textile reinforcement is possible. For this purpose, it was
necessary to conduct numerous material investigations of various concrete
mixtures to determine a concrete mixture suitable for chemical prestressing.
These investigations included first of all strain measurements (shrinkage and
expansion, free and restrained, short- and long-term) to provide a mixture
that can produce sufficient stress level (Chapter 6). Secondly, when the choice
was already limited to maximum of four mixtures, material tests were con-
ducted: compressive strength of concrete, modulus of elasticity and concrete
flexural tensile strength (Chapter 5). Material investigations were followed by
structural tests (Chapters 8 and 7) . Firstly, flexural tests were conducted on
small-scale slab specimens with carbon textile reinforcement as a preliminary
feasibility study. Secondly, large-scale slab specimens with carbon reinforce-
ment were tested in four-point bending tests, followed by analogue tests on
beam specimens with steel reinforcement as a validation. Flexural tests of
beams and large-scale slabs were carried out up to a deflection of 40 mm to
observe the cracking behaviour and behaviour under loading and unloading
cycles. Finally, tensile and pull-out tests were conducted on specimens with
textile reinforcement as well, to validate the influence of expansive admixtures
and chemical prestressing in a plain, uniaxial stress state.

55
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4.2 Materials and specimens nomenclature

4.2.1 Concrete mixtures
The preliminary analysis included concrete mixtures based on CEM I 42.5 N,
CEM I 52.5 R, and CEM II/A-LL 52.5 N. Maximum aggregate size ranged
between 8 and 16 mm. Two types of superplasticizers were tested, Polycar-
boxylate ether (PCE) and Poly-Aryl-Ether (PAE), initially also amounts of
CSA expansive admixture equal to 6% and 10% of cement weight were tested.
After the preliminary analysis, the final mixture was chosen for further ex-
perimental part based on the analysis of the expansion process and time of
expansion, as well as on the magnitude of expansion and material properties
of concrete. It was a self-compacting concrete (SCC) mixture, based on the
CEM II/A-LL 52.5 N cement (w/c ratio of 0.38), with an addition of fine
limestone to improve its expansive properties (vide Chapter 3.2.1). As ag-
gregates quartz and granite with a maximum size of 8 mm were used. Poly-
carboxylate ether (PCE) superplasticizer was added to achieve the desired
workability. The reference mixture with no expansive admixture is further
referred to as C00 mixture, other mixtures have an addition of CSA-based
expansive admixture in an amount of either 15%, 20% or 25% based on the
cement weight. The detailed composition of the mixture is a subject of pri-
vacy agreement with the company involved in the project (Zdanowicz and
Hansen, 2019). The slump flow of all SCC mixtures was between 750 and
850 mm and thus the mixtures were classified as consistency class SF3 acc.
to EN 206 (EN 206:2013, 2013). Mixing time and regime was constant for all
mixtures, as prolonging the mixing time can lead to a decrease in expansion
rate (see Chapter 3.2.2). For all mixtures, the total mixing time equalled 360
seconds. The setting time was checked with a penetrometer according to stan-
dard ASTM C 403 (ASTM, 2016) to determine the time to start expansion
measurements.

4.2.2 Textile reinforcement
In all specimens reinforced with carbon textile reinforcement the same type
of textile grid is used, namely solidian GRID Q142/142-CCE-38 (Figure 4.1)
(Solidian GmbH, 2017).

Figure 4.1: Textile reinforcement solidian GRID Q142/142-CCE-38
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It is a textile material consisting of carbon fibres impregnated with epoxy
resin. Its characteristic tensile strength equals 1900 MPa, average tensile
strength 2500 MPa and the modulus of elasticity is at least 180 GPa. The
axial distance between carbon strands in both directions is equal to 38 mm
and the cross-sectional area is 142 mm2/m. The width of single rovings is
around 4-5 mm and thickness about 1-2 mm, so that the cross-sectional area
of a single roving equals in average 5.42 mm2. In all specimens, one layer of
the textile reinforcement is located in the middle of their depth.

4.3 Specimens

4.3.1 Nomenclature
In the thesis a unified nomenclature of specimens is used. The initial part of
the name tells which concrete mixture was used, that is if the element is a
reference, non-prestressed specimen (C00) or a specimen made of expansive
concrete (C15, C20, C25). Second capital letter designates the type of test
conducted (S and F - flexural tests of large and mid-scale slabs, B - flexural
tests of beams, P - pull-out and T - tensile test), and the following small
letter a - d is a designation of a particular specimen (there were always at
least two specimens casted for each test series). Specimens are summarized in
the Table 4.1, however the table does not include many further specimens used
for material tests, tests of concrete properties and expansion measurements
which are mentioned in Chapter 5 or in further literature (Zdanowicz and
Hansen, 2019; Zdanowicz and Marx, 2019a; Zdanowicz et al., 2020).

4.3.2 Geometry
Pull-out specimens (P-specimens)

For pull-out tests, specimens were cast from C00 and C20 mixtures. Their
dimensions equalled 450 x 100 x 20 mm3 and the carbon textile reinforcement
was located in the middle of their depth. There were in total three longitu-
dinal carbon rovings going through the specimen. Specimens were stored for
24 hours in the formwork covered with foil at the temperature of 20oC, then
removed from formwork and stored for the next 27 days in an environmental
chamber with 20oC and 65% RH. They were placed horizontally on the oiled
formwork plates to avoid additional restraint and bending.

After 21 days the specimens were prepared for the tests by performing saw
cuts as shown in Figure 4.2. The length of the two cuts on both sides, which
aim was to cut through the external rovings, equalled 40 mm and was per-
formed 165 mm from the specimen’s edge. The cut through the middle roving
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Table 4.1: Specimens: nomenclature and dimensions

Specimen name Concrete Dimensions [mm]

Flexure – large slabs
C00_S_(a,b,c) C00
C15_S_(a,b,c) C15 2000 x 1000 x 30
C20_S_(a,b) C20

Flexure – mid-scale slabs
C00_F_(a,b,c) C00
C15_F_(a,b,c) C15 1300 x 150 x 30
C20_F_(a,b,c) C20
C25_F_(a,b,c) C25

Flexure – beams
C00_B_(a,b,c) C00
C15_B_(a,b,c) C15 2000 x 160 x 160
C20_B_(a,b,c) C20

Pull-out
C00_P_(a,b,c) C00 450 x 100 x 20
C20_P_(a,b,c,d) C20

Tension
C00_T_(a,b,c) C00
C15_T_(a,b,c) C15 400 x 100 x 30
C20_T_(a,b,c) C20

was also 40 mm long and performed 90 mm from the edge of the specimens
so that the specimen was divided into two sections, with a bond length of 75
mm.

Figure 4.2: Pull-out specimens geometry and performing the middle saw cut
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Tensile specimens (T-specimens)

For tensile tests, three specimens were cast out of C00, C15 and C20 mixtures.
All specimens had dimensions of 450 x 100 x 30 mm3 and they were reinforced
with a single sheet of a carbon textile reinforcement placed in the middle of
their depth (Figures 4.3 and 4.4). Specimens were stored for 24 hours in
the formwork covered with foil. After this time, they were removed from the
formwork and stored in an environmental chamber with 20oC and 65% RH.

All specimens were provided with DFOS sensors located in the middle of
their length (Fig. 4.3). Fibres were introduced to and out of specimens on
their sides so that on the middle textile roving the measurement length was
equal to ca. 280 mm. Such arrangement ensured that compression caused
by clamping of the specimens during tensile tests will not damage the optical
fibres.

Figure 4.3: Formwork for tensile specimens with installed DFOS sensors and
location of DFOS sensors in the specimen

Figure 4.4: Concreting of specimens for tensile tests (left) and preparation
for tensile test - clamping steel plates and DIC area visible
(right)

Large slabs for flexural tests (S-specimens)

In total, eight slabs were cast, three of concretes C00 and C15 and two of C20
concrete. The dimensions of the slabs were equal to 1000 x 2000 x 30 mm3
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and they were reinforced with a single sheet of a carbon textile reinforce-
ment (solidian GRID Q142/142-CCE-38 described above), what provided a
geometrical reinforcement ratio rl = 0.47%. The dimensions and reinforce-
ment of the slabs were chosen so that they correspond to the current common
thickness of textile reinforced facade panels, and so that their reinforcement
ratio is equal to the reinforcement ratio of the specimens for restrained ex-
pansion test (RET, cf. 6.1). Mechanical reinforcement ratios, that consider
geometrical reinforcement ratio and the ratio of tensile reinforcement ft and
compressive concrete fcm strengths (Eq. 4.1), were equal to 0.14 for slabs
from C00 series and 0.13 for C15 and C20 series.

!l =
ft ·At

fcm ·Ac

(4.1)

The reinforcement was fixed between two, 15-mm thick timber parts of the
sides of formwork to ensure its proper position, additional distance holders
were used during concreting in the middle of the slab to avoid leveraging of
the reinforcement. Fig. 4.5 present slab formwork with reinforcement and
slabs during concreting.

Figure 4.5: Formwork of the slab with installed reinforcement and
measuring equipment

Slabs and textile grids were equipped with glass fibres (DFOS Sensors, de-
scribed in detail in Chapter 6.1.4). In total four sensors were glued to the
rovings in each direction, two in the middle cross-section and two in 1/4th
of the slab cross-section (named as "G" on the Figure 4.6), while four addi-
tional fibres were fixed only on the beginning and end (free sensors, named
as "F"), and on their length distanced from the reinforcement with soft foam
(to avoid breaking of the sensors). The free sensors should provide measure-
ments of concrete strains. The total length of DFOS sensors equals 15.40 m
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in the longitudinal direction and 7.20 m in the transversal direction. Addi-
tionally, temperature sensors (thermocouples type K) were fixed to measure
the temperature during hardening in the middle of the specimens.

Figure 4.6: DFOS sensors in slabs

Slabs were concreted in horizontal position and stored in the formwork for
48 hours, covered with foil and regularly sprayed with water underneath.
After this time specimens were demoulded and stored vertically (Fig. 4.7)
in environmental conditions with a constant temperature of 20oC. Prolonged
curing in water or moisture-curing was not realized, as it is difficult to realize
in industrial applications.

Figure 4.7: Transport and storage of the slabs
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Mid-scale slabs for flexural tests (F-specimens)

Mid-scale slabs for flexural tests were cast initially as a feasibility study of
chemical prestressing. In total, twelve slabs were made of four concrete mix-
tures: C00, C15, C20 and C25. Their dimensions were 1300 x 150 x 30 mm3

and they were reinforced with a single sheet of a carbon textile reinforcement
(solidian GRID Q142/142-CCE-38 ), what provided a geometrical reinforce-
ment ratio rl = 0.47% (the same as in large-scale slabs). Because the textile
reinforcement was fixed in the sides of the formwork, no additional distance el-
ements were needed (Fig. 4.8). Specimens were stored under foil for 24 hours
and then demoulded and stored in a horizontal position in an environmental
chamber with stable conditions of 20oC and 65% relative humidity.

Figure 4.8: Mid-scale slab specimens during concreting

Beams for flexural tests (B-specimens)

Nine beam specimens were cast for flexural tests, three for each concrete
type: C00, C15 and C20. The dimensions of the beams were 160 x 160 x
2000 mm3. All of them were reinforced with single rebar with a diameter of 12
mm, located in the middle of their cross-section, which provided a geometrical
reinforcement ratio of rl = 0.44%. The square cross-section, beam dimensions
and reinforcement were chosen so that they correspond to the specimens for
the restrained expansion test (RET, Fig. 6.1). Each rebar is equipped with
three electrical strain gauges placed in the middle of the beam and in the
distance of 300 mm to the left and right side, as well as with a glass fibre
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glued near the longitudinal rib (DFOS Sensor named L0, described in detail
in Chapter 6.1.4). On one rebar from each series also a temperature sensor
was located. Additionally, there were five further DFOS sensors placed in the
beams: two near the top side (E1 and E2), two near the bottom of the beam
(E3 and E4) and one in the middle, 20 mm from the rebar (E5). Sensors E1
- E4 were located at a distance of 20 mm from the side surfaces of the beam.
The measuring equipment and their nomenclature are shown in the Figure
4.9.

Figure 4.9: DFOS sensors in concrete beams and their nomenclature

Beams were concreted subsequently during 3 days. Figure 4.10 show photos
of the sensors installed in the formwork and the beams during concreting. For
the first 24 hours, beams were stored in the formwork covered with foil, after
this time they were demoulded and placed in environmental conditions with
a constant temperature of 20oC.

