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Abstract

Creep testing methodology on fibre-reinforced concrete is a long and complex process
involving multiple variables. On the one hand, creep testing parameters such as pre-
cracking level and creep index or stress sustained level, as well as boundary and
environmental conditions, can be found among other variables. Variations on these
parameters, together with the intrinsic variability of FRC due to the random fibre
distribution of FRC, have a significant impact on the experimental results obtained
among the existent methodologies. The long duration of the creep test and the required
space in the facilities laboratories as the environmental conditions to keep during the
creep test entail a significant challenge and outlay in terms of both space and expense
resources that have reduced the research investment on this topic. Thus, after an
exhaustive analysis of the state-of-the-art and starting from an existent creep testing
methodology, several experimental programmes were developed to assess the effect of
main creep testing parameters and the influence of creep frame construction as well as
different procedure steps on the experimental results when the flexure creep testing
methodology is applied. This work intends to define test parameters focused on
characterising the effect of creep in the service limit state (SLS), as well as to unify
criteria and processes of creep test, developing a procedure that can be standardised.

On the other hand, it is difficult to understand what happens within the cross-section
during the creep test beyond the crack opening variation. The stress redistribution within
the cross-section during the creep test is still unknown. This work also aims to shed some
light by studying both the evolution of the crack opening and the compressive
deformations in the compressed concrete zone. Experimental campaigns have been
designed to assess both the tensile (crack opening) and compression (compressive
strains) creep simultaneously that, allow to determine the contribution of compressive
creep in the concrete area in the delayed crack opening and to assess the evolution of the
neutral fibre position of the cross-section during the flexure creep test duration.

In this context, the result of this PhD research is a new flexure creep methodology
proposal able to characterise long-term behaviour in flexure of cracked fibre-reinforced
concrete, as well as some valuable tools such as the creep database that will help to
understand experimental results and to contribute to consider delayed deformations in
the international standards in the service state limit design.
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Resumen

El procedimiento de ensayo de fluencia es un proceso muy complicado, largo y que
envuelve muchas variables. Por una parte, estan las variables relativas al proceso de
ensayo de fluencia como condiciones de contorno, condiciones ambientales, parametros
de ensayo como nivel de carga o prefisura inicial, entre muchos otros. Estas variables
influyen ya de por si lo suficiente en los resultados experimentales obtenidos en los
ensayos sumado a la variabilidad intrinseca del hormigén reforzado con fibras. La
duracion minima requerida en este tipo de ensayos y el espacio fisico necesario, asi como
asegurar las condiciones ambientales, supone muchas veces un importante reto y
consumo de recursos y espacio, lo que ha frenado hasta ahora la inversion en
investigacion para abordar este tema. Para ello, tras un exhaustivo estudio del estado del
arte y partiendo de una metodologia a flexion existente, se han desarrollado varias
campafias experimentales para evaluar el efecto de los parametros basicos de ensayo, la
construccion del bastidor y el analisis de los resultados experimentales obtenidos de
aplicar la metodologia. Con todo ello se pretende obtener parametros de ensayo
disefiados para caracterizar el efecto de la fluencia en estado limite de servicio, asi como
unificar criterios y procesos del ensayo disefiando un procedimiento que pueda ser
estandarizado.

Por otra parte, existe la dificultad afiadida de entender qué sucede dentro de la
seccion durante el ensayo de fluencia mas alla de la variacion en abertura de fisura. La
redistribucion de esfuerzos que se produce dentro de la seccion fisurada durante el
ensayo de fluencia a flexion es una incognita. Este trabajo pretende también arrojar algo
de luz estudiando tanto la evolucion de la abertura de fisura como las deformaciones en
la zona comprimida del hormigén. Se han disefiado campafias experimentales para
evaluar simultaneamente las deformaciones de traccion (abertura de fisura) y las
deformaciones de compresion (zona comprimida del hormigén) de modo que permitan
evaluar tanto la contribucion de la fluencia a compresion sufrida por la zona comprimida
de hormigoén en las mediciones de abertura de fisura como la evolucion de la profundidad
de la fibra neutra de la seccion fisurada durante el ensayo a flexion.

En este contexto, el resultado es una nueva propuesta metodoldgica de fluencia a
flexion consensuada y capaz de caracterizar el comportamiento a flexion de hormigones
reforzados con fibra en estado fisurado, asi como algunas herramientas como la base de
datos de fluencia que ayudan a la interpretacion de los resultados experimentales y
puedan contribuir a la consideracion de estas deformaciones por las distintas normativas
internacionales en su fase de disefio.






Resum

El procediment d'assaig de fluéncia és un procés molt complicat, llarg i que embolica
moltes variables. D'una banda, estan les variables relatives al procés d'assaig de fluéncia
com a condicions de contorn, condicions ambientals, parametres d'assaig com nivell de
carrega o prefissura inicial, entre molts altres. Aquestes variables influeixen ja de per si
prou en els resultats experimentals obtinguts en els assajos sumat a la variabilitat
intrinseca del formigo reforgat amb fibres. La duracié minima requerida en aquesta mena
d'assajos i I'espai fisic necessari, aixi com assegurar les condicions ambientals, suposa
moltes vegades un important repte i consum de recursos i espai, la qual cosa ha frenat
fins ara la inversi6 en investigacio per a abordar aquest tema. Per a aix0, després d'un
exhaustiu estudi de I'estat de I'art i partint d'una metodologia a flexid existent, s’han
desenvolupat varies campanyes experimentals per a avaluar l'efecte dels parametres
basics d'assaig, la construcciéo del bastidor i l'analisi dels resultats experimentals
obtinguts d'aplicar la metodologia. Amb tot aixd es pretén obtindre parametres d'assaig
dissenyats per a caracteritzar l'efecte de la fluéncia en estat limit de servei, aixi com
unificar criteris 1 processos de l'assaig dissenyant un procediment que puga ser
estandarditzat.

D'altra banda, existeix la dificultat afegida d'entendre queé succeeix dins de la seccio
durant l'assaig de fluéncia més enlla de la variacio en obertura de fissura. La redistribucio
d'esfor¢os que es produeix dins de la secci6 fisurada durant 1'assaig de fluéncia a flexiod
és una incognita. Aquest treball pretén també llancar una mica de llum estudiant tant
I'evolucié de l'obertura de fissura com les deformacions en la zona comprimida del
formigo6. S'han dissenyat campanyes experimentals per a avaluar simultaniament les
deformacions de traccio (obertura de fissura) i les deformacions de compressié (zona
comprimida del formigd) de manera que permeten avaluar tant la contribucié de la
fluéncia a compressio patida per la zona comprimida de formigd en els mesuraments
d'obertura de fissura com l'evoluci6é de la profunditat de la fibra neutra de la seccid
fisurada durant l'assaig a flexio.

En aquest context, el resultat és una nova proposta metodologica de fluéncia a flexio
consensuada i capag¢ de caracteritzar el comportament a flexié de formigons reforcats
amb fibra en estat fisurado, aixi com algunes eines com la base de dades de fluéncia que
ajuden a la interpretacio dels resultats experimentals i puguen contribuir a la consideracid
d'aquestes deformacions per les diferents normatives internacionals en la seua fase de
disseny.
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Chapter 1.
Introduction

1.1. General approach

Actually, creep in the cracked state of fibre-reinforced concrete (FRC) is not considered
in the design process of structural elements. The lack of knowledge about delayed
deformations under sustained loading, together with the absence of a recognised standard
methodology, hinder the consideration of creep in service limit state (SLS)

Although the interest of the scientific community in creep has recently increased,
the large number of available methodologies (i.c., flexure, tensile, panels, structural
elements...) do not provide enough knowledge or confidence to consider delayed
deformations in the design codes of FRC structures. Due to such available
methodologies, creep experimental results cannot be globally assessed, and conclusions
cannot be stated. In addition, the long duration of the creep test and the required space
in the facilities, together with the strict controlled environmental conditions required
during the creep test, entail a significant outlay in terms of both space and resource
expense that have reduced the research investment on this topic.

Creep testing methodology on fibre-reinforced concrete is a long and complex
process involving multiple variables. On the one hand, creep testing parameters such as
pre-cracking level and creep index or stress sustained level, as well as boundary and
environmental conditions, can be found among other variables. It has been observed that
variations on these parameters have a significant impact on the experimental results
obtained among the existent methodologies. Moreover, considering the intrinsic
variability of FRC due to random fibre distribution, it becomes a complex task to make
any global assessment and obtain any valuable conclusion from such a maze of variable
results. Hence, after an exhaustive analysis of the state-of-the-art and starting from an
existent creep testing methodology, different experimental programmes were carried out
to assess the effect of main creep testing parameters and the influence of creep frame
construction as well as other procedure steps on the experimental results when the flexure
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creep testing methodology is applied. This PhD work intends to define creep test
parameters focused on characterising the effect of creep in the service limit state (SLS),
as well as to unify criteria and processes of creep test, developing a procedure that can
be standardised.

On the other hand, it is difficult to understand what happens within the cross-section
during the flexure creep test beyond the crack opening variation. Although the direct
tension creep test seems more appropriate to tensile behaviour characterisation, their
experimental procedure is more complex than the flexure creep test. Nonetheless, despite
being an easier procedure, flexure creep test results interpretation may be more
complicated due to the combination of compressive and tensile forces. The stress
redistribution within the cross-section during the flexure creep test is still uncertain. This
work also aims to shed some light by studying both the evolution of the crack opening
and the compressive deformations in the compressed concrete area. Experimental
programmes were designed to quantify both the tensile (crack opening) and compressive
(compressive strains) creep simultaneously to determine the contribution of compressive
creep in the concrete area in the delayed crack opening and to assess the evolution of the
neutral fibre position of the cross-section during the flexure creep test duration.