Figure 4.10: Concreting of beams and the measuring equipment installed in
formwork
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Chapter 5

Concrete parameters

5.1 Compressive strength
The specimens for testing the compressive strength were prepared in accor-
dance with EN 12390-3 (EN 12390-3, 2019). For this purpose concrete cylin-
ders with a height of 300 mm and diameter of 150 mm were cast and polished
so as to have dimensions conforming to the standards. EN 12390-1 specifies
a permissible deviation of 0.006 * d to ensure levelness, which corresponds to
a permissible deviation of 0.09 mm for d = 150 mm (EN 12390-1, 2012). The
perpendicularity of the cylindrical specimens was tested in the circumferential
direction at 0°, 120° and 240°, whereby the maximum deviation might be 1.05
mm (EN 12390-1, 2012).

After 28 days and appropriate preparation of the samples, the compressive
test was carried out according to EN 12390-3 (EN 12390-3, 2019). The speci-
mens were aligned centrically under the testing machine, the loading speed of
the strength test under compressive stress was 0.5 N/mm2 per second. The
vertical deformation path was measured with three laser distance sensors in
the third points of the circumferential direction at 0°, 120° and 240° and the
maximum load was recorded. For compressive strength, at least three cylin-
drical test specimens were tested for each concrete mix. Figure 5.1 shows a
specimen in the test setup and the typical fracture pattern after the test. The
results of the compressive strength are summarized in Table 5.1.

In the Figure 5.2 the results of compressive strength are compared for the
mixtures with various amounts of the expansive admixture: 0%, 15%, 20%
or 25% of the cement by weight (on the x-axis). Specimens marked with "K"
were cured in the environmental chamber under 20°C and 65% RH, these with
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Table 5.1: Compressive strength of concrete mixtures

Concrete Compressive strength
Value Mean Std. dev. Mean (batches) COV
[MPa] [MPa] [MPa] [MPa] [%]

86.5
C00 (batch A) 85.3 85.3 1.2

84.2

79.1
C00 (batch B) 81.1 80.2 1.0

80.3 82.7 2.7%

82.1
84.4

C00 (batch C) 81.9 82.7 1.0
82.1
82.9

87.4
C15 (batch A) 82.7 85.5 2.5

86.3

90.8
90.0 88.6 3.6%

C15 (batch B) 87.0 90.2 2.2
90.4
89.3
93.7

95.4
C20 (batch A) 93.1 94.6 1.3

95.4

90.3
C20 (batch B) 90.0 90.0 0.4

89.6

92.2 92.6 2.1%
92.0

C20 (batch C) 93.7 92.8 1.0
94.1
93.0
91.1

67.7
C25 (batch A) 69.9 68.5 1.2 68.5 1.8%

67.8
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Figure 5.1: Compressive test of a concrete specimen and a picture after
failure

"W" for the first 7 days in water at a constant temperature of 20°C.

Figure 5.2: Compressive strength of concretes with various expansive
admixture amounts

As described in chapter 3.3, there is no uniform opinion of the researchers
on the influence of the CSA-based expansive admixtures on the compressive
strength of concrete. Basing on 54 compressive strength tests of various con-
crete mixtures we confirmed the hypothesis that up to a defined threshold
(here defined as expansive admixture amount) there is a positive influence
of the addition of expansive admixtures on compressive strength (+7.1% or
+12% increase for C15 and C20 when compared to reference mixture), how-
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ever after reaching this threshold a sudden drop in the compressive strength
(-17.2% for C25) occurs. Moreover, the threshold is lower for specimens cured
under water than for those cured in the environmental chamber - curing in
water for a prolonged time leads to a decrease of compressive strength in each
mixture with expansive admixture and a severe decrease for specimens where
high amounts of CSA are used, what is caused by a deterioration of the inter-
nal structure of concrete. Not only microcracks occurred in these cases, but
a severe spalling of concrete on its surface was visible.

5.2 Modulus of elasticity

The modulus of elasticity was determined on a further three test specimens.
The test of the E-modulus was based on EN 12390-13 (EN 12390-13, 2013),
whereby the determination of the secant modulus was carried out with method
B. During the test, three load cycles were conducted for each test specimen.
The preload stress was equal tosp = 0.5 N/mm2 and the upper test stress
to sa = 1/3 of the compressive strength of the previously tested specimens
from the same concrete batch. The specimen strains were measured with
an extensometer attached to the specimen. The results of the modulus of
elasticity are summarized in Table 5.2.

Table 5.2: Modulus of elasticity of concrete mixtures

Concrete Modulus of elasticity
Value [GPa] Mean value [GPa] Std. dev. [GPa]

33.35
C00 33.27 33.42 0.20

33.65

32.95
C15 32.19 33.04 0.90

33.99

32.61
C20 32.14 32.29 0.28

32.11

In comparison to compressive strength, for the modulus of elasticity actually
no significant influence of the addition of expansive admixture can be ob-
served. The modulus of elasticity of the mixture C15 is 1.1% lower than of
C00, and C20 shows a 3.4% drop in E-module.
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5.3 Tensile strength

The flexural tensile strength of the C00 and C20 concrete specimens was
tested according to EN 12390-5 standard (EN 12390-13, 2013). Prismatic
specimens with dimensions of 100 x 100 x 350 mm3 were concreted for C00
and C20 concrete mixtures and then after 34 days subjected to a three point
bending test as shown in Figure 5.3. The force-controlled test was carried
out at a loading speed of 0.11 kN/s as specified in the standard. The results
of the flexural strength tests are summarized in Table 5.3. The C20 series
specimens achieved an average of 6.17 MPa, 18% higher than the C00 series
tensile strength (5.21 MPa).

Figure 5.3: Flexural tensile test: test setup (left) (EN 12390-13, 2013) and
specimen during test (right)

Table 5.3: Tensile strength of concrete mixtures

Tensile strength
Max. Load Deflection Value Mean value Std. dev.

Concrete [kN] [mm] [MPa] [MPa] [MPa]

16.03 0.80 4.81
C00 18.31 0.97 5.49 5.21 0.36

17.79 0.78 5.34

20.44 1.55 6.13
C20 21.53 1.73 6.46 6.17 0.27

19.74 0.72 5.92
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5.3.1 Flexural and direct tensile strength
According to Model Code 2010 (fib Fédération internationale du béton, 2013),
the relationship between flexural and direct tensile strength of concrete can
be calculated with the following formula:

fct = fct,fl ·
0.06 · hb

0.7

1 + 0.06 · hb

0.7 (5.1)

where:
fct is the direct tensile strength
fct,fl is the measured flexural tensile strength
hb is the height of the element in mm
h0 is the reference height equal to 100 mm.

As the specimens used in the flexural tensile tests had cross-sectional dimen-
sions of 100 x 100 mm2, the factor for multiplication is equal to 0.6.

Therefore, for the flexural tensile strength values from the experiments, a
direct tensile strength of plain concrete can be calculated:

fct.C00 = fct,fl.C00 · 0.6 = 5.21 · 0.6 = 3.13N/mm2 (5.2)

fct.C20 = fct,fl.C20 · 0.6 = 6.17 · 0.6 = 3.70N/mm2 (5.3)

And their ratio is equal to:

↵fct =
fct.C20

fct.C00
=

3.70N/mm2

3.13N/mm2
= 1.18 (5.4)



Chapter 6

Expansion measurements

6.1 Measurement methods

6.1.1 Restrained Expansion Test
Measurements of restrained expansion, also known as Restrained Expansion
Test (RET) can be performed according to the ASTM C878 standard (ASTM
C878, 2014). Until now, no European standard is published, however two
other guidelines for restrained expansion are also available: in Italy (UNI,
2017) and Japan (JIS, 1999). All of them are based on the same principle.

For RET, concrete samples with dimensions of 80 x 80 x 240 mm3 are cast in a
specially designed steel formwork with a restraining system. This restraining
device consists of a centrally placed steel threaded rod with a diameter of ca.
4 mm (reinforcement ratio of 0.49%) and steel end plates. The plates should
be placed at a distance of 240 mm (corresponding to the initial length of the
specimen) and fixed with screws. Therefore a full bond is simulated. After
hardening, concrete specimens including end steel plates are removed from the
moulds and measurements of the length of the steel rod are taken regularly
using a dial gauge and a comparator bar stored in the same environmental
conditions (to eliminate the influence of their changes). From the changes in
the length of the steel bar and the resulting elongations, steel rod strains can
be calculated according to the following equation:

" =
lt � l0
ltot

(6.1)
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where:
lt is the corrected comparator reading at time t,
l0 is the corrected initial comparator reading,
ltot is the gage length,
corrected reading means the measured specimen value minus the comparator
bar value.

Figure 6.1: Restrained Expansion Test: concreting the specimens and
measurements of the comparator bar and of the specimen

6.1.2 Surface strain measurements
Another method for measuring shrinkage and expansion applied in this work
is based on measuring the deformation of a plain concrete specimen on its
surface, according to (Bunke, 1991). Here concrete cylinders with a diameter
of 150 mm and a height of 300 mm were cast and after removing from the
moulds provided with cylindrical steel measuring marks with a hole, which
were glued to the surface with a distance of 250 mm. The marks were in-
stalled in three measuring lines, located every 120o on the circumference of the
cylinders (Fig. 6.2). Measurements were taken with DEMEC (demountable
mechanical strain gauge) with a measurement range equal to 13 mm and an
accuracy of 5 µe. The initial measurement was taken approximately 24 hours
after casting and the average value of the three measurements pro cylinder
was calculated for each specimen.

6.1.3 Vibrating wire strain sensors
Vibrating wire (VW) strain sensors are a measurement method that is based
on the principle that the eigenfrequency of a wire inside the sensor changes
with the changes of the length of the wire. Here VW strain sensors (model
4202 from Geokon Company) with a length of 57 mm were used and concreted



6.1. MEASUREMENT METHODS 73

Figure 6.2: DEMEC strain measurements: schema and specimen during
measurements

inside cylindrical specimens. The frequency range of the sensor is within
1400–3500 Hz, which allows for strain measurements in the range of around
3000 µewith a resolution of 1 µeand a system accuracy of 60 µe. Each sensor
was fixed vertically inside a cylinder, in the middle of its axis (Fig. 6.3) to
allow for measurements of the concrete strains inside a specimen. Data were
collected automatically every hour for one month and with lower frequency
later on. As each sensor is equipped with an integrated thermistor, changes
of temperature in the specimens were simultaneously collected.

Figure 6.3: Measurements with vibrating wire strain sensors

6.1.4 Distributed Fibre Optic Sensors
Distributed Fibre Optic Sensors (DFOS) are a novel measurement method
that allows measuring length changes and local strains along the previously
installed fibres with high precision. The optical fibre technology used pre-
viously mostly in the telecommunication field is now finding rising interest
within civil engineering branch (Schmidt-Thrö et al., 2016; Sieńko et al., 2018;
Fischer et al., 2019) and especially for textile reinforcement (Saidi and Gabor,
2020). The technology is based on light scattering, in this case, Rayleigh scat-
tering, of a signal sent within a specific glass fibre. The glass core has a diame-
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ter of 9 µm and is protected with an additional glass cladding with a diameter
of 125 µm. The name "distributed" stays in contradiction to conventionally
known local measurements, which are available with other methods described
above. The technology behind DFOS sensors allows to carry out measure-
ments with a spatial resolution of 5 mm, which for civil engineering purposes
can be called continuous in a geometrical sense (Sieńko et al., 2018). Further-
more, high measurement lengths are possible with DFOS, which opens new
possibilities for monitoring concrete structures. The post-processing principle
which allows quasi-continuous measurements is shown in Figure 6.4: it is pos-
sible to choose the sensing range (i.e. sensor length) as well as gage length and
sensor spacing, which if chosen as equal values can provide quasi-continuous
measurements.

Figure 6.4: Principle of post processing of DFOS data - definition of sensing
range, gage length and sensor spacing

Optical sensors were used to monitor strains during shrinkage and expansion
in the specimens. Successful application of other types of optical sensors
(mainly Fibre Bragg Grating) for shrinkage monitoring is known (Slowik et al.,
2004; Habel and Bismarck, 2000; Mufti, 2002; Yazdizadeh et al., 2017), now
distributed optical sensors are being applied for such purpose (Sienko et al.,
2019; Bassil et al., 2020).

In the thesis, DFOS sensors were installed in concrete in two ways. Firstly,
in concrete beams, the EpsilonRebars from the SHM Company were used
(Fig. 4.9, sensors E1-E5). They have a diameter of 2 mm and a relatively
low modulus of elasticity of 3 GPa, so that they should not be working as
an additional reinforcement in the specimens, are nevertheless robust enough
to ensure easy handling. Furthermore, because of ribs similar to the con-
ventional rebars, the bond between sensors and concrete is provided and the
good transfer of strains ensured. Secondly, a DFOS in form of plain glass fibre
with a cladding and a total diameter of 0.9 mm (standardised single-mode
telecommunication optical fibre SM 9/125) was also used to measure concrete
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strains in slabs, these sensors were however relatively sensitive to mechanical
damage during concreting. The distribution of strains along the fibre was
measured with OBR 4600 optical backscatter reflectometer manufactured by
Luna Innovations (Luna Innovations Inc., 2013).

DFOS were installed not only in concrete but also on the reinforcement - in
beams on steel rebar (sensor L0, Fig. 4.9) and in slabs on carbon textile
reinforcement. For this purpose, the surface of the reinforcement was cleaned
and a two-component epoxy resin glue was used to fix the fibres. On the steel
rebars, sensors were glued near the longitudinal rib. On the carbon textile
reinforcement, fibres were glued on the surface of the roving (textile reinforce-
ment impregnated with epoxy resin was used to ensure the compatibility of
materials), and the excessive amount of epoxy was removed not to influence
the bonding properties. The bending radius of the fibres on the textile grid
was approx. 5 - 10 mm, however it was proven before that such a small ra-
dius does not influence the transfer of the light signal. Each glued fibre was
investigated for losses along its length after application.

In each slab, two fibres were installed - one in the longitudinal direction,
which allowed to measure concrete and reinforcement strains in the middle
of the slab and 1/4 of its width (see Figure 4.6, in total 15.4 m in each slab),
and second in the transversal direction, also in the middle and 1/4 of the slab
width (7.2 m).

6.2 Results of free expansion measurements
At the beginning of the investigations, free expansion and shrinkage strains
were measured on non-restrained specimens with DEMEC and vibrating wire
strain sensors as described above. For this purpose, concrete cylinders were
cast from various batches and mixtures. In total, about 100 specimens were
cast to assess which mixtures are suitable for further analysis and have the po-
tential of chemical prestressing. Measurements with these methods shown,
that results obtained with DEMEC (marked with points) and VW sensors
(lines) present a very good agreement (Figures 6.5 and 6.6) (Zdanowicz and
Marx, 2018a). As the former measurements were conducted on the surface
and the latter in the inside concrete cylinders, the small differences between
achieved values show also that strain distribution in unrestrained specimens
with a depth of 150 mm can be assumed as uniform. Furthermore, it was ob-
served that concrete with 25% of expansive admixture microcracks appeared
on its surface, thus it was excluded from further experiments. On the other
hand, unrestrained concrete with 15% of EA provided shrinkage compensa-
tion, but no chemical prestress unless it was placed in water for the first seven
days of maturing.
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Figure 6.5: Shrinkage and expansion measurements with DEMEC and VW
sensors for concretes C00, C15 and C25 during 14 days

Figure 6.6: Shrinkage and expansion measurements with DEMEC and VW
sensors for concretes C00 and C15 during 28 days

6.3 Results of RET measurements

Restrained expansion tests were conducted according to ASTM C878 stan-
dard (ASTM C878, 2014). Firstly, four concrete mixtures which were anal-
ysed at the beginning of the work were tested, i.e. two mixtures with PCE
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superplasticizer and two mixtures with PAE superplasticizer. Each of them
was made with either 15% or 25% of expansive admixture based on cement
weight. These measurements were taken for two years and their results can
be seen in Figure 6.7. To assess the stability of expansion, the results after
28 days and after 650 days were compared and are provided in Figure 6.8.
Noteworthy, the mixtures with 15% of expansive admixture start to shrink,
while 25% mixtures still expand and achieve values that are too high and neg-
atively influence the strength of concrete. In conclusion, PCE superplasticizer
was chosen as it exhibited better strain behaviour than specimens with PAE
superplasticizer, and it was observed that a huge disproportion is between
specimens with 15% and 25% of expansive admixture (notice the logarithmic
scale of the Figure 6.8). Therefore the amount of 25% was substituted by an
amount of 20% in the next research series.

RET results for the concretes finally used in the experimental programme for
this thesis are presented in Figure 6.9. Measurements were taken on three
specimens prepared for each series and the mean values are presented. C00
concrete specimens achieve an average value of 0.308 mm/m, C15 of 0.139
mm/m and C00 of -0.401 mm/m.

Figure 6.7: RET measurements for concretes C15 and C25 during two years
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Figure 6.8: Comparison of RET measurements for concretes C15 and C25
after 28 days and two years. Note: the Y-axis is in log-scale

Figure 6.9: RET measurements for concretes C00, C15 and C20

6.4 Results of measurements with DFOS

6.4.1 Expansion of beams
Figure 6.10 shows concrete strain development within 24 days for points lo-
cated in the middle of the E5 sensors in each beam. There is a good agree-
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ment between beams within each series. Beams made of C20 concrete achieve
a maximum value of 0.779 mm/m and end values of 0.706 mm/m or 0.716
mm/m, while beams made of C15 concrete achieve expansion strains with a
maximum of 0.510 mm/m and of C00 concrete shrinkage in a magnitude of -
0.418 mm/m. Figure 6.11 presents additionally the temperature development
within 48 hours of the beam specimens. The temperature of the beams made
of expansive concrete is slightly higher than that of reference concrete and
the peak value is achieved quicker.

Figure 6.10: Strain development in time of the middle point at sensors E5 in
beam specimens

Figure 6.11: Temperature development within 48 hours after casting of the
beam specimens

Figures 6.13, 6.14 and 6.15 show the distribution of strains (y-axis) along
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the length of the beams (x-axis) and strains development in time (within
240 hours, subsequent measurements distinguished with intensifying colours).
Sensors in each beam are named according to Figure 4.9.

For C00_B_a beam it is noticeable, that higher shrinkage occurs near the
top surface of the beam (sensors E1 and E2) than near the bottom surface
(sensors E3 and E4). It is because beams were stored on the ground without
any distance elements and therefore the bottom surface was better protected
from moisture transfer and evaporation than the top surface. Also, single
rebar cannot provide a good restraint for the whole concrete cross-section.
Thus, the same can be observed also for beams with expansive admixture.
Figure 6.12 shows the strains development during 24 days for all sensors
measuring concrete deformations in chosen beams from all series. Concrete
further from the rebar tend to deform more (strains in both top sensors are
higher) while deformation of the bottom surface is limited by self-weight and
being placed on a rough surface (so the strains in both bottom sensors are
lower than in the middle of the beam).

Figure 6.12: Strain development in time of the middle points at all sensors
in beam specimens, E1 and E2 near the top surface, E3 and E4
near the bottom surface and E5 in the middle

For all beams we observe also some local differences in strain values and
disturbances along the measurement lengths. It might be caused by a chosen
post-processing parameters: for the analysis, a 10-mm raster was chosen (Fig.
6.4), what if compared with the maximum aggregate size of 8 mm is a rather
low value. Local concentrations of higher or lower strain values are thus
attributed to the presence of aggregate in these specific points and could
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possibly be avoided by choosing a larger gage length and sensor spacing.

Figure 6.13: Strains development along all sensors in beam C00_B_a
within 240 hours

Figure 6.14: Strains development along all sensors in beam C15_B_a
within 240 hours

Another useful observation can be made if strains measured with Epsilon-
Rebar sensor located in the middle of the beam (E5) are compared with
strains of the steel rebar (L0). These two sensors are located at 20 mm dis-
tance from each other. In direct comparison, a distance after which concrete
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Figure 6.15: Strains development along all sensors in beam C20_B_a
within 240 hours

Figure 6.16: Development length for C20_B_a beam - transfer of strains
from concrete to the reinforcement

strains are completely transferred to the steel reinforcing bar, so-called de-
velopment/transition length, can be read from the graphs (visible e.g. in
Fig. 6.16 for C20_B_a beam). It is a vital finding for chemically prestressed
specimens, as it makes it possible to very precisely define the length after
which the full designed prestress is achieved. Such accurate determination of
transfer length was difficult to obtain with conventional techniques and offers
now valuable insight. For all the beams, this development length is lower
than 25-30 cm (Zdanowicz and Marx, 2019b). It is an important observation
as it differs from what was known until now, that "in chemically prestressed
members, expansive strain can be treated as almost uniform in the section
more than 500 mm from the member end" (Hosoda and Kishi, 2001).
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6.4.2 Expansion of tensile specimens
Similarly, DFOS sensors were located in the specimens prepared for tensile
tests, as shown in Figure 4.3. They were located in the middle 250 mm out
of 400 mm total length, to avoid damaging sensors during screwing together
the steel plates for tensile tests setup. Therefore, the measurement length on
Figures 6.17 - 6.18 is equal to 250 mm. In these figures, we can observe the
development of strains along the measurement length during the first 144-
168 hours (due to technical problems measurements of C00 specimens were
started only after removing specimens from the formwork). It is visible that
strains are rather constant along the measurement length, however in some
of the specimens, especially C00_T_b, small disturbances might be observed
in the locations of transversal rovings of the textile grid.

The comparison of all tensile specimens shown in the figure 6.19 proves that
specimens made of C00 concrete exhibit shrinkage up to a maximum value of
-0.193 mm/m (although the real value should be higher, as strains were not
measured during the first 24 hours), while C15 and C20 specimens expand
with end values after fours days equal to 0.167 mm/m and 0.444 mm/m, re-
spectively. These values correlate well with the results of RET measurements
provided in Figure 6.9 but they are lower than values measured in beams,
which can be caused by a very short development length of these specimens.
The values are however necessary to later assess the influence of chemical
prestress introduced on tensile force values achieved in static tests.

Figure 6.17: Strains development along sensors in tensile specimens C00_T
within 144 hours
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Figure 6.18: Strains development along sensors in tensile specimens C15_T
and C20_T within 168 hours

Figure 6.19: Strains development in the middle point of all tensile
specimens within 21 days (C20 results will be prolonged)

6.4.3 Expansion of slabs with textile reinforcement

Fibre optic sensors measured strains due to shrinkage and expansion also
in large slabs in each direction (longitudinal and transversal). Figures 6.20
and 6.21 show the strains development in time of the specimen C00_P_a
in longitudinal and transversal direction within 72 hours after casting. Each
line represents a middle point of one sensor, therefore we see results from
four glued and four free sensors. Strains measured with sensors that were
glued to the carbon rovings are in both cases higher, what suggests that
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reinforcement could to some extent withstand shrinkage. The next figure,
Fig. 6.22 presents also strain development in one of the specimens from series
C15, namely C15_P_a, in the transversal direction. Also here we can see the
difference between glued and free sensors - free sensors measuring concrete
strains show higher values than glued sensors, what implies that reinforcement
was acting as a kind of restraint for expansive concrete. Presenting strain
development in time along free and glued transversal sensors of this specimen
(Fig. 6.23) allowed to investigate the difference between strains in concrete
and of the reinforcement. While strain course in concrete was rather smooth,
on the texitle grid multiple peaks were observed, and the peaks were located
on the crossings of longitudinal and transversal reinforcement. Therefore,
an influence of the reinforcement in perpendicular direction on the chemical
prestressing can be assumed and confirmed.

Figure 6.20: Strains development in the middle point of all longitudinal
sensors of specimen C00_P_a

Finally, those slab specimens are compared with each other in Figure 6.24
where strain measurements within 24 days are presented. Specimens made of
C00 concrete exhibit shrinkage and its value after 24 days is equal to around
-0.55 mm/m. For C15 specimens, the mean maximum values achieved during
the expansion period are 0.41 mm/m for the transversal and 0.38 mm/m for
longitudinal direction, while end values are approximately -0.08 mm/m for
both directions. The results from C20 specimens should not be compared
here as there was a technical problem with the measurements.
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Figure 6.21: Strains development in the middle point of all transversal
sensors of specimen C00_P_a

Figure 6.22: Strains development in the middle point of all transversal
sensors of specimen C15_P_a
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Figure 6.23: Strains development along free and glued transversal sensors of
specimen C15_P_a

Figure 6.24: Strains development in the middle point of the longitudinal
sensors in specimens C00_P_a, C15_P_a and C20_P_a
(C20 results break at day 15)
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6.5 Summary

For the reference C00 specimens, shrinkage in magnitude between -0.4 and -0.6
mm/m was measured after >20 days. On specimens with textile reinforce-
ment (T- and S-type) it was observed that shrinkage could be compensated
with 15% of expansive admixture (C15 mixture). However, for beams and
RET specimens, with prismatic shape and steel reinforcement, 15% of EA
could introduce expansion strains in magnitude between 0.2 and 0.4 mm/m,
which reached maximum value within 7 days and after this time remained
nearly constant. Short tensile specimens and slabs made of C15 concrete did
not show any expansion after 24 days. Specimens made of C20 concrete ex-
hibited expansive strains, for beams reaching 0.6 - 0.8 mm/m and for tensile
elements about 0.4 mm/m. In slabs from C20 series measurements were not
correct and the strains could not be estimated.

Furthermore, measurements with DFOS sensors allowed to determine the de-
velopment length in beams, after which strains of concrete are fully transferred
to the steel reinforcement. Noteworthy, this development length reached
about 25-30 cm in all series and is much lower than 50 cm assumed until
now according to literature (Hosoda and Kishi, 2001).