In addition, although creep behaviour is a long-term property of concrete, shrinkage
deformations were not considered in the existent creep methodologies to date. Therefore,
the shrinkage in flexure was registered in the experimental programmes to assess the
shrinkage influence creep test results. As a result, a new procedure for shrinkage
consideration in future creep test methodologies was developed and included in the
proposed flexure creep methodology.

Furthermore, the wide range of fibres available in the industrial market for concrete
reinforcement provides multiple and varied post-crack performances. This fact implies
that creep behaviour shall be characterised for each fibre type and specific dosage
hindering any global conclusion. The success of the previous creep database for
reinforced concrete has been assessed. Therefore, the creation of an international flexure
creep test database that could provide overall conclusions is proposed due to such
parameters, variables and FRC matrix compositions.

This PhD research results from 7 years of deep study on the creep behaviour of
cracked FRC. As a result, a unified flexure creep methodology is proposed to
characterise the long-term behaviour of FRC in the cracked state, together with
guidelines to consider both creep in compression and stress redistribution during the
creep test. I hope this research contribution could significantly improve creep
consideration in the following international codes for FRC structures design.

1.2. Objectives

This PhD work aims to help the scientific community better understand the complexity
of the characterisation of the long-term behaviour of cracked FRC in flexure by
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recommending a flexure creep methodology that could support future guidelines to
consider creep in the design process of FRC structures.

The primary matter of this research work is not only to improve an existing
procedure but to develop improvement towards a new creep experimental proposal for
creep characterisation of fibre-reinforced concrete (FRC) in the cracked state considering
all the available methodologies in the state-of-the-art. To this purpose, different
experimental programmes in creep were defined and carried out to assess the most
relevant variables (i.e. stress level, initial crack opening,...) and procedure variations
(i.e. boundary condition, flexure configuration...).

As a result of the deep analysis done during this comprehensive experimental
programme of the creep test methodologies available, significant improvements and
recommendations are proposed in this PhD thesis regarding the methodological
procedure, boundary conditions, creep frame construction and creep test result analysis.

In addition, significant contributions to the flexure creep knowledge were analysed
for the first time. New aspects of flexure creep, like shrinkage deformations, the
influence of compressive creep in the compression flexure zone and the long-term
evolution of the neutral axis due to stress redistribution during the creep test, are studied.

The existence of a creep test methodology that could provide enough confidence in
terms of long-term behaviour characterisation of FRC is needed. This methodology is a
relevant contribution to the scientific community and the fibre industry: long-term
behaviour of FRC understanding and prediction would provide valuable information to
structural designers to include creep in lifetime FRC structures calculation.

1.3. Structure

This PhD thesis document is arranged into seven chapters ordered so the reader can go
through the thesis evolution and understand the motivation of each specific experimental
programme and its conclusions.

The present Chapter 1 defines the starting point of this work, introducing a general
approach to the motivation, main objectives pursued with the experimental work and the
structure of the document so that the reader can go through the scientific achievements.

The review and analysis of the state-of-the-art on FRC creep is deeply explained in
Chapter 2. It focuses on the assessment of different existent creep testing methodologies.
Moreover, a brief introduction of the FRC material properties and composition is given.
All the methodologies available on creep (i.e., flexure, tensile, panels, structural
elements...) are assessed and compared to seek and define relevant parameters of FRC
long-term behaviour under sustained load.

Chapter 3 describes the current flexure creep methodology and gives the reader a
starting point to understand the proposed improvements. Equipment, frame construction,
and initial assumptions for the creep characterisation of FRC are presented.
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The scope of Chapter 4 is to experimentally assess and define all the significant
parameters for SLS creep characterisation in flexure. Parameters such as initial crack
opening damage (pre-crack level) and creep index ratio defined as the applied stress
during the long-term test are studied. Experimental creep test programmes destined to
assess each variable are fully described, and conclusions are exposed. In addition, the
influence of procedure variations, such as recovery capacity after unloading, apparatus
and boundary conditions construction, procedure timing or creep test setup, are analysed
towards a unified procedure and equipment proposal.

Improvements in creep characterisation from experimental results are described in
Chapter 5. Guidelines are proposed to consider shrinkage and compressive creep in the
experimental creep results. Moreover, it was assessed that exists a stress distribution in
the cracked section during the flexure creep tests, and thus, the neutral axis position
varies in time during the flexure creep tests. The creation of flexure creep in cracked
state database creation is also proposed.

As aresult of this PhD work, a flexure creep test methodology of FRC in the cracked
state is proposed and defined in Chapter 6. Procedure guidelines and creep test
parameters are defined for each stage of the proposed methodology.

Finally, general conclusions and future research proposals are addressed in Chapter
7. Most relevant findings derived from this PhD work are collected, providing valuable
tips and knowledge on flexure creep characterisation. Future research proposals define
the paths to follow in the research on flexure creep in the cracked state.

The document concludes with the relevant bibliographic references and the
Appendixes where the experimental programmes carried out and the obtained results are
presented in depth.



Chapter 2.
State of the Art: Review and analysis

This chapter deals with the deep analysis of the state-of-the-art regarding the fibre-
reinforced concrete (FRC) creep testing methodologies in the cracked state found in the
scientific literature. In addition, a brief introduction about the FRC material composition,
characterisation and most extended industrial application is given to understand the
evolution of this PhD research work.

2.1. Fibre-reinforced concrete (FRC)

FRC is a composite material characterised by a concrete matrix with discrete fibres
randomly distributed in the fresh concrete matrix. Fibres provide an enhanced post-
cracking tensile residual strength [1] to FRC that depends on factors such as fibre
material, dosage, aspect ratio, length, or shape. The introduction of FRC material in
construction has been a fact for many years [2]. FRC is commonly used for industrial
slabs-on-ground pavements [3,4], suspended elevated slabs [5,6,7], or precast elements
such as tunnel lining [8,9,10] or pipes [11]. FRC is also suitable for thin structural
elements like shells [12] since the dispersion of fibres provides tensile strength in all
directions.

FRC can be used as unique reinforcement or combined with traditional rebar
reinforcement. In those cases where FRC is combined with longitudinal reinforcement,
it is common to use fibres as a partial substitution of steel rebars in highly reinforced
sections, crack control due to plastic shrinkage [13] and even durability enhancement
[14] of the structural elements.

2.1.1. Concrete matrix composition

Fibres not only modify concrete matrix properties in the hardened state but also in the
fresh state. Fibres are poured into the mixer and randomly distributed during the mixing
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process. Therefore, some additional considerations should be regarded in the FRC
concrete matrix design process.

The use of fibres may reduce workability depending on fibre type and length as well
as fibre dosage. The use of second-generation superplasticiser is then highly extended.
Superplasticiser dosage shall be done according to the fibre dosage: the more fibres
added, the more superplasticiser dosage shall be considered. This fact will provide
workability enough for pouring concrete. Indeed, it is common to provide self-
compacting properties to FRC mixes, called fibre-reinforced shelf-compacting concrete
(FR-SCC). In addition, the maximum aggregate size (MAS) shall be limited according
to the fibre length to allow a proper dispersion of fibres in the concrete matrix in the
fresh state. It is recommended to use aggregates sized from 1/2 to 1/3 of fibre length to
improve the workability and no greater than 32 mm.

Fibre properties will also have an incidence of the FRC response. On the one hand,
fibre shape (i.e., straight, hooked-end, crimped...) will directly affect the concrete matrix
bond properties. Figure 1 shows typical shapes of fibres used for concrete reinforcement.
On the other hand, fibre materials have significant mechanical properties that directly
affect the short- and long-term performance of FRC. Although there is a wide range of
materials for fibres (i.e., steel, carbon, synthetic fibres, glass, natural fibres...), so far,
the most used materials for structural elements of FRC are steel and synthetic fibres such
as polypropylene or polyethylene. The use of glass fibres is not as extended but increases
thanks to the alkali-resistant glass fibres. Steel fibres have a high modulus of elasticity
(200 GPa) and tensile strength (MPa) suitable for concrete reinforcement providing
ductility to the FRC matrix. On the contrary, synthetic fibres have a low modulus of
elasticity (10-15 GPa) and tensile strength of about 640 MPa. However, synthetic fibre
deformation is quite influenced by temperature and climatic conditions. Mechanical
properties of glass fibres range between steel and synthetic fibres, with 80 GPa of elastic
modulus and 2600 MPa tensile strength. In the case of glass fibres for concrete
reinforcement, alkali-resistant glass is required to reduce fibre degradation in the
concrete matrix and improve the durability of FRC. The choice of fibre material for
concrete reinforcement depends on the final application.

] |

crimped Bow shaped Toothed Surface Irregular Twisted
Straight  End-hooks Paddles End knobs Coned (wave shaped) indented

Figure 1. Typical shapes of fibres used for concrete reinforcement [15].

It is essential to highlight significant differences in the density of these materials.
Whereas the density of steel is near 7800 kg/m?, the density of propylene and glass is
900 and 2500 kg/m?>. This factor has an impact on fibre dosage since the required number
of fibres may differ a lot depending on the fibre material and, consequently, concrete
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workability in the fresh state. Therefore, fibre dosage is usually reported in terms of
volume percentage instead of weight per cubic meter.

Fibres are classified according to their length in micro-fibres (typically from 12 to
19 mm) and macro-fibres (typically from 38 to 50 mm). Although micro-fibres provide
an optimal response to the formation of plastic shrinkage cracks [13], they cannot
provide any resistance to larger cracks caused by drying shrinkage and structural loads,
as seen in Figure 2. However, micro-fibres are regularly specified in any type of concrete
to improve cracking resistance, spalling protection, freeze-thaw durability and improve
the homogeneity of concrete during the placement process. Although macro-fibres can
also provide resistance to plastic shrinkage, they will provide enhanced durability to
concrete matrix, toughness, and the ability to provide limited structural capacity in either
flexure [16] or shear [17] when adequately designed. The dosage of either micro- or
macro-fibres shall be done according to the FRC application. The use of hybrid fibre-
reinforcement (both micro- and macro-fibres) is extended for ultra-high-performance
fibre-reinforced concrete (UHPFRC), providing enhancement for both micro- and
macro-crack propagation [18]. Nevertheless, in the case of UHPFRC with high fibre
dosages, the concrete matrix requires specific improvements of the concrete matrix
composition and therefore, the long-term behaviour of UHPFRC is out of the scope of
this PhD thesis study.
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Figure 2. Performance differences among plain concrete and FRC with micro-
and macro-fibres [2].

2.2. Mechanical properties

When FRC is subjected to tensile or bending stresses, the concrete matrix initially
provides a reduced tensile capacity. Once the tensile strength (f:;) of the concrete matrix
is exceeded, concrete cracks and fibres provide a residual tensile strength (fr x) to FRC
material using an either bond or pull-out mechanisms depending on the fibre type,
material and shape.

Although FRC has been used in construction for many years, structural design codes

and standards recently included this composite material in designing codes. In 2010, the
Model Code 2010 [19] included the fibre contribution in the FRC mechanical



Chapter 2. State of the Art: Review and analysis

performance in Chapter 5. Hereafter, the ACI 544 committee also included FRC
mechanical characterisation guidelines [20] as well as the recently published Cddigo
Estructural [21] provided guidelines for FRC characterisation and design in Spain based
on Eurocode 2 [22]. Unfortunately, no international codes provide guidelines for
considering FRC creep in the cracked state in the design of the structural elements.

2.2.1. Characterisation

The mechanical properties of FRC are determined by performing a flexure beam test
under either the three-point bending test (3PBT) as recommended by RILEM TC162-
TDF [23] or the four-point bending test (4PBT) setup as prescribed by ASTM C1609
[25]. The Model Code 2010 [19] recommends the EN 14651 [26] procedure with notched
specimens under 3PBT to obtain nominal values of the material properties. This test is
also prescribed by Cddigo Estructural [21] and EC2 [22] to assess FRC mechanical
properties. The use of notched specimens significantly decreases the scatter of
experimental data compared to unnotched flexure tests.

The EN 14651 [26] method indirectly evaluates the tensile behaviour of FRC,
considering the areas below the diagram of the applied force (F) versus the deformation.
Although both midspan deflection (8) and crack mouth opening displacement (CMOD)
can be used as references for the diagram, the deformation is generally expressed in terms
of CMOD measured at the bottom face of the notched specimen. A typical Load-CMOD
diagram for FRC obtained is given in Figure 3 as a reference. This test method
determines the limit of proportionality (LOP) and the equivalent residual flexural tensile
strengths fr; at different CMOD values. The most relevant residual strengths, fr 1 and
fr 3, are obtained at CMOD; (0.5 mm) and CMOD3 (2.5 mm), respectively. These CMOD
values are related to the service limit state (SLS) and the ultimate limit state (ULS).
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Figure 3. Typical load F-CMOD diagram for FRC compared to plain concrete
[19].

In post-crack behaviour, international standards define two possibilities depending
on softening or hardening behaviour. Post-crack hardening FRC behaviour is obtained
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when the residual strength increases with deformation, whereas in post-crack softening
behaviour, the residual strength decreases when deformation increases. The Model Code
2010 [19] defines simplified post-cracking constitutive laws considering the post-crack
behaviour, as seen in Figure 4, depending on the ultimate tensile strength (frw) referred
to the serviceability tensile strength (fris)
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Figure 4. Model Code 2010 simplified post-cracking constitutive laws: stress-
crack opening (continuous and dashed lines refer respectively to softening and
hardening post-cracking behaviour) [19].

Model Code 2010 [19] classifies the residual performance of FRC according to their
post-cracking residual strength, assuming a linear elastic behaviour. To this purpose, the
characteristic flexure residual strength values for serviceability (fr,1) and ultimate (fr3)
conditions are considered. The residual performance is then classified using
alphanumeric code where the first number represents the residual strength fr 1 achieved,
and the subsequent letter defines the residual strength ratio (fr 3/fr,1), providing valuable
information about either the softening or hardening post-cracking behaviour. In this way,
for an FRC matrix classified as 2d, the residual strength fr 1 ranges between 2.0 and 2.5
MPa and slight hardening behaviour with fz 3/fr,1 ratio between 1.1and 1.3.

2.2.2. Long-term properties

The knowledge of the long-term response of FRC is essential to ensure long-term
performance and safety. Although the short-term structural performance of FRC has
been deeply studied and is widely known, the long-term behaviour of the FRC, especially
in the cracked state, is still uncertain. To date, a standardised test procedure for FRC
creep in the cracked state has not yet been developed. Hence, it is one of the main issues
hindering the prompt FRC introduction in structural applications. In addition, although
the research on creep in the cracked state has increased in recent years, there is not yet a
clear consensus on how to characterise this phenomenon experimentally and consider
creep in the design process.

The concrete matrix starts degradation with the curing process after casting. The
volume of concrete changes during the hardening process due to the hydration of cement
and the concrete drying process with the loss of water in the paste. Concrete shrinkage
is defined as the change in length over time per unit length. Shrinkage deformation is

9
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time-dependent and includes plastic shrinkage, autogenous shrinkage, and drying
shrinkage, among others. Plastic shrinkage occurs in the first few hours of concrete
pouring due to the evaporation from the surface of fresh concrete. It can be mitigated by
sealing concrete with plastic and with a proper curing process. However, drying
shrinkage occurs from 4-5 days in advance and may last for months and even years. In
addition, when concrete is subjected to sustained load, creep deformation shall be
considered together with shrinkage deformations, as defined in Figure 5.
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Figure 5. Long-term delayed deformations in concrete [27].

When FRC concrete is subjected to sustained stress, instantaneous deformation
develops and gradually increases with time due to the creep of concrete, the creep of
fibres and the debonding of the fibre-matrix interface. In the early creep stage, after the
initial loading, creep develops rapidly, and the creep rate increase is slowed down with
time. It is thought that about 50% of the final creep develops in the first 2—3 months, and
about 90% develops after 2-3 years. ACI defines creep as the time-dependent
deformation suffered by concrete under sustained load. Creep deformation shall develop
in three stages before the material fails, as seen in Figure 6. In the primary creep stage,
delayed deformation increases, but stabilisation in time of deformations can be observed
and is expected. When the delayed deformation rate does not stabilise, the secondary
creep stage starts, and the deformation rate keeps constant without stabilisation. In the
tertiary creep, delayed deformations increase rapidly until specimen failure. In standard
conditions and to accomplish with service limit state (SLS), the primary stage shall not
be exceeded, reaching a stabilisation of deformations in time. Time-dependent
deformations shall be assessed in uncracked and cracked states to ensure SLS conditions
during the FRC structure lifetime.

10
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Figure 6. Creep stages in concrete before failure [27].

Compressive creep and shrinkage (uncracked state)

Compressive creep in concrete has been usually characterised by ASTM C512-02 [28]
standard, as seen in Figure 7, where a compressive load is sustained in time into three
specimens stacked. The applied load shall not exceed 40% of the ultimate compressive
load (F.). Together with the compressive creep test, it is recommended to measure drying
shrinkage deformations of concrete by monitoring strain evolution in an unloaded
specimen. Alternatively, the standard EN 12390-17:2019 [29] has been published
recently, which defines a similar procedure to the ASTM standard for compressive creep
and shrinkage. Although these standards were developed for plain concrete, they are also
used for creep in compression characterisation in FRC specimens.

Figure 7. Creep in compression frames (a) with shrinkage specimens (b) located
over the creep frame [30].

It is commonly accepted that fibres do not affect into compressive creep behaviour
of FRC compared to plain concrete since the matrix is still uncracked due to the low
compressive stress level. The ACI Committee 544 [20] suggests that adding less than 80
kg/m? (1% in volume) of steel fibres in the FRC matrix does not induce any effect on

11
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compressive creep. However, some authors [31] found on experimental tests that
compressive creep and shrinkage decreased with steel fibre content. Two series of steel
fibre-reinforced concrete (SFRC) with 0.38% and 0.76% of fibres were tested under
sustained compressive load and compared to the plain concrete series. The stress level
applied was near 20% of the ultimate load. It was noticed that after 400 days, creep
deformations decreased up to 12% for those specimens reinforced with fibres compared
to plain concrete specimens. Nevertheless, to date, compressive creep and shrinkage of
FRC are assessed by the same testing methods as plain concrete. The effect of fibres on
compressive creep and shrinkage is usually disregarded when typical fibre dosages are
used and considering the expected stress level at ULS.

Ageing and embrittlement

Another aspect of the long-term properties of FRC is the concrete matrix ageing and
embrittlement. It has been proved that the residual performance of FRC decreases over
time. Some studies [32-35] performed short-term tests in standard and high-strength FRC
prismatic specimens. Although most fibre types did not report changes in residual
performance over time, some fibre types exhibited significantly lower post-crack
performance at high deformations compared to characterisation tests at 28 days.
Therefore, the ageing effect shall be considered in the design process since the in-service
conditions of use and exposure conditions regarding potential corrosion may affect the
durability of FRC structures.

The Round-Robin Test (RRT) in creep in the cracked state recently organised by the
RILEM TC 261-CFF [30] included the ageing effect assessment. To this purpose, in
parallel to the creep test, short-term tests were carried out at different ages (0, 180 and
360 days of creep test) to assess any variation in the residual performance. These tests
revealed no significant differences at high deformations for the two FRC types reinforced
with either steel or synthetic fibres. However, a substantial increase in terms of LOP was
reported. Nonetheless, since all specimens subjected to creep tests were pre-cracked at
28 days, any effect of ageing was considered in the creep tests.