In slabs with textile reinforcement it was visible that strains in the reinforce-
ment were slightly lower than in concrete, it was true for both shrinkage and
expansion strains what implies a good transfer of strains between concrete
and the reinforcement.

Expansion strains measured on the reinforcement can be used to assess the
prestressing degree of the elements. For example, in beam elements after
24 days the reinforcing steel strains due to expansion reached approximately
0.350 mm/m for the C15 mixtures and 0.750 mm/m for the C20 mixtures,
whereas C00 specimens shrinkage about -0.40 mm/m. It means that concrete
prestress will achieve about 0.66 N/mm2 for C15 and 1.01 N/mm2 for C20
concrete elements.

In tensile elements, prestress can be calculated also basing on strain measure-
ments. After 21 days, C00 specimens reached shrinkage with a magnitude of
-0.367 mm/m (mean value), while C20 specimens achieved average estimated
expansion of 0.410 mm/m. The difference in strains between C00 and C20
specimens is thus 0.777 mm/m and it corresponds with the concrete prestress
equal to 0.75 N/mm2:

�✏tex = 0.777mm/m (6.2)
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��tex = �✏tex · Et = 0.777mm/m · 180000N/mm2 = 140N/mm2 (6.3)

�Ftex = ��tex ·At = 140N/mm2 · 16.26mm2 = 2.27 kN = �Fc (6.4)

��c =
�Fc

Ac

=
2270N

3000mm2
= 0.75N/mm2 (6.5)
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Chapter 7

Pull-out and tensile tests

7.1 Pull-out tests

7.1.1 Test setup
Pull-out tests were conducted on specimens cast from C00 and C20 mix-
tures (Zdanowicz, Schmidt, Naraniecki and Marx, 2019). Currently, there
is no standardized method for investigating the bond behaviour in textile-
reinforced concrete. Hence, the comparative experimental investigation of
the bond behaviour between carbon textile and concrete with and without
expansive admixture was based on the asymmetrical pull-out tests developed
by (Lorenz and Ortlepp, 2011; Lorenz, 2014; Williams Portal, 2015). With
the specimen design described in chapter 4.3.2, the bond between the central
longitudinal roving and the surrounding concrete matrix over the bond length
of 75 mm was specifically analysed. The bond length was chosen in such a
way that the roving failure could be excluded. In the longer section of the
specimen, sufficient anchoring of the tested roving was ensured over a length
of 295 mm.

Two clamping devices were attached to the top and bottom of the specimen
for the load introduction into the specimen, see Figure 7.1. The specimen
was clamped in the upper and lower area over a length of 30 mm outside of
the investigated bond length. On the upper side, a flexible, unrestrained joint
was created by a load introduction construction with an integrated load cell
to avoid any eccentricities.

The test was carried out in the electromechanical testing machine, whereby
the tensile stress was measured with an additional 25 kN load cell at the
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Figure 7.1: Load introduction construction for the pull-out test

upper side. It was possible to ensure a substantially centric load even for a
longitudinal roving lying non-centrally in the concrete cross-section by a pos-
sible horizontal shift of the upper load introduction plate with flexible joints.
Four laser distance sensors with a measuring range of 60 mm and a resolution
of 8 µm were used to measure the crack opening. Two lasers were mounted
on each side of the specimen above the predetermined breaking point. As re-
flectors for the lasers, small measuring plates were mounted below the central
notch, as cracks were expected to form between the predetermined breaking
point and the central notch. The measured values of all laser distance sensors
were recorded at 10 Hz. In addition to the crack opening and load, it should
be possible to check during the test whether the load introduction structure
slips off the specimen surface. For this purpose, the slip was recorded with
two additional lasers installed 15 mm above or below the load introduction
construction. Figure 7.2 shows the arrangement of the specimen and lasers.

The pull-out tests were carried out with a load speed of 0.5 mm/min until a
crack opening w = 5 mm was reached. The tested roving was then completely
pulled out with a loading speed increased to 10 mm/min. Finally, the length
and surface of the roving were visually checked. Besides the load F and
the machine path s, the crack opening w in the area of the predetermined
breaking point was measured. The measured load was reduced by the dead
weight of the upper load introduction and the upper part of the specimen so
that the actual pull-out force was then used for further evaluation.

7.1.2 Pull-out force - crack width relationship
The result of the pull-out tests is a pull-out force - crack opening curve for
each of the four laser distance sensors. The pull-out force corresponds to the
pull-out strength of the examined roving in the area of the shorter bond length
in the lower part of the test specimen. The crack opening w is composed of
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Figure 7.2: Dimensions of the pull-out specimens (left), laser distance
sensors arrangement (middle) and specimen during test (right)

the relative displacements of the two specimen parts and the load-dependent
deformation of the roving. Figure 7.3 shows an example of a pull-out force -
crack opening curve.

Figure 7.3: Pull-out force - crack opening curve for one of the C00 specimens

All pull-out force-crack opening curves show a fundamentally similar be-
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Table 7.1: Characteristic points of the C00_P_(a-c) series in pull-out tests

Specimen a b c Mean value Std. dev.

FH 3.48 4.38 3.26 3.71 0.235
wH 0.40 0.65 0.35 0.47 0.017
FR1,A 2.49 2.58 2.41 2.49 0.005
wR1,A 0.65 1.05 0.55 0.75 0.047
FR1,E 2.43 2.61 2.36 2.46 0.011
wR1,E 1.60 2.75 1.25 1.87 0.411
FB 1.01 0.42 1.38 0.94 0.156
wB 1.65 3.10 1.30 2.02 0.607
FR2,A 1.54 1.30 1.53 1.46 0.012
wR2,A 1.85 3.20 1.40 2.15 0.585
FR2,E 1.37 1.30 1.17 1.28 0.007
wR2,E 5.00 5.00 5.00 5.00 0.000

haviour: after an almost linear increase, the pull-out force decreases to a
relatively constant value over a certain crack opening increase (first plateau).
Subsequently, the force that can be absorbed reduces significantly and again
remains at a relatively constant level (second plateau) until finally a limit
load is reached. All pull-out curves show about the same course, which can
be illustrated as shown in Figure 7.4. In this illustration, significant points
are indicated whose value pairs of force and crack opening are specific for the
investigated specimens. These characteristic points are then compared in the
following evaluation for the samples examined (Table 7.1 and 7.2).

Figure 7.4: Scheme of the pull-out force - crack opening curve

This three-part bond behaviour of the textile reinforcement can be observed
in the pull-out force crack-opening curves of all specimens (Figures 7.5 and
7.6). Initially, there is a linear increase in the pull-out force along with a
small crack opening, which can be interpreted as an adhesive bond. The time
of the first crack cannot be determined precisely from the measured data.
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Table 7.2: Characteristic points of the C20_P_(a-d) series in pull-out tests

Specimen a b c d Mean value Std. dev.

FH 4.98 4.69 4.33 4.47 4.62 0.060
wH 0.40 0.35 0.40 0.30 0.36 0.002
FR1,A - 3.03 3.34 3.35 3.24 0.022
wR1,A - 0.70 0.60 0.55 0.62 0.004
FR1,E - 2.73 3.02 3.36 3.04 0.066
wR1,E - 1.30 1.00 0.95 1.08 0.024
FB 1.20 1.77 1.75 2.65 1.84 0.270
wB 1.15 1.35 1.15 1.00 1.16 0.015
FR2,A 2.78 2.08 2.41 2.83 2.53 0.092
wR2,A 1.30 1.45 1.25 1.10 1.28 0.016
FR2,E 1.37 0.86 1.88 1.90 1.50 0.182
wR2,E 5.00 5.00 5.00 5.00 5.00 0.000

However, based on the pull-out force crack-opening curves, it is assumed
that this coincides at the latest with the maximum bond load FH. As a
result of the crack formation, the pull-out force is suddenly transferred to
the roving that has been cut free and presumably also leads to the adhesive
bond being exceeded at the same time. This damage of the interface between
the roving and the surrounding material becomes apparent with the falling
branch until the first plateau is reached. At this point, the adhesive force
decreases due to the decreasing adhesion surface. After the roving has been
detached from the surrounding concrete matrix, the pull-out force stays on
the first plateau, which can be explained by a still existing friction and shear
bond. Therefore, only a small loss of force is observed despite the increasing
crack opening. This loss of force is due to the reduction of the bond length
as the roving pull-out continues. The measured force decreases after the end
of the first plateau before a second plateau is formed after a slight increase.
As a possible explanation for this behaviour, the separation of the tested
roving from the two existing transversal rovings at the crossing points can be
considered. This detachment of the crossing point results from the tearing
of the sewing threads running on the transversal rovings and damage to the
secondary coating applied in this area. The second plateau can be interpreted,
just like the first plateau, as force absorption due to friction bond. Here,
however, contrary to the first plateau, only the single tested roving acts with
its contact surface without connection to the transversal rovings, resulting in
a lower pull-out force. The pull-out force is reduced to zero by the end of the
test.

To be able to make a better comparison of the averaged pull-out force-crack-
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opening curves both are combined in Figure 7.7. Basically, these two averaged
curves show the same course. However, the higher pull-out forces are clearly
visible in the C20-specimens made of expansive concrete, it can be thus con-
cluded that the bond strength of expansive concrete is also higher.

Figure 7.5: Pull-out force - crack opening curves for the specimens from C00
series

Figure 7.6: Pull-out force - crack opening curves for the specimens from C20
series

7.1.3 Maximum bond strength
As already presumed on the basis of the experimentally determined pull-out
force crack-opening curves, the bond strength of the specimens with expansive
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Figure 7.7: Comparison of the pull-out force - crack opening curves for the
specimens from C00 and C20 series

concrete shows higher values. The maximum value achieved is approximately
5.99 N/mm2 for C00 series and 7.46 N/mm2 for C20 series. Both values reflect
the achievement of the maximum bond and were calculated in the following
way:

⌧P =
FH

Abond

(7.1)

The area of a single roving as declared by the producer is equal to 5.42 mm2,
and the cross-section will be here assumed as round instead of elliptic. Thus,
the diameter of a single roving can be assumed as droving = 2.63 mm, and
the bond area with the bond length equal to L = 75 mm as 619 mm2. The
maximum bond strength calculated for both series is shown in Table 7.3.

Table 7.3: Maximum bond strength

FH [kN] tcr.T [N/mm2]

C00_P_mean 3.71 5.99
C20_P_mean 4.62 7.46

7.2 Tensile tests

7.2.1 Test setup
Tensile tests were conducted on specimens cast from C00, C15 and C20 mix-
tures. The specimens were equipped with DFOS sensors to measure strain
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development in the reinforcement during tensile tests. Furthermore, the Dig-
ital Image Correlation (DIC) method was used to capture the crack pattern
in the central area of the specimens (between clamping steel parts, on a field
with a length of ca. 300 mm) using the setup shown in Fig. 7.8.
Tensile tests were carried in the electromechanical testing machine, where the
tensile load and machine displacement were recorded. An additional load cell
with a measuring range of 50 kN was installed on the upper side. A flexible,
unrestrained joint was installed on the upper side to avoid eccentricities and
provide a uniaxial stress state in the specimens. The test setup was oriented
at the RILEM recommendations and the dimensions adjusted to the needs
of another geometry and reinforcement of specimens (RILEM TC 232-TDT,
2016). The tensile tests were carried out as static tests with four loading and
unloading cycles with the following procedure: first cycle in a linearly-elastic
area up to a load of 5 kN, second cycle up to 10 kN and then up to maximum
load at first crack. After each loading part, the unloading took place up to a
load level of 2 kN with the same speed of 0.25 mm/min. The third unloading
took place after three or four cracks appeared and a final cycle was to observe
the tensile failure of the specimen and pulling out of the reinforcement.

Figure 7.8: Test setup for tensile tests including DIC method setup
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7.2.2 Tensile strength results
The typical pattern of failure for all tensile specimens was similar. Single
cracks occurred in the proximity of the load introduction either on the upper
or the lower side and in the middle area of the specimens. Usually, after three
or four cracks appeared (Fig. 7.9), failure was observed as the existing cracks
became wider and finally a pull-out of the reinforcement could be observed.
Figures 7.10 - 7.12 present three example load-displacement and load-textile
strains diagrams for specimens from each series, while diagrams for all tested
specimens are included in Appendix C. Displacement at the diagrams is meant
here as the machine path, load as measured with the load cell. Additionally,
strains of the inner textile reinforcement in its middle point are read from the
DFOS measurements. The strain readings from DFOS sensors were performed
in intervals and therefore the measurements are not continuous. It must be
though considered that square points on the diagrams mean the measured
strains and the lines between measurements are only linear approximations of
the load-strain relationship. The values of load, corresponding displacement
and textile strains in the middle of the specimen achieved at the first cracking
are summarized in Table 7.4.