Long-term properties in the cracked state: tensile and flexure creep

Due to the increased interest in FRC creep in the cracked state [36], many studies have
focused on the long-term FRC behaviour [37] in the cracked state. To this purpose,
multiple methodologies were developed [38-43] depending on the stress applied.
However, when the creep of FRC in the cracked section is analysed, several factors
influence the long-term behaviour. It was reported [44] that factors such as bond, fibre
creep, fibre pull-out or fibre material may affect FRC long-term response in the cracked
state. In addition, in the case of flexure creep tests, it is not yet clear how compressive
creep of the top zone affects the crack opening evolution. Hence, it is not easy to advance
on this topic due to the influence of so many factors and the absence of any standardised
methodology on creep in the cracked state.

12
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The knowledge of long-term properties of FRC in the cracked state is still limited
due to the absence of a standardised methodology that makes it really complicated to
compare results between the studies published and hinders any global conclusion.
Multiple methodologies for flexure and tensile load regarding creep frame construction,
procedure, and creep consideration have been developed. Many studies focused on
varied aspects like the influence of the type of fibre [46], the fibre-concrete bond and
fibre pull-out [47] or environmental conditions [48]. In addition, some publications lead
on how to consider the effect of creep on the verifications of SLS [49], whereas others
focused on creep rupture in ULS [50]. Such variations in objectives and procedures add
more variability to creep behaviour assessment and make it more difficult to compare
experimental results. Therefore, there is no clear consensus on how to experimentally
characterise the creep phenomenon and the influence of such variables. I.e., as reported
in the RILEM TC 261-CCF round-robin test (RRT) [51], although participants agreed
on the creep test parameters such as stress and pre-cracking levels before the RRT
execution, significant differences were found among participants due to creep frame
construction, creep test setup, and both boundary and environmental conditions.

It is generally accepted that the FRC creep in the cracked section shall consist of
three main phases (pre-cracking, creep and post-creep phases), as depicted in Figure 8.
During the pre-cracking phase, the specimen is tested to develop a defined initial crack
width that serves as a reference for creep tests. Once pre-cracked, the specimen is moved
to the creep rig and subjected to sustained load during the creep phase. When the creep
test is finished, the specimen is tested again until failure to assess the influence of
sustained load on the residual performance.

Stress

—— 1. Pre-cracking
—— 2. Creep
3. Post-creep

v

Deformation

Figure 8. Creep test procedure idealised curve containing three phases.

This three-step procedure is widely extended and accepted by researchers. However,
many variables remain undefined, and procedures differ a lot among them besides similar
structure due to significant differences in creep frame construction, boundary and
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environmental conditions, instrumentation, methodological procedures, and the creep
test variables such as stress level or pre-cracking level. This PhD work assesses and
compares all the existent creep testing procedures towards a standardised creep test
proposal that could help FRC long-term behaviour characterisation.

2.3. Creep testing methodologies for cracked FRC review

At the beginning and regularly during the PhD experimental work duration, exhaustive
research of scientific publications in the most relevant repositories (Scopus and Web of
Science) was conducted to assess and compare all the available methodologies on creep
in the cracked state. The obtained items were sifted, searching the relevant publications
based on methodologies of FRC creep in cracked state topic and disregarding those
publications out of scope. As a result, the selected publications and personal files
collected within the RILEM TC 261-CCF activity were used for this bibliometric study
of the FRC creep in the cracked state state-of-the-art.

It should be noted that those publications referring to uncracked creep conditions of
FRC long-term properties were not considered for this bibliometric study on creep
testing methodologies of FRC in the cracked state. In addition, publications exclusively
related to assessing the creep of fibres or fibre pull-out tests were neither included. Only
publications related to FRC creep test with an experimental programme, systematic
review, or modelling make up this study.

All testing methodologies are grouped (i.e., flexure creep, tensile creep, panel creep
tests...) to be analysed in depth and compared with similar procedures to assess the most
significant differences individually.

2.3.1. Bibliometric study

This bibliometric study is focused on publications regarding creep in the cracked state
of FRC and the multiple available methodologies developed. In recent years, the interest
in the creep of FRC in the cracked state has rapidly increased, as depicted in Figure 9. A
total of 151 documents were published regarding the FRC creep in the cracked state topic
from 1980 to July 2022. The number of publications about FRC creep has continuously
increased during the last decade, as seen in Figure 9. This fact highlights the importance
of this research topic nowadays.

The published documents investigated include journal articles, conference papers,
reports, and books. As seen in Figure 10, conference papers (87 publications) followed
by publication in peer-reviewed scientific journals (58 publications) comprises 96% of
the available publications on FRC creep in the cracked state. In addition, four reports
and two books [51, 52] can be found on this topic. It is worth mentioning that multiple
PhD and MSc theses (10 and 4, respectively) related to this topic have not been included
in this bibliometric study.
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Figure 9. FRC creep in the cracked state publications from 1985 to July 2022.
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Figure 10. Types of published documents in FRC creep in cracked state topic.

The published bibliography can be arranged considering the reference test on which
the methodology is based and the nature of the stress sustained in time, as shown in
Figure 11. So far, most of the available publications (112) are related to long-term flexure
creep tests in both prismatic specimens (68) and structural elements (44). The former
aims to characterise the long-term properties of FRC material based on EN 14651 [26]
standard procedure (or similar), whereas the latter seeks to assess the structural
enhancement and performance of FRC elements usually combined with traditional
longitudinal reinforcement. Secondly, 27 publications are reported related to tensile
creep tests. Long-term tests carried out in panels are also reported, usually focused on
fibre-reinforced shotcrete (FRS) properties: 12 publications comprised square panels
creep tests, whereas only eight reported creep tests carried out in round panels. Some
other publications (7) provide a review of either the structural effect of FRC creep [36],
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creep methodologies [45] or factors influencing the long-term behaviour [44]. Although
publications related exclusively to fibre pull-out tests were not included in this
bibliometric study, some publications related to FRC creep experimental programmes
also include long-term fibre pull-out tests [47]. In recent years, research on modelling
the long-term behaviour of FRC has also increased, and five publications reported
analytical models of creep in the cracked state.

Flexure (specimens)
Flexure (beams)
Tensile

Square Panels
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Review 54%
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Number of publications

Figure 11. The number of publications arranged by methodology.

Besides the publications, the percentage of specimens tested per methodology was
also obtained to assess the absolute impact of the different methodologies on the
available experimental results. Thus, it was confirmed that the flexure creep test
procedure on prismatic specimens is the most extended one comprising 60% of the
specimens tested in cracked state creep (Figure 12). Publications related to the creep of
structural elements represent only 10% of the specimens tested due to the larger size of
the structural elements and more space and equipment requirements. Although the tensile
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Figure 12. Percentage of FRC specimens tested in creep per methodology.
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creep test comprises 16.6 % of the publications, it could be observed that, in absolute
terms, it is the second methodology in tested specimens (13%). Such differences between
flexure and tensile methodologies can be explained by the difficulties of the tensile creep
test procedure [45]. Although the long-term performance is more suitable for FRC
mechanical properties characterisation to obtain material laws, flexure methodology is
easier to conduct. Finally, the specimens tested in creep using panel methodologies
represent 6% and 11% for square and round panel specimens, respectively.

Standard FRC is used in most publications (78.8%) related to creep in the cracked
state, as seen in Figure 13. Notwithstanding, different FRC matrices were also
considered. The long-term behaviour of fibre-reinforced self-compacting concrete (FR-
SCC) was assessed in 7.3% of the publications, whereas fibre-reinforced shotcrete (FRS)
in 6.0%. The rest of the publications (8.7%) reported experimental programmes focused
on high- or ultrahigh-performance matrix reinforced with fibres (i.e., UHPFRC, SHCC,
ECC, HPFR, HSC-PFR...).

HSC-PFR|| 0.7%

HPFR | 0.7%
ECCH| 13%
SHCC@ 20%

UHPFRC 4.0 %
FRS 6.0 %
FR-SCC 74 %

77.9 %

FRC
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Number of publications

Figure 13. Tested FRC types reported in the studied literature (a); cast
procedure and production of tested FRC reported in the literature (b).

Although most of the tested specimens in creep were cast (83.7%) in moulds, some
studies present experimental results obtained from either sawed or cored specimens
(10.2%). Some experimental programs studied the effect of fibre orientation due to
matrix flow in flexure creep of prismatic specimens sawed from large FRC slabs [53].
In contrast, other studies carried out tensile creep tests in core specimens drilled from
prismatic specimens used for flexure performance characterisation tests [54]. In addition,
6.1% of the specimens, usually both round and square panels, were sprayed (wet mix)
into the moulds, as observed in Figure 14.

17



Chapter 2. State of the Art: Review and analysis

Shotcrete 6.2% J
Sawed 9.0 % |

Moulded

0 20 40 60 80 100 120 140
Number of publications

Figure 14. Fabrication method classification for FRC specimens.