Figure 7.9: Specimen during the test with two cracks visible

7.2.3 Coefficient of efficiency
A factor describing the efficiency of the reinforcement in concrete composite,
and assessing the bond strength between textile reinforcement and concrete,
is known as the coefficient of efficiency (COE) (Williams Portal, 2015; Voss,
2008). It is defined as the ratio between the maximum tensile strength of the
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Table 7.4: Tensile tests results - load at first crack and corresponding
displacement and textile strain

Specimen Load at first crack Displacement Textile strain
[kN] [mm] [µe]

C00_T_a 12.97 1.76 78.8
C00_T_b 13.66 1.49 110.1
C00_T_c 13.32 1.33 99.7
C00_T_mean 13.32 ± 0.34 1.53 ± 0.22 96.2 ± 15.9

(100%) (100%) (100%)

C15_T_a 15.63 1.82 138.6
C15_T_b 13.50 1.70 87.1
C15_T_c 17.86 2.22 125.0
C15_T_mean 15.76 ± 2.18 1.91 ± 0.27 116.9 ± 26.7

(118%) (125%) (122%)

C20_T_a 20.58 2.66 202.8
C20_T_b 17.39 0.56 145.8
C20_T_c 16.15 2.67 149.9
C20_T_mean 18.04 ± 2.29 2.57 ± 0.16 166.2 ± 31.8

(135%) (168%) (173%)

textile in the uniaxial tensile test to the tensile strength of the yarn in textile
reinforcement itself.

COE =
�tu,max

�y,u

(7.2)

where:
�y,u is the tensile strength of one yarn, sy,u = 2500 N/mm2

�tu,max is the maximum tensile strength of the textile in uniaxial tensile test
defined as:

�tu,max =
Fu

At

(7.3)

where:
Fu is the maximum load in uniaxial tensile test
At is the textile reinforcement cross-section, At = 16.26 mm2

If the COE value is higher than one, it implies good interaction between
concrete and textile reinforcement and the tension stiffening effect, if it is
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Figure 7.10: Load-displacement relationship for specimen C00_T_c and
corresponding load-textile strain diagramm

Figure 7.11: Load-displacement relationship for specimen C15_T_a and
corresponding load-textile strain diagramm

Figure 7.12: Load-displacement relationship for specimen C20_T_a and
corresponding load-textile strain diagramm

lower than one, it means that the bond strength is low. For concrete mixtures
C00, C15 and C20 these values are presented in Table 7.5.

Table 7.5: Load and stress at initial cracking and coefficient of efficiency for
tensile specimens

Fcr.T [kN] scr.T [N/mm2] COE [-]

C00_T_mean 13.32 4.44 0.33
C15_T_mean 15.76 5.23 0.39
C20_T_mean 18.04 6.01 0.44



102 CHAPTER 7. PULL-OUT AND TENSILE TESTS

7.2.4 Chemical prestress of tensile specimens
To estimate the prestress effect in the tensile specimens from the C20 series,
the following calculations have been made. Firstly, tensile stress at cracking
was calculated based on the results from Table 7.4. With concrete cross-
section area assumed as Ac = 3000 mm2, the stresses at initial cracking were
calculated and are shown in Table 7.5.

According to Eq. 5.4, the ratio between direct tensile strength of non-
reinforced C00 and C20 concretes is equal to afctm = 1.18. Therefore it is
here assumed, that without internal restraint, the tensile stress of C20 con-
crete specimens will be 1.18 times higher than of C00:

�cr.T.C20.theor = �cr.T.C00 · ↵fctm = 4.44N/mm2 · 1.18 = 5.24N/mm2 (7.4)

However, stress value obtained from experiments (scr.T.C20) is higher than
the calculated value (scr.T.C20.theor). As the reinforcement ratio is equal in
both specimens, this difference can be attributed to the influence of chemical
prestress, which can be assessed directly as the difference between theoretical
and experimental values:

�pre.T.C20 = �cr.T.C00 � �cr.T.C20.theor (7.5)

�pre.T.C20 = 6.01N/mm2 � 5.24N/mm2 = 0.77N/mm2 (7.6)

Prestress of these specimens could be calculated also basing on strain measure-
ments. After 21 days, C00 specimens reached shrinkage with a magnitude of
-0.367 mm/m (mean value), while C20 specimens achieved expansion of 0.410
mm/m (mean value). It corresponds with prestress in concrete equal to 0.75
N/mm2 as described in Chapter 6, Eq. 6.2 - 6.5. This value calculated based
on strains is nearly the same as the value calculated from the tensile test
results and increase in cracking load.

7.2.5 Strains residuum
For all tensile specimens, the first and second loading and unloading cycles
took place in an uncracked state. Therefore, linearly elastic behaviour could
have been expected, and the loading and unloading curves should overlay with
a very good agreement. It is indeed true for C00 specimens, however, already
in the second loading cycle for C15 and C20 specimens we can observe that
after second unloading, strain values do not fit exactly the value before the
loading cycle. It implies that a strain residuum might be assumed. Therefore,
the following analysis has been made: for all specimens, strains in the middle
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points of the DFOS sensors were read at the time points when a load of 2
kN was achieved (at first loading cycle and after the first two unloadings,
see Fig. 7.13). It can be observed that the difference in strains of the tex-
tile reinforcement is the lowest for the reference C00 concrete, while for C15
and C20 specimens it increases. While for C15 the values have still a very
high coefficient of variation, in series C20 a stable tendency is visible. Figure
7.14 present these differences. These observations match well with the phe-
nomenon described in Chapter 3.4, which says that expansive mortars have
greater deformability before cracking and the increase in load bearable before
cracking can be contributed to both chemical prestress and partially to non-
linear behaviour of expansive concrete described by Elasto-Plastic Fracture
(EPF) model, described in Chapter 3.4.

Figure 7.13: Load - strains diagrams of chosen tensile specimens, 1st and
2nd loading cycles and the strain residuum Dec

Figure 7.14: Strains residuum values in textile reinforcement after 1st and
2nd loading cycles
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7.3 Summary

7.3.1 Summary of pull-out tests
Pull-out tests conducted on specimens made of C00 and C20 concrete shown,
that specimens made of expansive concrete have similar behaviour in the pull-
out tests, but achieve higher bond strength than reference specimens (5.99
N/mm2 vs 7.46 N/mm2). However, in the experimental programme presented
here only three or four specimens were tested in each series. This number of
specimens allows only a preliminary analysis, but there is a lack of more results
that can be better statistically validated. Additional specimens are therefore
required for a more reliable statement on the possible increase in the bond
strength and its correlation with the expansion of concrete. Nevertheless, it
is clear that expansive concrete will achieve at least the same or presumably
even greater bond strength than the reference concrete without the addition
of an expansive admixture.

7.3.2 Summary of tensile tests
Tensile tests were conducted on specimens made of reference C00 and ex-
pansive C15 and C20 concretes, all specimens were reinforced with carbon
textile reinforcement. In tensile tests, similar cracking pattern was observed
for each element, consisting of three or four cracks over the length of 300 mm
between clamping plates. Load at first crack increased for specimens made of
expansive concrete in comparison with reference specimens by 18% for C15
and 35% for C20 concrete. Furthermore, optical sensors fixed on the internal
textile reinforcement allowed to measure textile strains during tensile tests,
these strains at the moment of the first crack also increased (by 22% for C15
and 73% for C20 specimens).

Besides the visible improvement in cracking load, a so-called strain residuum
phenomenon was observed for tensile specimens. It means that after several
loading and unloading cycles even in the theoretically elastic state of a linear
stress-strain relationship, some deformation remain in the expansive concrete
specimens. This strain residuum becomes higher with increasing expansive
admixture amount.

Because of the uniaxial stress state, the prestress introduced to the specimens
could have been assessed analytically. In C20 elements the concrete prestress
achieved 0.77 N/mm2. This value of prestress calculated based on the tensile
tests correlates very well with value based on the strain measurements (0.77
N/mm2 vs 0.75 N/mm2).
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Flexural tests

8.1 Beam specimens

8.1.1 Test setup
Beam specimens were cast in addition to the non-load-bearing surface ele-
ments (slabs) which primarily bear only their own weight or resist horizontal
wind loads as vertical panels. Beams were necessary because, due to the con-
crete cover required for corrosion protection, thin-walled slabs with steel mesh
reinforcement which would be comparable to thin-walled slabs with textile
reinforcement cannot be produced. Also, reference specimens with uniaxial
reinforcement are advantageous to address the research objectives. There-
fore, beam elements were cast and an axial reinforcement was inserted in the
middle of the cross-section, so that the influence of the chemical prestressing
became clearer since influences such as the involvement of the transversal re-
inforcement were excluded. However, the reinforcement ratio (as described
in Chapter 4.2) was held constant with the reinforcement ratio in slabs with
textile reinforcement.

The static four-point bending tests were carried out in the universal testing
machine. The beams with a span of 1800 mm were placed under the frame
with an attached servo-hydraulic jack. The distances between the load intro-
duction points and the supports were 600 mm each. The test setup is shown
schematically in Fig. 8.1 and in Fig. 8.2 in the real execution. A load cell
with a measuring range of 50 kN was installed on the test cylinder. For the
deflection measurements, two laser distance sensors with a measuring range
of 40 mm were arranged in the middle of the beam on its bottom side, see Fig-
ures 8.2 and 8.3. In addition, the strain measurements on the reinforcement
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and in the concrete cross-section were carried out with fibre optic sensors
and strain gauges described before. Also, Digital Image Correlation (DIC)
method was used to capture the crack pattern in the central beam area (over
a length of 860 mm) using the setup shown in Figure 8.4.

Figure 8.1: Presentation of the test setup

Figure 8.2: Test setup for four-point bending of a concrete beam with steel
reinforcement

The load was applied in three loading and unloading cycles: first in a linear-
elastic area, second after initial crack formation and third before maximum
deflection was reached. For the first range, the load was increased at a con-
stant speed v1 = 0.5 mm/min up to a force of approx. 6.0 kN and then
reduced again to approx. 1.0 kN. In the subsequent second loading cycle, the
same loading speed was applied until crack formation was initiated and the
load was then removed at a deflection of approx. 5.5 mm. The third and final
loading phase with a loading speed of v2 = 2.5 mm/min was completed at a
deflection of between 14 mm and 16 mm and then final unloading took place.
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Figure 8.3: Laser distance sensors for measuring the deflection of the beam
in the middle

Figure 8.4: DIC method for capturing the crack pattern: camera with the
measuring field (left) and typical crack pattern (right)

8.1.2 Load-displacement relationship

Figure 8.5 show the load-deflection diagrams of the four-point bending tests
for selected test specimens, with the corresponding values and percentage dif-
ferences summarized in Table 8.1. Single results for all beams are presented
in Appendix B. Generally, the load responses are comparable for all speci-
mens within one series. Apparently, the load that can be borne up to the
initial crack formation increases with the increase of the expansive admixture
amount. For the test specimens from the C20 series, the load at initial crack
formation is on average 66% higher than the value for the reference C00 ele-
ments, the corresponding deflections differ by 76%. For the beams from the
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C15 series, the load at initial crack formation is 14% higher and the deflection
7% higher compared to the reference elements. Even taking into account an
18% higher bending tensile strength of the test specimens from the C20 series
compared to the reference C00 series, it can be concluded that prestress was
introduced by expansive concrete.

Figure 8.5: Load-deflection diagram for specimens from all series -
comparison of chosen specimens: B_C00_a, B_C15_c,
B_C20_a (left) and enlarged view until the first crack (right)

Table 8.1: Load and deflection at initial crack formation in beams subjected
to flexure

Specimen name Load at initial cracking Corresponding deflection
[kN] [mm]

C00_B_a 9.31 0.47
C00_B_b 10.12 0.55
C00_B_c 8.49 0.57
C00_B_mean 9.30 ± 0.81 (100 %) 0.53 ± 0.06 (100 %)

C15_B_a 11.85 0.67
C15_B_b 9.50 0.45
C15_B_c 10.50 0.58
C15_B_mean 10.61 ± 1.18 (114 %) 0.57 ± 0.11 (107 %)

C20_B_a 15.65 0.95
C20_B_b 14.25 0.84
C20_B_c 16.43 1.01
C20_B_mean 15.45 ± 1.11 (166 %) 0.93 ± 0.09 (176 %)
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8.1.3 Cracking pattern

During the experiments, strains in concrete and on the rebar were recorded
with DFOS, and on the rebar additional measurements with strain gauges
were taken. The results of the strain measurements on the steel reinforcement
bars are shown in the following diagrams (Figures 8.6 to 8.8 for three chosen
beams). The diagrams on the left side show the strain curves over the entire
length of the rebar. A new line is shown for each load level. Thanks to the
sensor technology, it was possible to predict the cracks visible from the outside
on the beam surface in advance based on the strain patterns. Diagrams on the
right side show the strain values measured with strain gauges in time together
with the load regime in the time of the experiment. Here single cracks are
visible as sudden changes of strains, however their magnitude depends on how
close to a strain gauge a crack appeared. No quantitative analysis is possible
here. Also, contrary to the DFOS method, the cracks located further away
from the strain gauges could not be directly detected.
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Figure 8.6: Strains of steel reinforcing bar along the beam B_C00_b for
subsequent load steps, measured with DFOS
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Figure 8.7: Strains of steel reinforcing bar along the beam B_C15_c for
subsequent load steps, measured with DFOS
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Figure 8.8: Strains of steel reinforcing bar along the beam B_C20_a for
subsequent load steps, measured with DFOS

Finally, these strain measurement results could be well and precisely con-
firmed for higher load steps with the observation of cracks and digital image
correlation (DIC) method (Fig. 8.9). Here however some of the cracks oc-
curred outside of the DIC area (that is outside of the middle 86 cm of the
200-cm long beam).