A wide variety in terms of the shape and dimensions of the specimens was noticed
when studying the bibliography. The classification of the specimen’s shape reported in
the literature is presented in Figure 15. The most tested specimen shape was prismatic,
reported in 53.0% of publications, mainly related to flexure creep tests but also to tensile
creep tests. A wide variety of specimen dimensions was also noticed within the prismatic
specimens used for the flexure creep test. Structural FRC beams were reported in 23.2%
of the publications, usually combining both fibre and traditional reinforcement but also
with fibres as unique reinforcement. Some other structural element shapes, such as
suspended slabs, slabs-on-ground and pipes, were also reported but represented a minor
percentage of publications. Besides prismatic specimens, cylindrical cores and dog-bone
specimens were used for tensile creep characterisation in 7.3% and 4.0% of publications,
respectively. Publications related to creep tests in both square and round panels represent
7.9% and 5.3%, respectively.
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Figure 15. The shape of the specimens reported in the literature and significance
in publications.
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A summary of the FRC series reported and the number of specimens tested-in-creep
in the cracked state is given in Table 1, arranged by methodology and fibre material. In
total, 1091 FRC specimens were reported. It could be stated that the most fibre materials
used for FRC creep tests were steel and macro-synthetic fibres, with 568 and 497
specimens, respectively. To date, scientific publications reported 34 specimens
reinforced with glass fibres, whereas basalt fibres were used as reinforcement in only
two specimens.

Table 1. Summary of publications, experimental programs bibliometric study.

Methodology  Publications Exp. prog. Series Specimens
Total Steel Synthetic Glass Basalt

Flexure (spec.) 68 34 114 636 345 268 28 2
Structural el. 43 24 67 111 65 43 0
Direct tension 27 16 40 147 74 73 0 0
Square panel 12 6 19 69 36 33 0
Round panel 8 4 13 128 48 80 0 0
Total - 90 253 1091 568 497 34 2

Specimens considering the fibre material and arranged by methodology are depicted
in Figure 16. It can be observed that the use of most extended fibre materials (steel and
synthetic fibres) is balanced for each testing methodology. However, it was noticed that
the use of steel fibres is predominant in the case of structural elements. On the contrary,
in the case of round panel tests, the use of macro-synthetic fibres in creep tests is
predominant. Regarding glass fibres, most of the reported specimens reinforced with this
material were tested in flexure using prismatic specimens and only a reduced percentage
were used in structural elements. Basalt fibres represent a negligible percentage of
flexure creep in prismatic specimens.
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Figure 16. Fibre materials used for FRC reinforcement in specimens reported in
the literature.
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In conclusion, it can be stated from this bibliometric study of the available
publications that many variables exist among publications on creep in the cracked state
(i.e. FRC matrix composition, methodology, casting procedure, the shape of specimens,
fibre materials...). In addition, the flexure creep test in prismatic specimens is revealed,
so far, as the most extended procedure to characterise the long-term behaviour of FRC
material. Hereafter, the available methodologies will be individually deeply assessed and
compared.

2.3.2. Flexure creep

Although the flexure creep test on prismatic specimens and structural elements are both
methodologies based on flexure, the nature and intention of procedures differ from
material characterisation in prismatic specimens to structural characterisation in large-
size specimens. This distinction implies significant differences in terms of experimental
procedure and results. Therefore, these flexure methodologies are divided into short-
beam tests and structural elements in this state-of-the-art analysis.

Short-beam flexure creep test: prismatic specimens

Many testing procedures were developed to characterise long-term behaviour in flexure.
Flexure creep test methodology on prismatic specimens is, so far, the most developed
methodology, as confirmed in Figure 11. This analysis comprises 68 scientific
publications, including flexure creep test methodologies in short beams, where 35
experimental programmes were identified and carried out by 22 international
laboratories. Although some procedures are pretty similar, this fact implies that exist 22
different methodologies in flexure. Table 2 resumes chronologically ordered the relevant
information of reported publications grouped by experimental programmes. Certain
publications (i.e. references 59, 60, 61, 62 and 63) were grouped in a sole row since these
publications refer to the same experimental campaign. By this action, the number of
specimens tested in creep that served as the basis for the publication and their
conclusions could be approximately determined. In some cases, the grouped publications
correspond to large experimental programs published in different journals or symposia,
varying the assessment criteria. Alternatively, groups may appear in the case of long-
duration experimental tests in which results were published at either different ages [64-
67] or different programme steps, such as the RILEM Round-Robin Test [51, 110, 111].
Relevant data regarding specimen dimensions, the presence of the notch, reference
deformation control, flexure setup in both pre-cracking and creep tests, frame
construction, pre-cracking and stress level, environmental conditions and test duration
are provided in Table 2. It is worth mentioning that only publications related to
experimental tests on flexure creep were included in Table 2. Publications related to
modelling flexure long-term behaviour [116, 117] without experimental tests and results
were not included.

Dimensions of tested prismatic specimens vary significantly within the earliest
flexure creep experimental programmes [55-58] from 1999 to 2004. However, when the
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RILEM beam test EN 14651 was proposed in 2005, dimensions of specimens in flexure
creep tests homogenised to 150150 mm of cross-section, varying specimen length
depending on the laboratory. In some cases, different dimensions were used due to the
experimental programme requirements or equipment limitations. For instance, sawed
specimens sized 60x60x200 mm were used by [53, 90-91] to study the influence of fibre
orientation in creep, whereas in [96], the effect of beam width in the creep test was
analysed, ranging from 50 to 150 mm. In the case of [97, 98], beams sized 75%225%x700
mm due to creep frame limitations. Despite these variations in dimension, 72% of the
flexure creep tests were performed in standardised 150%150 mm cross-section specimens
where length ranges from 500 to 700 mm.

The use of a notch to localise a single crack at midspan is widely extended in flexure
creep methodologies, where 80% of the experimental programmes reported notched
specimens. It is noticed in German laboratories [67, 70, 106] the use of unnotched
specimens following the DAfStb code for FRC [118] and the Austrian Society for
Construction Technology OVBB [119] recommendations. Furthermore, some creep tests
were performed without a notch when UHPFRC was used [89, 100, 105].Figure 17
resumes the most used deformations to control creep tests. Depending on the flexure test
standard on which the creep test is based, it is chosen either CMOD (22 experimental
programmes) or deflection 6 (15 experimental programmes) as control deformation to
assess the long-term behaviour of FRC. Since most flexure creep procedures are based
on the EN 14651 standard, CMOD is revealed as the most used deformation to assess
the long-term behaviour in flexure. In addition, some studies [77, 86, 89] reported that
compressive strains and CMOD were registered simultaneously to determine the
influence of compressive creep in the crack opening deformation. In some experimental
programmes where a multi-specimen setup is chosen for creep tests [49, 76, 93, 96, 103],
crack tip open displacement (CTOD) instead of CMOD is registered due to lack of space
between specimens to locate the transducer at the bottom face of the specimen. As
expected, no flexure creep procedure used crack opening displacement (COD) since this
deformation is exclusively used in direct tension creep tests.

[ Publications |
CTOD ; [IExperimental Campaings

Comp. strains % J
 —— |

CMOD ' ]

0 10 20 30 40 50
Number of -

Figure 17. Deformations measured in flexure creep tests.
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Chapter 2. State of the Art: Review and analysis

A general rule of all experimental programmes on flexure creep in the cracked state
is that all the specimens were pre-cracked before the long-term tests. Nonetheless, the
absence of an agreed criterion for the pre-cracking process provides that the pre-cracking
level differs significantly within the published experimental programmes from 0.2 to 3.5
mm crack width [69] and exceptionally up to 5 mm deflection [60]. This fact hinders any
global comparison of the reported results. The histogram of pre-cracking levels used in
reported experimental programmes, presented in Figure 18, reveals that the most
extended pre-cracking level ranges from 0.3 to 0.5 mm, being 0.5 mm, corresponding to
fr,1. This threshold is consistent with the target of assessing the long-term behaviour of
FRC in SLS. Within the large deformations, 1.5 and 3.5 mm are also commonly used as
the pre-cracking levels to assess long-term behaviour in ULS.
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Figure 18. Pre-cracking level criteria in flexure creep experimental programmes.

The flexure setup used for the pre-cracking flexure test was either 3PBT or 4PBT. It
is commonly used the 3PBT where the creep test methodology is based on EN 14651
standard. Hence, the pre-cracking 3PBT flexure setup was used in 62% of the
experimental programmes, whereas 38% used the 4PBT flexure setup. Some laboratories
[64, 70, 106] used 4PBT since their flexure creep methodology was based on the DAfStb
code [118] instead of EN 14651. In contrast, other laboratories [85] justified the use of
the 4PBT setup due to the location of strain gauges at the top face midspan of specimens
to measure compressive strain evolution during creep tests.

On the contrary, regarding the long-term test under sustained load, the most reported
flexure setup is 4PBT (79%), where only 21% of experimental programmes performed
creep tests in 3PBT. The first studies in creep in the cracked state [55, 56] were carried
out in 120x150 mm cross-section specimens using a 600 mm span 3PBT setup.
However, the 3PBT setup defined by EN 14651 standard [26] in a 150%150 mm cross-
section with a 500 mm support span was rapidly extended. Besides these 3PBT flexure
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configuration possibilities, one laboratory [57] used a cantilever flexure setup where the
specimen was clamped at one end and the load applied at the supporting point. Table 3
collects existent 3PBT flexure setups, together with the support span, the cross-section,
the presence of the notch, and the reference to publications reported.

Table 3. Reported 3PBT creep flexure configurations.

Type Creep flexural setup References

300

3p-1 D 200 [55, 56]

600 Y 150

3p-2 |:| 100 [57]

150 100
230 (72,73, 74,
84,94, 95,
3P-3 EI 150 104, 114,
500 150 5 1 ]

The use of 4PBT setup for creep test is preferred when multi-specimen setup (85%)
is reported. However, three laboratories [60, 67, 98] reported 4PBT flexure configuration
in the single-specimen creep test setup. Although the 4PBT setup in the creep phase is
more extended, many possibilities of 4PBT flexure setups were detected, as collected in
Table 4. Variations in cross-section, notch, and both load and support span were detected
among 14 different 4PBT setups.

Together with the flexure setup, it is important to notice the wide range of boundary
conditions reported in the methodologies. The absence of any standardised creep test
methodology implies that each laboratory developed its own support rollers and transfer
plate systems. Although boundary conditions are not usually reported in publications, it
could be possible to identify, thanks to provided pictures, that most of the studies (61%
of experimental programmes) reported flexure creep tests with simple steel rollers as
supports, as seen in Figure 19. On the contrary, the use of steel plates between specimens
was only reported in 30% of the experimental programmes. However, some
methodologies that reported steel plates used fixed steel rollers and supports, hindering
any rotation. Only a few studies (22%) reported transfer steel plates, including
constructed supports with certain degrees of freedom.
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Table 4. Reported 4PBT creep flexure configurations.

Type Creep flexural setup Ref. Type Creep flexural setup Ref.
1001100 60| 60
4p-1 l:lwo [58] 4P-9 EI” 53,90, 91]
300 100 180 60
1501150
1501150
4pP-2 50 [59-63] 4P-10 Dm [96]
L 150 450 100
1501150 1501150
4P-3 |:|150 Eﬁ 6467, 4p.11 |:|,50 [96]
450 150 450 50
[68, 69, 39,
150150 77-83, 85, 2001200
86,92, 93,
4P-4 EI”" 96,54,101-  4P-12 D225 [97, 98, 9]
450 150 }(1);, 41‘?3107’ 600 75
115, 51]
2001200 2001200
4P-5 |:|150 [70,71,106]  4P-13 Dm [51]
600 150 600 75
1501150
1001100
4P-6 EI”” [75] 4P-14 50 [100]
450 120 * 300 > 100
1751150 701 70
4p-7 Elm 76, 51] 4P-15 EI”’ [105]
500 150 210 70
1501150 1671167
4pP-8 4 [87-89] 4P-16 El,ﬂ, [108, 109]
450 150
3500 150
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Figure 19. Simple steel rollers as support boundary conditions: a) [92], b) [108],
¢) [51], d) [76], ¢) [70].

The multi-specimen creep setup allowed to increase in the number of specimens
tested simultaneously. This procedure is widely accepted since the creep test is a high-
consuming resources methodology. By increasing the number of specimens tested,
facilities, space and time were optimised, providing more experimental results at once.
Hence, 66% of creep experimental programmes were carried out in a multi-specimen
setup, and 34% of the experimental programmes were carried out in a single-specimens
setup. Examples of single- and multi-specimen setups are presented in Figure 20.

The creep frame construction also noticed a wide variety of frames and load transfer
systems. So far, the most extended load transfer system uses a second-degree lever arm
(68%) to induce load through a multiplier factor depending on the lever arm length. Two
possibilities can be found based on the lever arm position: top lever arm [54, 94], where
compressive force is applied by laying on directly the lever arm on the top specimen or
bottom lever arm [66, 77], where the load is transferred to the top specimen by tensile
forces with steel bars. Both systems can be recognised in Figure 21. The top lever arm
creep frame is reported in 33% of the experimental programmes that used the lever arm
load transfer system, whereas the bottom lever arm in 67 %. The use of hydraulic jacks
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4 k |

| '
Figure 20. Single-specimen setup: a) [S1], b) [65], ¢) [104], d) [75].
Multi-specimen setup: e) [86], f) [S1], g) [70], h) [76].
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to induce the load in creep frames [70, 76, 91, 98, 109] is the second extended load
transfer system reported in 24% of the experimental programmes, followed by screwed
bars [100] used to tighten one specimen against other reported in 9%. The use of dead
load directly applied over the specimen [62] is only reported in one experimental
programme having a negligible significance on the methodologies analysis.

BOTTOM LEVER ARM TOP LEVER ARM

a) d) N

L
L
il

=

R —

Figure 21. Bottom lever arm creep frame designs: a) [85], b) [103], ¢) [66];
Top lever arms frame designs: d) [112], ) [106], f) [94].

It exists a large variety in terms of creep test duration. Although Figure 22 depicts
the histogram of test duration in days up to 1000 days, three experimental programmes
exceeded this limit. Kanstad and Zirgulis [75] reported creep tests of 1836 days duration,
Kusterle et al. [66] reported 3200 days-duration tests and Van Bergen et al. [104] 4318
days of sustained load for some series. However, the most common creep test durations
are 90, 180 and 360 days corresponding to 3, 6 and 12 months-lapses. Although short-
duration creep tests were also reported [105, 101, 57, 108, 53], conclusions of such short
creep tests shall be carefully considered since secondary creep usually appears later.
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Figure 22. Duration of flexure creep test in days.

Environmental conditions during the creep test are the most controversial topic
regarding creep test methodologies in the cracked state. Although it has been assessed
that either temperature or relative humidity does not significantly affect the long-term
behaviour of steel fibre-reinforced concrete (SFRC), they became relevant for synthetic
fibre materials in that long-term performance is directly affected by temperature and
humidity. However, many laboratories performed the long-term tests in uncontrolled
environmental conditions: some laboratories [61, 102, 104] carried out creep test in
ambient laboratory conditions, whereas others [58, 66] located creep frames in the
laboratory basement to reduce temperature variation during the creep test. In addition,
Kusterle et al. [66] wrapped specimens in aluminium foil to minimise the drying
shrinkage of specimens during the creep test. Fortunately, near 70% of creep tests were
conducted in a climate room where either temperature of RH could be controlled.
Nevertheless, it is clearly stated that temperature control is easier than RH since some
creep tests [79, 85, 86, 89, 103, 107] were reported in controlled temperature, but a
considerable scatter in RH where it could be just restricted. Temperature is usually kept
constant in values ranging from 19 to 25 °C, being 20 °C the most used temperature
during the creep test. However, Del Prete et al. [112] varied temperature in 10 °C steps
during the creep tests to assess the influence of temperature on SyFRC long-term
performance. On the contrary, RH conditions sustained in time ranges from 40 to 70 %,
usually affected by the season where creep tests were conducted. Many studies reported
both temperature and RH evolution with creep test results where the influence of
environmental conditions can be stated if required.

Regarding the fibre materials used in flexure creep tests carried out in prismatic
specimens, 28 experimental programmes included steel fibres (54.2% of prismatic
specimens), whereas 22 experimental programmes included synthetic fibres (42.1%).
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Glass fibres were reported as concrete reinforcement in 2 experimental programmes [85,
106] (4.4%), where basalt fibres were reported only once [75] with only two specimens.

Many variables were studied in the reported publications, as seen in Figure 23. Fibre
type is the most used variable, reported in 25 experimental programmes, considering two
or more different fibre types within the same experimental programme. The use of
different stress levels to assess the long-term behaviour of the same concrete is reported
in 21 experimental programmes [49, 70, 78, 93]. The pre-cracking level parameter was
reported in 17 experimental programmes [49, 68, 84, 86, 102] that carried out pre-
cracking tests up to different levels ranging from 0.05 to 3.5 mm. Some studies reported
different fibre dosages instead of using different fibre types, whereas 6 experimental
programmes considered different environmental conditions as creep test parameters.
Finally, only one experimental programme [90] reported the fibre orientation factor as a
creep test parameter.

Orientation [ Publications 1

[ Experimental Campaings
Env. Cond. 1
Dosage 1

Pre-crack i 1
Creep Index i 1

Fiber 1

0 10 20 30 40 50
Number of -

Figure 23. Variables studied in flexural creep methodologies publications.

Regarding the creep index parameter, although a wide range of stress levels was
reported, the most frequent creep index ranges from 45 to 80% of the residual stress at
pre-cracking, as seen in Figure 24. Within this range, 50% is the most used creep index
in flexure creep tests carried out in prismatic specimens.

It can be concluded from this deep comparison of existent methodologies that exists
a wide variability of experimental procedures in terms of flexure setup, long-term test
setup, parameters, creep frame construction, environmental and boundary conditions,
and test duration. Each experimental procedure provides conclusions that can only be
compared to those specimens tested in similar conditions. Unfortunately, obtaining
overall conclusions is not at all easy due to such procedure and conditions variations. It
is then concluded that it is urgently required to develop an agreed procedure that could
provide comparable results.
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Figure 24. Variables studied in flexural creep methodologies publications.

Considering such variations among methodologies, the RILEM Technical
Committee 261-CCF launched in 2015 an international Round-Robin Test [51] on creep
in the cracked state to assess how comparable results were in agreed conditions. Both
experimental results and methodologies [120] were deeply analysed, and it was found
that the procedure of some of the participant laboratories provided comparable
experimental results. On the one hand, among laboratories that performed creep tests in
the 3PBT setup, it was detected that both labs provided similar long-term results due to
procedure similarities. On the other hand, seven laboratories among ten participants that
reported 4PBT setup in flexure creep tests were grouped into one cluster and identified
as comparable procedures.

Structural elements flexure creep test

Long-term tests on structural elements are usually focused on the long-term durability
of FRC structural elements. However, most studies reported experimental tests in either
structural elements or beams reinforced with traditional rebars and fibres. Therefore,
many studies assessed the contribution of fibres to long-term crack and durability
control. Table 5 collects the reported experimental programmes in structural elements
reinforced with fibres and the main parameters and variables of creep tests. As previously
done in flexure tests on prismatic specimens, publications that report experimental
results from the same experimental programme were grouped.
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It is worth mentioning that studies focused on modelling creep of beams [156, 157,
158] were not included in Table 5 since no experimental creep tests were reported and
applied their developed model on already published studies [125, 136, 143] experimental
results.