Figure 8.9: Photo and results of DIC of beams B_C15_c and B_C20_a

For one chosen load step, strains within the element can be analysed. The
strain values in the tensile area in the reinforcing steel layer (L0) and in the
concrete (E5) are shown with the strains in the compression area (E1 and
E2) on Figure 8.10. Strains in sensors on the bottom side (E3 and E4) are
neglected as for the chosen load level they already reached their maximum
range. The prominent peaks in the strain curves (especially E5) result from
crack formation in the concrete and designate the crack locations. Due to the
bond between concrete and steel and the development length, the strain curve
for the reinforcing steel in the area of these peaks is typically smoothen. The
location of the cracks can also be identified on the upper side of the element
in the measured values of the sensors E1 and E2. The concrete compressive
strains reach a magnitude of 0.5 mm/m in the areas of cracks.
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Figure 8.10: Strains measured in sensors E1, E2, E5 and L0 along the beam
B_C00_a, peaks in strains designate positions of cracks

8.1.4 Chemical prestress of beam specimens
In order to estimate the prestress effect in the beam specimens from the C20
series, the cracking moment was calculated based on the results from Table
8.1. In four point bending test the distance between support and the constant
moment area is equal to 0.6 m and the average cracking moments are shown
in Table 8.2.

Table 8.2: Mean cracking loads and moments for beam specimens

Cracking load [kN] Cracking moment [kNm]

C00_B_mean 9.30 2.79
C15_B_mean 10.61 3.18
C20_B_mean 15.45 4.64

According to equation 5.4, the ratio between direct tensile strength of non-
reinforced C00 and C20 concretes is equal to afctm = 1.18. Therefore it is
here assumed, that without restrain in form of the internal reinforcement,
the cracking moment of the C20 concrete specimens will be 1.18 times higher
than of C00:

Mcr.B.C20.theor = Mcr.B.C00 · ↵fctm = 2.79 kNm · 1.18 = 3.29 kNm (8.1)

However, cracking moment value obtained from experiments (Mcr.B.C20 =
4.64 kNm) is higher than the calculated value (Mcr.B.C20.theor = 3.29 kNm).
As the reinforcement ratio is equal in both specimens, this difference can be
attributed to the influence of chemical prestress, which can be assessed in the
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following way:

Mcr.B.C20 = Mcr.B.C20.theor +
NC20

Ac

·Wy (8.2)

NC20 =
1350000Nmm · 25600mm2

682666.7mm3
= 50.63 kN (8.3)

�pre.B.C20 =
NC20

Ac

=
50630N

25600mm2
= 1.98N/mm2 (8.4)

With these assumptions beams made of C20 concrete are effectively pre-
stressed with stress equal to 1.98 N/mm2.

8.2 Mid-scale slabs with textile reinforcement

8.2.1 Test setup
In mid-scale flexural test specimens described in 4.3.2 were subjected to four-
point bending (Fig. 8.11). The distance between supports equalled 1000 cm,
and the distance between support and load 400 mm (Fig. 8.12). Tests were
conducted in an electromechanical testing machine equipped with a load cell
with a 25 kN measuring range. The tests were carried out in a displacement-
controlled manner, whereby the loading speed was 1 mm/min until the first
crack and 5 mm/min until failure. During bending, the force and the deflec-
tion in the middle of the plate on both sides were measured with a frequency
of 10 Hz. The maximum measuring range of the inductive displacement trans-
ducers (LVDT) used was 40 mm, after this value was reached further displace-
ment was recorded by the machine path (Zdanowicz and Marx, 2018b).

Figure 8.11: Four-point bending test of a mid-scale slab with carbon textile
reinforcement
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Figure 8.12: Test setup for the mid-scale flexural tests

8.2.2 Load-displacement relationship

A typical load-displacement diagram for a C00 series of specimens is shown
in Figure 8.13. The crack formation is visible in the diagram as sudden drops
in the load. The load at initial crack formation increases with an increasing
amount of the expansive admixture. The same applies to the corresponding
deflection during initial crack formation. The results of the load and deflection
measurements at initial cracking are summarized for all samples in Table 8.3.
Table 8.4 contains the corresponding test data for the state of failure. Note-
worthy, load at initial cracking for specimens from the C15_F and C20_F
series is somehow similar, however the corresponding deflection is higher for
C20_F series. The ultimate state of bending moment should theoretically
not be influenced by chemical prestressing(Japan Society of Civil Engineer-
ing, 1994), however it was observed that maximum load also increased with
an increase in expansive admixture amount. The differences were however
not high and the maximum deformation was similar for all specimens. Figure
8.14 shows the load-deflection diagram for selected slabs. These curves are
shown in the enlarged form up to the first crack for the area up to a deflection
of approx. 4 mm.

Figure 8.13: Load-displacement path for three specimens of C00 series
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Table 8.3: Load and deflection at initial crack formation

Specimen name Load at initial Deflection at initial
crack formation [kN] crack formation [mm]

C00_F_a 0.80 0.67
C00_F_b 0.76 1.05
C00_F_c 0.78 1.37
C00_F_mean 0.78 ± 0.02 (100 %) 1.03 ± 0.35 (100 %)

C15_F_a 1.01 1.38
C15_F_b 0.99 1.66
C15_F_c 0.91 1.52
C15_F_mean 0.97 ± 0.05 (124 %) 1.52 ± 0.14 (148 %)

C20_F_a 1.01 1.78
C20_F_b 0.94 1.81
C20_F_c 0.99 2.04
C20_F_mean 0.98 ± 0.04 (126 %) 1.88 ± 0.14 (182 %)

C25_F_a 1.26 1.90
C25_F_b 1.25 2.50
C25_F_c* 0.95* 2.19*
C25_F_mean 1.25 ± 0.01 (161 %) 2.20 ± 0.30 (213 %)
* - Test specimen C25_F_c was excluded from the evaluation
due to premature failure.
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Figure 8.14: Load-deflection diagram for all mid-scale slabs and an enlarged
view of initial 4 mm deflection

8.2.3 Cracking pattern and crack spacing
Figure 8.15 shows a typical closed crack pattern for the slabs. The number
of cracks was comparable for all test specimens in a closed crack pattern
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(between 11 and 13) and independent of the concrete mixture. However, the
crack spacing for the individual series varied: C00 - 67.0 mm, C15 - 68.0 mm,
C20 - 74.1 mm and C25 - 72.6 mm. This means that for the C20 and C25
series, the crack spacing is increased by 10% and 8% respectively compared
to the reference series C00.

Figure 8.15: Typical crack pattern for the mid-scale slabs from series C00
and C25

Table 8.4: Load and deflection at failure

Specimen name Load at failure [kN] Deflection at failure [mm]

C00_F_a 3.41 129
C00_F_b 2.87 113
C00_F_c 2.55 137
C00_F_mean 2.94 ± 0.44 (100 %) 126 ± 12 (100 %)

C15_F_a 2.59 101
C15_F_b 2.72 107
C15_F_c 3.01 126
C15_F_mean 2.78 ± 0.22 (94 %) 112 ± 13 (88 %)

C20_F_a 3.91 133
C20_F_b 3.06 134
C20_F_c 3.16 127
C20_F_mean 3.38 ± 0.47 (115 %) 131 ± 4 (104 %)

C25_F_a 4.03 122
C25_F_b 4.25 141
C25_F_c* 2.89* 107*
C25_F_mean 4.14 ± 0.16 (141 %) 131 ± 14 (104 %)
* - Test specimen C25_F_c was excluded from the evaluation
due to premature failure.
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Higher crack spacing of chemically prestressed specimens was confirmed also
in the literature. It can be attributed to a higher tension stiffening effect
of chemically prestressed members. "Larger distance between two adjacent
cracks reduces number of cracks and thus the reduction of average stress
caused by stress redistribution at crackings" (Sahamitmongkol and Kishi,
2011). However, this effect is strongly dependent on the provided concrete
cover, because the thickness of concrete might affect the stress transfer from
concrete to the internal reinforcement.

8.3 Large-scale slab specimens

8.3.1 Test setup
Large-scale slab specimens with dimensions of 2000 x 1000 x 30 mm3 (de-
scribed in chapter 4.3.2) were casted as main test specimens in the thesis
work. They were reinforced with carbon textile reinforcement located in the
middle of their depth. Slabs were subjected to static four-point bending tests
in the universal testing machine. The slabs were placed with a span of 1800
mm under the frame with an attached servo-hydraulic jack. The distances
between the load introduction and the supports were 600 mm each. The
test setup is shown schematically in Fig. 8.16 and in Fig. 8.17 in the real
execution.

Figure 8.16: Presentation of the test setup

A load cell with a measuring range of up to 50 kN was installed on the test
cylinder. For the deflection measurements, four laser distance sensors with
a measuring range of 40 mm were arranged in the middle line of the slab’s
span, see Figures 8.17 and 8.18. In addition, strain measurements on the
reinforcement and in concrete were carried out with distributed fibre optic
sensors described in chapter 6.1.4.
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Figure 8.17: Test setup for four-point bending of a concrete slab with
carbon textile reinforcement

Also, the Digital Image Correlation (DIC) method was used to capture the
crack pattern in the central slab area (on a field with dimensions of 620 x
860 mm2) using the setup shown in Fig. 8.18. Here a machine vision camera
(type Manta G-235 from Allied Vision) was used and photos were made every
two seconds. All measuring devices were synchronised together so that the
timing of the photos shot can be directly related to the moment of testing
machine readings or DFOS measurements.

Figure 8.18: Laser distance sensors for measuring the deflection of the slab
in the middle (left top), preparation of the DIC area (left
bottom) and DIC setup for capturing the crack pattern (right)
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A loading regime with five loading and unloading cycles was applied. For the
first two load cycles a maximum force of approx. 1.4 kN was applied at a
constant speed v1 = 0.5 mm/min. These two loading cycles should provide
a record of the load-deflection curves in the still substantially linear strain
range. Each unloading was realized to approx. 0.2 kN. Further, a third cycle
was performed up to a load level when deflection of about 5 mm occurred
and released again to 0.2 kN. Then, the load speed was increased to v2 =
2.5 mm/min and the fourth load cycle was completed at a load for which
corresponding deflection achieved approx. 25 mm. The fifth load cycle was
run at a load speed of v3 = 10 mm/min up to a deflection of 36 mm, which
corresponded to 1/50 of the span length. A load of approximately 1.5 kN -
3.5 kN was applied at this deflection level. Finally, the slabs were unloaded.

8.3.2 Load-displacement relationship
In each of the three diagrams in Figure 8.19, the formation of single cracks is
visible as a drop in the load. The initially linear increase in load is followed
by a phase of crack formation, which is accompanied by an increase in deflec-
tion. The slope of the load-deflection curves in the linear non-cracked area
is approximately the same for all examined test specimens since it reflects
the plate stiffness of the non-cracked cross-section. However, the curves differ
for both the uncracked and the cracked cross-section in the magnitude of the
load that can be carried. Diagrams for all slabs are included in Appendix A.

The force-deflection curves show that all test specimens with the addition of
expansive admixture can withstand higher loads during crack formation than
the test specimens from the reference concrete. The results of the flexural
tests for all test specimens are summarized in Table 8.5. The first crack of
the test specimen C20_S_a was difficult to detect since no corresponding
force drop was observed in the force-deflection curve. The crack formation
and its development could be thus detected by means of the Digital Image
Correlation method as well as with the measurements acquired from the fibre
optic sensors. This will be discussed in the following section.