Although most of experimental programmes of structural elements (74%) were
focused in FRC structural beams [121, 125, 131, 136, 141, 149, 115], experimental tests
carried out on suspended slabs [143, 148] slabs-on-grade [70], and FRC pipes [145-146,
152-153] were also reported. Regarding creep tests on beams, a wide range of beam
dimensions were reported from 1.2 to 4.0 m in length. The cross-section is also variable
among reported experimental programmes according to beam size. Most of the studies
out on beams used fibres as additional reinforcement to the traditional longitudinal
rebars. Only a few studies [127-133] were conducted in FRC beams without steel
reinforcement. Although the notch is usually used in prismatic specimens, the use of
notched beams is rarely reported in beam creep tests. However, experimental creep tests
on beams carried out in Bologna [127-133] reported a sawed notch in beams to localise
crack propagation and measure delayed crack opening evolution together with
deflection. Regarding slab creep tests, three experimental programmes [104, 143, 148]
were carried out on suspended slabs, whereas Goosla and Rieder [70] tested in creep
slabs-on-ground sized 3000x3000x150 mm with a sustained central load for 780 days.
Altoubat et al. [148] tested two continuous spans of steel-deck slabs with a total length
of 4.6 m and a clear span of 2.3 m, as seen in Figure 25.

Figure 25. Creep test on slab-on-ground (a) by Goosla and Rieder [71] and steel
deck slab (b) by Altoubat et al. [148].

Although the pre-cracking process of structural elements is not always reported, all
tests were carried out in a cracked state since structural elements cracked during the
sustained loading process [125, 134-139, 143, 148, 151-155]. Alternatively, some
publications reported that specimens were loaded to the ultimate load to induce cracks
and then reduced to the sustained service load [140-142]. Hence, the pre-cracking level
was not controlled in terms of either crack opening or deflection but in load terms.
Nevertheless, in those procedures that reported pre-cracking tests, the pre-cracking level
ranged from 0.2 to 0.5 mm crack opening [127-133, 144] and 3 mm deflection [104]. In
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addition, the pre-cracking test flexure setup corresponds, in most cases, to the flexure
setup used in creep tests, where only a few studies [127-133, 149] reported a different
flexure setup in pre-cracking tests than used in long-term tests. Due to the absence of a
notch in most procedures to localise crack propagation and specific pre-cracking
procedures, deflection is the most registered deformation to assess long-term
performance on structural elements, as seen in Figure 26. Delayed crack opening
evolution is reported in 9 experimental programmes, and either compressive or tensile
strains were registered in 5 procedures.
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Figure 26. Deformations measured in flexure creep publications in structural
elements.

The creep index is usually reported as a fraction of the ultimate load [143, 153] but
is also referred to the pre-cracking load [115]. Moreover, some reported load levels in
terms of service load: 6.2 kN in [126] or 65 kN/m/m [145, 146]. Although reported load
levels are quite scattered, ranging from 10 to 100%, the most common load level range
is 50-60%, as observed in Figure 27. Although most studies kept a constant load in time,
some studies [i.e., 142, 147, 154] increased load level in steps during the creep test
duration to assess the load level influence on delayed deformations.

—_
W

[ Load level

Normal distribution

—_
(=}
T
L

W
T
L

ML AR

50 100 150
Load level (%)

Figure 27. Histogram of load levels reported in structural elements creep
experimental programmes.
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Regarding the long-term test setup and creep frames, a 4PBT is widely extended in
57% of experimental programmes, followed by uniform distributed load (UDL) (17%)
and 3PBT (9%). In the case of pipes, due to the singular shape of specimens, a three-
edge bearing test setup [145-146, 152-153] was conducted in long-term tests. In contrast
to flexure creep tests on specimens, using creep frames based on lever arm to transfer
sustained load is not the most extended, only reported in 5 procedures. Figure 28 shows
two creep frame samples for structural beams based on the lever arm. The most common
load transfer system is concrete blocks dead load, reported inducing either 4PBT flexure
setup [115, 128] or UDL [143, 148, 150] on beams and slabs 11 times. Hydraulic jacks
[121, 70-71, 134-139, 147] or spring cassettes [126, 151] as sustained load transfer
systems are less extended, reported 4 and 2 times, respectively, among experimental
programmes.

== ~

13Faal] 43

Figure 28. Lever arm frame for structural beams: [140] (left) and [149] (right).

Single-specimen setup is primarily chosen for 87% of the reported structural
elements creep test programmes. Only three experimental programmes conducted multi-
specimen creep tests in structural elements. Vasanelli et al. [136] reported long-term tests
on five superposed beams (Figure 29 left), whereas Kassimi and Khayat [154] carried
out creep tests on creep frames able to test two specimens simultaneously. Multi-
specimens creep tests were also reported in pipes [146], where two pipes of 1.2 m length
were tested aligned in the same creep frame (Figure 29 right).

Figure 29. Samples of multi-specimen creep test setup: 5 superposed beams (left)
[135] and 2 aligned pipes (right) [146].
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Although the duration of creep tests ranged from 28 days to 10 years, 48% of long-
term tests usually lasted between 240 and 365 days. However, 22% of experimental
programmes exceeded the average duration: Goosla [70] performed field tests on slabs-
on-ground tests for 2 years; Althoubat et al. [148] carried out creep tests on steel-deck-
slabs for 2.4 years, Van Bergen et al. reported test on slabs for 5.5 years; long-term tests
on beams carried out by Micelli et al. [139] last 6 years and are still on-going; finally,
Tan et al. [125] kept sustained load on beams during 10 years.

Many variables were studied in creep tests on structural elements. The most studied
variable is the creep index, reported on 65% of the experimental programmes, as seen in
Figure 30. Some studies [149] assess load level influence by loading identical beams at
different load levels, whereas other publications [142, 147, 154] reported studies where
the sustained load was increased in load-level steps during the creep test duration. Fibre
type and pre-crack level variables, with 39% and 35%, respectively, are also quite
reported.
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Figure 30. Variables studied in structural elements flexure creep methodologies
publications.

Only a few studies of structural elements [126-133, 143, 147, 154] were reported in
controlled environmental conditions, where 20-23°C constant temperature and relative
humidity 50-60% is reported. Due to the oversized shape of specimens and,
consequently, the large size of creep frames, most studies were conducted in the
laboratory ambient conditions instead of inside a climate-controlled chamber. In
addition, field tests were reported in slabs-on-ground [70] and buried pipes [145-146] to
assess in-site long-term conditions. Flexure field tests on beams [136] exposed to marine
conditions were also reported to determine the long-term degradation of fibres and FRC
performance.

As observed in this analysis, a wide variety of long-term methodologies are
conducted on structural elements in terms of element shape, load setup and both pre-
cracking and load levels. Therefore, general conclusions of long-term structural
behaviour are hindered, as in creep tests on specimens. Although most studies concluded
that using fibres reduced both long-term deflection and crack opening, no more useful
quantitative conclusions can be stated.

37



Chapter 2. State of the Art: Review and analysis

2.3.3. Tensile creep

Direct tension creep tests are not as easy to perform as flexure creep tests [45]. Three
main possibilities for specimen shape were detected among direct tension or tensile creep
tests: dog-bones, cylindrical cores and prismatic specimens. The shape of the specimens
may affect experimental results considering the corner effect in the fibre distribution
during the casting process. Table 6 collects the main variables and creep test setups
reported in tensile creep test publications. From 27 publications on the tensile testing
procedure, five different procedures were observed in four international laboratories.
Two tensile creep methodologies were developed by Boshoff et al. at Stellenbosch
University: one based on SHCC dog-bones and the other based on FRC prismatic
specimens. Casucci et al. developed one tensile creep methodology in TU Kaiserslautern
based on dog-bones of UHPFRC. Both tensile creep methodologies developed in Leuven
and Bologna tested cylindrical cores drilled from prismatic specimens to avoid the corner
effect of fibre alignment.

One of the main issues is how the specimen is connected to the universal testing
machine (UTM) to properly apply the tensile load without any bending effect by creating
free hinges at both ends. In the case of dog-bones specimens, it is an easier task thanks
to the holes in the specimens where the steel frame is connected to the specimen
providing anchors to perform tensile tests. In the case of cast prismatic specimens, some
authors developed a system where steel anchors were placed in moulds to provide hinges
for tests. However, in the case of drilled cores, it was required to glue steel plates with
hinges to both ends of the core using epoxy, which required additional tests to assess the
feasibility of this system. Figure 31 collects anchor systems depending on the shape of
the specimen.

Figure 31. Systems developed to affix steel frames to specimens: a) dog-bones, b)
cast anchor in prismatic specimens, c) glued steel frames with epoxy in
cylindrical cores and d) glued with epoxy steel frames in prismatic specimens.
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Crack control in the pre-cracking test is also tricky since specimens usually do not
crack uniformly, and multiple transducers shall be located to obtain average values of
crack opening. Although tensile creep test based on dog-bones measured strains as a
reference of delayed deformation, methodologies on both prismatic and cylinders
measured crack opening displacement (COD). In the case of prismatic specimens, an
auxiliary frame is used to host two LVDTs at two opposite sides of the specimens. The
average reading of both transducers provides the COD evolution in creep tests.
Regarding cylindrical cores, two types of transducers are reported to measure COD
during creep tests. Whereas some studies used COD clip transducers [54, 180], others
used LVDTs [162-164, 172-176] crossing the notch. In both cases, three transducers are
located around the specimen spaced 120°. Transducer location in different
methodologies can be observed in Figure 32.

Figure 32. Transducers mounting system in tensile creep procedures: a) ancillary
aluminium frames for LVDT [51], b) COD clip transducer around notched
section spaced 120° [112], ¢) LVDT transducers glued around notched core [172].