Furthermore, strains of concrete in the longitudinal direction were measured
on the top and bottom surfaces of the slabs with two 100 mm long electrical
strain gauges. Strain values in reference to the load applied are presented in
the Figure 8.20. The strains measured with the strain gauges located on the
top surface were comparable for all specimens and reached between 0.5 - 0.75
mm/m. On the bottom surface, strains were measured until a crack occurred
which went through the strain gauge, from this moment a linear increase
of measured strains without changes in load is observed and measurement
results are no longer relevant. It is visible that in the second load cycle, when
deflection reached about 5 - 6 mm, strains were much higher in C00 and
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Figure 8.19: Comparison of selected slabs from series C00, C15 and C20 in
terms of their load-deflection relationship

Table 8.5: Load and deflection at initial crack formation in slabs

Specimen name Load at initial cracking Corresponding deflection
[kN] [mm]

C00_S_a 1.46 2.97
C00_S_b* 0.33* 2.66*
C00_S_c 1.74 2.69
C00_S_mean 1.60 ± 0.20 (100 %) 2.83 ± 0.20 (100 %)

C15_S_a 2.05 3.41
C15_S_b 2.89 3.17
C15_S_c 2.39 3.81
C15_S_mean 2.44 ± 0.42 (153 %) 3.46 ± 0.32 (122 %)

C20_S_a* 1.62* 6.95*
C20_S_b 2.16 5.02
C20_S_mean 2.16 ± 0.00 (135 %) 5.02 ± 0.00 (177 %)
* - In the case of slab C20_S_a, no cracks that could be identified by
a drop in force were visible in the force-deflection diagram. The values
in the table therefore refer to the cracks visible in the DIC results.

C15 specimens than in C20 slab (0.75 or 1 mm/m in comparison with 0.25
mm/m).

On the left side of the diagrams, in the compresive zone, there is a difference
visible between reference C00 mixture and expansive concrete mixtures, C15
and C20. For C00, at a maximum load of 2.5 kN strains in the strain gauge



120 CHAPTER 8. FLEXURAL TESTS

at the top increase but no additional load can be absorbed. On the contrary,
in C15 and C20 specimens an increase of strains is visible together with an
increase of load until the end of measurements. Thus, a prestressing effect
might be anticipated by observing the compressive zone, as in chemically
prestressed specimens additional compression is introduced in the specimens
which allow for higher load levels.

Figure 8.20: Strains in concrete on the top and bottom surface for the slabs
C00_S_a (top), C15_S_a (middle) and C20_S_c (bottom)



8.3. LARGE-SCALE SLAB SPECIMENS 121

8.3.3 Cracking pattern

During the four-point bending tests, the strains in the concrete and on the
textile reinforcement were examined with distributed fibre optic sensors. Re-
sults of these measurements for one slab from each series are presented in
Figures 8.21 to 8.23 - strain peaks for each load level correlate with crack
locations. A fibre optic sensor that was embedded in concrete in the middle
of the slab in the longitudinal direction is considered here. These diagrams il-
lustrate both where cracks occur and how they develop with increasing load.
In addition, the measured values of the fibre optic sensors can be used to
detect cracks at an early stage even if they are not yet visible.

These findings correspond also very good with the crack development in the
middle of the slabs recorded by DIC method (Fig. 8.24). DIC analysis was
performed with GOM Correlate software using square facets with a facet size
of 11 px (to aim for better acquisition of local effect within the facet) and
a point distance of 9 px (to provide overlapping area and higher resolution).
Deformations in the longitudinal direction are presented here.

Figures 8.25 to 8.27 show the correlated results of the fibre optic measure-
ments and the DIC analysis for one chosen load level designated on the load-
displacement diagram. Vertical lines designate the width of the DIC area.
DFOS measurements allow thus a very good prediction of the crack loca-
tions, even before they can be observed with the DIC. Further results of the
measurements for all slabs are shown in Appendix A.

Figure 8.21: DFOS measurements - cracking pattern for the slab C00_S_a
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Figure 8.22: DFOS measurements - cracking pattern for the slab C15_S_b

Figure 8.23: DFOS measurements - cracking pattern for the slab C20_S_b

Figure 8.24: DIC method results - cracking pattern for slabs C00_S_a,
C15_S_b and C20_S_b
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Figure 8.25: Comparison of measurements results from DFOS sensors with
DIC method for the slab C00_S_a, load step 25

Figure 8.26: Comparison of measurements results from DFOS sensors with
DIC method for the slab C15_S_b, load step 27

Figure 8.27: Comparison of measurements results from DFOS sensors with
DIC method for the slab C20_S_b, load step 23

Further observation was made regarding the damages in the concrete structure
even before the first crack occurred. Strain distribution along slabs is shown
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for specimens C00_S_a and C20_S_c in Figure 8.29 for chosen load steps. It
can be observed, that even in the theoretically elastic state (before cracking),
some local damages can be observed in concrete (load step 13 for C00_S_a
and 14 for C20_S_c). After subsequent unloading, the deflection of slabs
goes back to the state before loading, but these damages to some extent
remain in concrete - the damaged area remains similar, although peak values
decrease (load step 14 for C00_S_a and 15 for C20_S_c). There were no
cracks visible at this time on DIC results neither a drop in force on the load-
deflection diagram.

Figure 8.28: Results from DFOS sensors after unloading cycle for slab
C00_S_a

Figure 8.29: Results from DFOS sensors after unloading cycle for slab
C20_S_b

Also when strains in concrete (free DFOS fibres) and on the textile reinforce-
ment (glued DFOS fibres) were compared, a difference was visible on every
loading stages (Figure 8.30). Although strain peaks occur in the same lo-
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cations of cracks, strains of textile reinforcement (light blue lines) are lower
than strains in concrete (dark blue lines).

Figure 8.30: Comparison of strains measured with glued and free DFOS
sensors for slabs C00_S_a (load step 13), C15_S_c (load step
23) and C20_S_b (load step 22)
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8.3.4 Analysis of prestress
With an aim to analyse the prestress introduced with the expansion of con-
crete, cracking moments of C00, C15 and C20 slabs were calculated and com-
pared. Firstly, the cracking moment from experimental results was calculated
with Fcr values taken as mean values from Table 8.5 and the average cracking
moments are shown in Table 8.6.

Table 8.6: Mean cracking load and moments for slab specimens

Cracking load [kN] Cracking moment [kNm]

C00_S_mean 1.60 0.48
C15_S_mean 2.44 0.73
C20_S_mean 2.16 0.65

Subsequently, a theoretical values of cracking moments were set for C00 and
C20 slabs considering concrete tensile strength with the following formula:

Mcr = (fctm +
N

Ac

) ·Wy (8.5)

For plain concrete without reinforcement the direct tensile strength value
(fctm) can be used as calulated before in Eq. 5.2. As the slabs are reinforced
with textile reinforcement, the following assumptions are made after (Kulas,
2013):

Fcr = Fcr.c + Fcr.t (8.6)

where Fcr.c is the tensile force in concrete at cracking Fcr.t is the tensile
force in textile reinforcement at cracking. It is also assumed, that in phase
I a linear stress-strain state is provided, the reinforcement area is neglected
(A = Ac) and a full bond between concrete and reinforcement is provided so
that ecr.c = ecr.t. Thus, the compound element tensile strength at first crack
can be calculated with mechanical reinforcement ratio based on stiffness, wl.

!l =
Et ·At

Ec ·Ac

(8.7)

For slab made of C00 concrete, the mechanical reinforcement ratio is:

!l.C00 =
180000 · 142
33420 · 29858 = 0.026 (8.8)

and the fctm.s.C00:

fctm.s.C00 = fctm.C00 · (1 + !l.C00) = (8.9)
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= 3.13N/mm2 · (1 + 0.026) = 3.21N/mm2 (8.10)

With the fctm.s value calculated in Eq. 8.10 and the N value set to zero and
substituted to Eq. 8.5, a following theoretical value of cracking moment is
obtained for C00 specimens:

Mcr.s.C00 = 3.21N/mm2 · 1000mm · (30mm)2

6
= 0.48 kNm (8.11)

For the C00 concrete, the theoretical value shows a very good agreement with
the value from experimental tests (0.48 kNm in both cases).

The calculations for C20 concrete takes the following form:

!l.C20 =
180000 · 142
32290 · 29858 = 0.027 (8.12)

fctm.s.C20 = 3.70N/mm2 · (1 + 0.027) = 3.80N/mm2 (8.13)

Mcr.s.C20 = (3.80N/mm2 +
NC20

30 · 1000mm2
) · 1000mm · (30mm)2

6
(8.14)

As in Eq. 8.14 the Mcr and N values are unknown and a good agreement
between theoretical and experimental values was observed for C00 slabs, here
the cracking moment Mcr will be assumed as equal to the value from experi-
ments, i.e. 0.65 kNm:

NC20 = 26.7 kN (8.15)

In C20 concrete, a prestressing force of 26.7 kN can be therefore assumed,
which corresponds with the prestress value of:

�pre.slab.C20 =
NC20

Ac

=
26700N

30000mm2
= 0.89N/mm2 (8.16)

Finally, a theoretical ultimate load-bearing capacity is calculated below ac-
cording to (Voss, 2008; Williams Portal, 2015). The aim is to assess whether
the cracking moment values are within a plausible range.

MRd.s.est = 0.9 · d · COE · ft ·At,l (8.17)
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For the reference C00 concrete, the value of MRd is:

MRd.s.est.C00 = 0.9 ·15mm ·0.33 · 2500N/mm2 ·142mm2 = 1.58kNm (8.18)

whereby the value of Coefficient of Efficiency, COE, was calculated with Eq.
7.2. Then a ratio of the cracking moment and the estimated ultimate strength
can be calculated and it is equal to:

Mcr.s.C00

MRd.s.est.C00
=

0.48 kNm

1.58 kNm
= 30% (8.19)

8.4 Summary
Flexural tests were performed on beam and slab elements. In each case, four
point bending tests were performed, in beams and large-scale slabs with a
span of 1800 mm and mid-scale slabs with a span of 1000 mm. Three con-
crete mixtures were compared in all tests, reference C00 concrete, and two
expansive concrete mixtures, C15 and C20. Load, deflection, strains in the re-
inforcement and on the concrete surface were measured with various methods
and the cracking pattern was analysed with a DIC method. Experiments were
carried out in several loading cycles until a planned deflection was achieved
and then stopped after unloading.

In each case, it was proven that the cracking moment was increased in expan-
sive concrete specimens. The mean increase was 14% and 66% in C15 and
C20 beams, 24% and 26% in C15 and C20 mid-scale slabs and 53% and 35%
in C15 and C20 large-scale slabs (here however the value for C20 slabs can
be underestimated due to the limited number of specimens). Simultaneously,
deflection corresponding with the load at initial crack formation was also in-
creased. The improvement in the cracking moment suggests that chemical
prestress was introduced by the restrained expansion of concrete. Taking into
account the different tensile strength of both concretes, prestress was analysed
and prestress level calculated for C20 beam and slab elements.

Analysis of prestress for elements subjected to flexure, i.e. beams and large
slabs revealed that in both cases elements made of C20 concrete are chemi-
cally prestressed and the prestress effect is not neglectable, reaching in con-
crete 0.89 N/mm2 in large slabs (Eq. 8.16) and 1.98 N/mm2 in beams (Eq.
8.4). Nevertheless, contrary to tensile specimens, calculations performed here
do not correspond well with prestress assessments made based on measured
expansive strains, which gave the result of 1.01 N/mm2 in C20 beams.

Despite the relatively low degree of reinforcement of the beams (0.44%) and
slabs (0.47%) and the not particularly high level of prestress, a significant im-



8.4. SUMMARY 129

provement in the load that can be absorbed during initial crack formation was
achieved. Nonetheless, for mid-scale slabs with textile reinforcement analysis
of the cracking pattern has proven that the crack spacing was also increased
for expansive concrete elements when compared with the reference concrete.
Furthermore, the DFOS used not only enabled monitoring of the reinforce-
ment and concrete strains during the setting and hardening process, but also
early detection of crack formation in the flexural tests. Crack locations de-
tected with optical sensors were in perfect agreement with cracks observed
later on with the DIC method or visible on the surface of the elements.
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Chapter 9

Discussion and conclusions

The aim of the thesis was to experimentally assess the behaviour of expansive
concrete elements with textile reinforcement. An assumption was made, that
using CSA expansive admixture in various amounts can lead to introducing
chemical prestress in the textile reinforced elements. To achieve this goal,
expansion of free and restraint specimens was measured and analysed and
concrete mechanical properties were investigated. Afterwards, pull-out, ten-
sile and flexural tests were performed to investigate the introduced chemical
prestressing.

9.1 Fulfillment of research objectives
Three objectives were formulated within the scope of this work:

Objective 1. To prove whether chemical prestressing of concrete
members with carbon textile reinforcement is possible.

Expansion measurements proved, that self-compacting concrete with CSA
admixture exhibits expansion during its early days during and after hydra-
tion. When the expansion is restrained by internal reinforcement, compres-
sive stresses are introduced into test specimens, and the chemical prestressing
phenomena can be confirmed on specimens with textile reinforcement.

The best way to observe this prestressing effect is to perform tensile tests
on TRC specimens. In uniaxial stress state, taking into account differences
in tensile strength of plain concrete, the differences between reference and
expansive concrete mixtures in their cracking load capacity can be attributed
directly to the prestressing effect.

131
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In specimens prepared for tensile tests, shrinkage and expansion strains were
measured during hardening and maturing, and the difference between refer-
ence, C00, and expansive, C20, specimens was equal to 0.78 mm/m, which
in terms of stresses mean a prestress of concrete with a magnitude of 0.75
N/mm2 (Eq. 6.5).

Afterwards, in tensile tests performed on the same specimens it was observed
that specimens made of expansive concrete show a significantly higher crack-
ing load than reference concrete specimens (+18% and +35% increase for C15
and C20 expansive concrete mixtures). Furthermore, optical sensors glued to
the internal textile reinforcement allowed to measure textile strains during
tensile tests, and these strains at the moment of the first crack also increased
(by 22% for C15 and 73% for C20 specimens). Analytical assessment of the
concrete prestress results in a value of spre.T.C20 = 0.77 N/mm2 (Eq. 7.6),
which corresponds well with the prestress assumed from expansion measure-
ments (0.75 N/mm2).

Therefore, tensile tests have proven that chemical prestressing is indeed pos-
sible, also for specimens with textile reinforcement.

Objective 2. To quantify the introduced prestressing forces and
the influence of prestressing on serviceability limit state, focusing
on cracking load.

The second objective was to quantify the prestress which was introduced by
expansion. For this purpose, flexural tests were conducted on beam and slab
specimens.

First of all, mid-scale slab specimens with carbon textile reinforcement were
tested as a feasibility study of chemical prestressing. After promising results of
load-deflection relationship were obtained, a study on large-scale slabs with
textile reinforcement and on reference beam specimens with uniaxial steel
reinforcement was conducted. Elements were tested in flexure as it is the
dominant load case for thin TRC members used as façade elements. However,
under flexural load the prestress is more difficult to assess, because there are
additional factors that need to be considered, for example a phenomenon of
increased bending crack resistivity for expansive concrete specimens (Chapter
3.4).

When beams were subjected to a four-point bending test, a substantial in-
crease in cracking moment was observed. Beams made of expansive concrete
had 14% (C15) or 66% (C20 specimens) higher cracking load in comparison
to reference specimens (C00). The cracking pattern was investigated with
numerous methods, including DIC, strain gauges installed on the steel rebar
and distributed fibre optic sensors (DFOS) measuring strains of concrete and
rebar. All of these methods provided a good agreement. Finally, concrete
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prestress in C20 beams was estimated as equal to spre.B.C20 = 1.98 N/mm2

(Eq. 8.4).

For large scale slabs, flexural test have also proven that expansive concrete
specimens sustain higher cracking load than reference concrete (+53% and
+35% for C15 and C20 specimens). At the same time, deflection correspond-
ing with the cracking load also increased for expansive concrete specimens.
Calculated concrete prestress reached spre.S.C20 = 0.89 N/mm2 (Eq. 8.16).

Although beams and slabs have the same length and reinforcement ratio,
there is a difference between calculated concrete prestress and the ratio of
spre.B.C20 to spre.S.C20 equals 2.22. Such a high difference might be caused by
several factors. First of all, the difference in reinforcement type, either uni-
axial in beams or in a grid form in slabs. As the slabs have also transversal
reinforcement which acts as additional restraint, different behaviour might be
expected. Secondly, the difference in geometry, as in the beams much higher
concrete cover was provided over the reinforcement and the expansive strains
in concrete could have been transferred better over the volume. In slabs, a
very low concrete cover of 15 mm was provided. Another reason might be
the difference in bond strength between concrete and the reinforcement in
elements with textile reinforcement (maximum bond strength of 7.46 N/mm2

as described in Chapter 7) in comparison with almost four times higher maxi-
mum bond strength of 29.6 N/mm2 for specimens made of C20 concrete with
steel 12mm-rebar (Zdanowicz and Hansen, 2019).

In comparison of calculated prestress of large-scale slabs and tensile elements,
which both had textile reinforcement, the latter show a lower value (0.77
N/mm2 vs 0.89 N/mm2). This difference can be attributed to the low length
of the tensile specimens when compared with large-scale slabs (450 mm vs
2000 mm), which resulted in a lower transfer length and does not allow for
achieving similar expansive strains. Expansion of tensile specimens was in-
deed lower than the expansion of slabs (Chapter 6).

Objective 3. To analyse the influence of chemical prestressing on
other aspects relevant for the design of structural members.

Chemical prestress or the use of CSA expansive admixture influences not only
cracking load under tension or flexure. The last objective was to determine
changes in the bond behaviour, as well as in the mechanical properties of the
concrete itself and the tensile behaviour of chemically prestressed specimens.

Bond behaviour

The bond strength of specimens made of expansive concrete was superior to
the reference concrete specimens (5.99 N/mm2 for C00 series and 7.46 N/mm2

for C20 series). A hypothesis is proposed that the higher bond strength of
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expansive concrete can be connected with the increase in the density of the
expansive concretes. In literature, an effect of expansion is described, where
the concrete becomes denser over time due to the storage of the expansion
material in concrete pores. By increasing the density, a larger adhesive sur-
face can form around the textile reinforcement. The matrix forms also fewer
defects or air voids around the roving (Aroni et al., 1968; Jia et al., 2016).
This could explain the higher pull-out force and bond strength associated
with adhesion.

However, also prestressing of carbon roving might improve bond properties.
The effect of higher bond strength due to prestressing of carbon rovings was
described in (Krüger et al., 2001), who detected that prestressing led to a
bundling effect as contact zones of the inner filaments increased and the ge-
ometry of single rovings was changed.

Pull-out investigations on specimens with textile reinforcement and expansive
admixtures also confirmed that expansion improves the bond behaviour and
increases the ultimate pull-out force (Wang et al., 2016).

Therefore, based on literature analysis and own experimental work, it becomes
clear that expansive concrete will achieve at least the same or presumably even
greater bond strength than the reference concrete without the addition of an
expansive admixture.

Concrete properties

The addition of expansive admixture influenced also the mechanical properties
of concrete. Compressive strength was increased for both mixtures applied,
C15 and C20 (+7.1% and +12.0% in reference to C00), however when a
specific threshold was achieved, here defined as 25% of expansive admixture,
a decrease of -17% of the compressive strength was observed. On the other
hand, the modulus of elasticity was almost not influenced by the addition of
expansive admixture (-1.1% and -3.4% for C15 and C20 speciemens). The
tensile flexural strength of plain concrete was also superior for C20 specimens
when compared with C00 (+18% increase).

Strain residuum phenomenon

In tensile specimens with a textile reinforcement, besides the visible improve-
ment in cracking load, a so-called strain residuum phenomenon was observed.
It means that after two loading and unloading cycles even in the theoretically
elastic state of a linear stress-strain relationship, some deformation remain in
the expansive concrete specimens. This strain residuum becomes higher with
increasing expansive admixture amount.
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9.2 Overall performance index
Several areas of structural behaviour were analysed for reference and chem-
ically prestressed concrete specimens. To be able to compare the results for
C00, C15 and C20 series, a so-called overall performance index (PI) will be
introduced. This index is understood as a ratio of areas of tetragons cre-
ated by values achieved in various experimental tests (cracking load for slabs,
beams and tensile specimens and bond strength) for each series (Eq. 9.1 and
9.2). Figure 9.1 shows a graphical representation of the PI. Note that as for
C15 no data are available for bond strength, a mean value of the C00 and
C20 series is assumed.

PIC20/C00 =
AC20

AC00
=

231.39

114.06
= 2.03 (9.1)

PIC15/C00 =
AC15

AC00
=

157.75

114.06
= 1.38 (9.2)

Figure 9.1: Overall performance index of C00 and C20 series

In the case of the results obtained within this thesis, the Performance Index
is equal to 2.03 for C20 and 1.38 for C15. C15 specimens performed well,
although the difference here was not significantly better. For C20 series it
can be interpreted that specimens performed in structural tests in total two
times better than reference specimens. Even taken into account differences
in concrete mechanical properties (higher compressive and tensile strength



136 CHAPTER 9. DISCUSSION AND CONCLUSIONS

and lower modulus of elasticity), the PI value shows an advantage in using
chemically prestressed specimens.

In structural tests specimens made of expansive concrete behave better than
reference concrete specimens. Although there are differences between specific
types of tests and various factors influence their different behaviour under
tension or flexure, Figure 9.2 shows that an increase in the performance of
chemically prestressed specimens is visible.

Figure 9.2: Comparison of C00, C15 and C20 series

9.3 Outlook
Although this thesis takes a comprehensive approach to analyse the structural
behaviour of chemically prestressed elements on various levels, the complexity
of analysed phenomena enforced multiple assumptions, models and simplifi-
cations. Also, lacking investigations and issues which were not addressed
within this thesis work, described in the Introduction, limit the possibility to
apply these findings in the industrial applications at this stage. Therefore,
the following issues are recommended for future work:

• Calculations of prestress based on comparison of test results for both
series should be validated with analytical models.

• Further research, focused on the long-term stability and durability of
chemically prestressed specimens is necessary.

• Creep and shrinkage tests are needed which allow to assess the prestress
losses.

• A possible improvement in the magnitude of prestress should be in-
vestigated, for instance with consideration of longer water curing or
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alternative methods for supplying water (prolonged curing in water or
moisture curing was not realized, as it is difficult to realize in the in-
dustrial applications).

• The extent of reaction and re-expansion possibility should be checked
for the mixtures and geometries tested.

• Also, the influence of environmental conditions on chemically prestressed
elements is necessary for successful field applications.

• Finally, analytical models which will allow quantifying estimated pre-
stress basing on simple expansion measurements are compulsory.

Although there is still plenty of open research questions and gaps before chem-
ical prestressing could be effectively applied, the work presented in this thesis
confirmed that further developement of this technology might be beneficial
for numerous applications of elements with carbon textile reinforcement. Pre-
stressing of textile reinforcement might be performed in a novel way, using
a technology that has not found its field of application before, and it can be
beneficial for structural performance and usability.
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Appendix A

Large slab specimens -
additional results

The appendix contains additional results for large-scale slabs, not presented
in Chapter 8.3.

Load-deflection diagrams for slabs

Figure A.1: Load-deflection relationship for the slab C00_S_a

139



140APPENDIX A. LARGE SLAB SPECIMENS - ADDITIONAL RESULTS

Figure A.2: Load-deflection relationship for the slab C00_S_b

Figure A.3: Load-deflection relationship for the slab C00_S_c

Figure A.4: Load-deflection relationship for the slab C15_S_a
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Figure A.5: Load-deflection relationship for the slab C15_S_b

Figure A.6: Load-deflection relationship for the slab C15_S_c

Figure A.7: Load-deflection relationship for the slab C20_S_a
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Figure A.8: Load-deflection relationship for the slab C20_S_c

DIC results for large slabs

Figure A.9: DIC results - cracking pattern for slabs from C00_S series

Figure A.10: DIC results - cracking pattern for slabs from C15_S series
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Figure A.11: DIC results - cracking pattern for slabs from C20_S series

DFOS results for large slabs

Figure A.12: DFOS measurements - cracking pattern for the slab C00_S_b

Figure A.13: DFOS measurements - cracking pattern for the slab C15_S_a
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Figure A.14: DFOS measurements - cracking pattern for the slab C15_S_c

Figure A.15: DFOS measurements - cracking pattern for the slab C20_S_a

DFOS and DIC correlation of large slabs

Figure A.16: Comparison of measurements results from DFOS sensors with
DIC method for the slab C00_S_b, load step xx
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Figure A.17: Comparison of measurements results from DFOS sensors with
DIC method for the slab C15_S_a, load step xx

Figure A.18: Comparison of measurements results from DFOS sensors with
DIC method for the slab C15_S_c, load step xx

Figure A.19: Comparison of measurements results from DFOS sensors with
DIC method for the slab C20_S_a, load step xx
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Appendix B

Beam specimens - additional
results

The appendix contains additional results for beam specimens, not presented
in Chapter 8.1.

Figure B.1: Load-deflection diagram for specimens from the series C00
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Figure B.2: Load-deflection diagram for specimens from the series C15

Figure B.3: Load-deflection diagram for specimens from the series C20



Appendix C

Tensile specimens -
additional results

The appendix contains additional results for tensile specimens, not presented
in Chapter 7.2.

Figure C.1: Load-displacement relationship for specimen C00_T_a and
corresponding load-textile strain diagramm

Figure C.2: Load-displacement relationship for specimen C00_T_b and
corresponding load-textile strain diagramm
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Figure C.3: Load-displacement relationship for specimen C15_T_b and
corresponding load-textile strain diagramm

Figure C.4: Load-displacement relationship for specimen C15_T_c and
corresponding load-textile strain diagramm

Figure C.5: Load-displacement relationship for specimen C20_T_b and
corresponding load-textile strain diagramm

Figure C.6: Load-displacement relationship for specimen C20_T_c and
corresponding load-textile strain diagramm
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