Finally, once the specimen was pre-cracked, it became complicated to move the
cracked specimen from the universal testing machine (UTM), where specimens were
pre-cracked to the creep frames for long-term tests without influencing the crack
opening. Although crack remains more stable in flexure specimens where the cross-
section is not entirely cracked, in direct tensile pre-cracking tests, the whole cross-section
of the specimens is cracked and is more sensitive to unexpected variations. Some studies
[162-164, 172-176] used steel bars to fix temporary hinges to the steel frame to transport
specimens to the creep frame. The same bars used for pre-cracking (noted as B in Figure
33) are tightened to fix the developed crack, ensuring a constant crack width. However,
the additional weight of such steel auxiliary plates makes the specimen heavier;
consequently, auxiliary lifting devices are required for transport.
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Figure 33. Pre-cracking and hinge fixing system (left) and specimens placed in
direct tensile creep frames (right) under sustained load [172].

First tensile creep experimental programmes reported in the literature were carried
out in dog-bone specimens [159-47] using strain-hardening cementitious composites
(SHCC), often referred as engineered cement-based composites (ECC). Further studies
on tensile creep were also reported using dog-bone shape on SHCC [166, 171] or
UHPFRC [105], always in a strain-hardening matrix with a multi-crack pattern.
Although initially uncracked dog-bones were subjected to sustained load, some
specimens cracked [159, 160] in the first minutes/hours of creep tests and developed
more significant delayed deformations than uncracked specimens. In later experimental
tests on dog-bones [171, 105], specimens were pre-cracked up to 1% strain before long-
term tests. Tensile creep tests on standard FRC are only reported in either prismatic or
cylindrical specimens, where control crack opening deformation (COD) is used instead
of strain. Cylindrical cores are usually obtained from characterisation broken prismatic
specimens. Specimens were pre-cracked to a defined COD ranging from 0.05 to 0.3 mm
for cylindrical cores [162-164, 172-176, 180] and 0.5 mm in prismatic specimens [167-
170, 178]. Dimensions of dog-bone specimens are collected in Figure 34.

a) b) 30 mm 15 mm thick c) —0
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Figure 34. Dog-bones specimens in tensile creep methodologies: SHCC dog-bones
[160], b) notched SHCC dog-bones [165], c) UHPFRC dog-bones [105].
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Although most dog-bones were not notched, some dog-bone specimens were
designed to provide a sole cross-section [171] that serves as a notch, ensuring the multi-
crack location (see Figure 34.b and Figure 35.a). The use of either FRC prismatic [168]
or cores [54, 163] as testing specimens is, thereafter, most extended where the notch is
required to locate the single crack within the transducer measure range. In these cases, a
perimetral notch is sawed at midspan around the specimen, as seen in Figure 35.

Figure 35. Notch in tensile creep methodologies: a) dog-bones [171], b) cores
[172], and c) prismatic specimens [51].

Regarding the long-term test setup, most laboratories reported creep tests carried out
in multi-specimen setup as done in flexure methodologies, testing either two [167-170]
or three [54, 180] specimens simultaneously. However, the methodology developed in
Leuven [162-164, 172-176] tested specimens individually. All creep frames were
designed using a lever arm to induce the tensile load into the specimens. Figure 36
collects the creep frames used in reported methodologies.

Figure 36. Developed tensile creep frames: a) multi-specimen frame (dog-bones)
[159]; b) multi-specimen frame (cores) [180]; ¢) multi-specimen frame (prismatic
specimen) [179]; d) single-specimen frame (cores) [172].

42



Improvements in test methodology and characterisation of flexure long-term behaviour of FRC

The most studied variable in tensile creep methodologies was the creep index [167-
169, 178-179] reported in 11 publications, as depicted in Figure 37. Studies focused on
the influence of COD pre-cracking level, environmental conditions, and fibre type and
dosage were also reported but represented a low percentage.
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Figure 37. Variables studied in tensile creep methodologies publications.

All reported experimental tests on tensile creep were carried out in controlled
environmental conditions, ensuring a constant temperature and relative humidity.
Nevertheless, conclusions are rarely comparable due to such variation in specimens and
testing conditions, such as pre-cracking and stress levels. Fortunately, it could be
possible to assess two direct tension methodologies carried out in similar conditions by
two laboratories within the RRT [120] framework. The experimental results obtained by
both laboratories were similar, and it was concluded that both methodologies were
comparable.

2.3.4. Flexure creep test in panels

Flexure creep tests on sprayed panels arise from the worry of civil engineers focused on
tunnel design, where sprayed FRC is used in tunnel construction. Characterisation tests
of spayed FRC are based on either square or round panels defined by EN 14488-5 [181]
and ASTM C1550 [184], respectively. Thus, creep methodologies based on both square
and round panels were developed and reported. Table 7 collects the experimental creep
tests carried out in square and round panels, where publications related to the same
programme were grouped.

Although these methodologies may seem similar in load application, significant
differences in boundary conditions and stress redistribution exist. On the one hand,
square panel tests based on EN 14488-5 [181] standard are based on 600x600x100 mm
panels and define continuously supporting boundary conditions that provide
hyperstaticity to flexure energy absorption test and substantial stress redistribution
during both the short- and long-term test. However, some authors [182, 183] concluded
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that friction due to hyperstaticity in square panel tests significantly influences energy
flexure tests. On the other hand, ASTM C1550 [184], based on @800%75 mm round
panels, define isostatic boundary conditions with three rotation-free supports.

In both cases, the absence of a notch makes it challenging to predict the crack
location. Therefore, both short- and long-term tests are usually controlled by deflection.
However, some laboratories reported studies [195] with both deflection and crack
opening measurements in long-term tests, as seen in Figure 38. LVDT transducers were
located below the square plate after the pre-cracking test, crossing the primary crack to
assess crack opening evolution.

Figure 38. Crack opening and deflection monitorisation in square panels [195].

General procedure is similar for all panel methodologies, where specimens are pre-
cracking until a defined deflection and then subjected to sustained load. However,
significant differences were noticed in pre-cracking level and load level parameters. On
the one hand, the pre-cracking level ranges from 2 to 3 mm deflection reported in square
panels [63, 188, 190, 193, 195] and 1 to 13 mm deflection in round panels [185, 186].
This fact is explained by the target of each methodology; square panel procedures aim
to characterise the long-term behaviour of FRC material in SLS, whereas round panel
procedure is focused on assessing the safety factor of cracked structures when large
cracks appear in ULS. On the other hand, load level is not only referred to the residual
strength at the pre-cracking level, but some studies [191-193] refer load level to matrix
strength or pick load obtained in panel tests carried out in plain concrete specimens
following the Asquapro procedure [41]. Initially, the idea was to reach smoothly 2 mm
deflection pre-cracking level inducing a sustained load of 120% of pick load in plain
concrete and then reduce the load to 60% for creep tests. However, panels rarely reached
the target deflection for a one-year test duration due to the short crack opening initially
created. Although the reported load level referred to the residual strength ranges from 40
to 100%, the most used load level is 60%.Although in both flexure and tensile creep test,
the use of the multi-specimen setup is extended, in the case of panel creep tests, the use
of single-specimen setup is, so far, the most extended setup due to the challenging
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stacking procedure of cracked specimens. To date, only one laboratory reported creep
tests in a multi-specimen setup [195], testing two superposed specimens simultaneously.
However, this setup forced them to invert upper specimens generating a more complex
procedure. Figure 39 shows examples of both single- and muti-specimen creep test
setups on panels.

Figure 39. Square panel creep frames examples: (up-left) single-specimen lever
arm frame [192]; (up-right) single-specimen hydraulic frame [188,]; (down)
multi-specimen hydraulic frame [195].

Although creep tests on round panels have been reported since 2004 [42], the
EFNARC organisation defined in 2012 the first approach to a square panel creep test
procedure [40]. The French association Asquapro [41] coordinated international efforts
to define an agreed procedure to assess FRC long-term behaviour on shotcrete square
panels in 2014. To this purpose, Asquapro organised an international Round-Robin test
with international laboratories and companies. Obtained results [191-193] arise that
regarding the studied sustained loads, neither failure nor deflection above 3 mm (except
for one sample) was observed in both steel and polymeric fibre-reinforced panels.
However, additional studies of shotcrete creep on square panels carried out following
the Asquapro procedure are required to assess the repeatability and reproducibility of the
methodology.
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Only one methodology was developed to assess FRC long-term behaviour in round
panels [42, 185, 186, 194]. The round panel creep frame was designed to test individually
round specimens under gravity load. The creep frame designed by Bernard is presented
in Figure 40. The gravity load lays on the steel plate connected to the piston that applies
the load in the centre of the round panel. One LVDT transducer is connected to the piston
to measure delayed deflection during the creep test. The hydraulic lift mechanism serves
to lift the load when creep test ends.

Gravity load

=)
79
/ assembly
¢

Hydraulic
lift mechanism

Specimen

Load frame

Figure 40. Round panel creep test frame developed by Bernard [194].

Among the reported variables, fibre type influence is studied in 89% of experimental
programmes. Whereas most publications compare steel and synthetic fibre materials
(77%), some studies reported experimental creep tests to assess the influence of fibre
geometry and type [50, 188]. In addition, studies to determine the impact of the creep
index and pre-crack level on long-term behaviour are also reported, as seen in Figure 41.
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Figure 41. Variables studied in panel creep methodologies publications.
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Depending on the laboratory, creep tests were conducted on controlled or
uncontrolled environmental conditions. Although creep tests on square panels were
usually reported in uncontrolled conditions [187, 190-193], Kaufman [188] and two
participants of the RILEM Round-Robin Test [195] carried out in constant temperature
and humidity. Square panel creep tests carried out in Rio de Janeiro were conducted in a
climate-controlled chamber, whereas creep tests carried out by Versuchsstollen
Hagerbach were conducted in the underground Hagerbach Test Gallery, as seen in Figure
42. On the contrary, every round panel creep tests reported were carried out inside a
room where both temperature and RH were kept constant.

Figure 42. Creep tests on square panels carried out in an underground test
gallery to keep constant environmental conditions.
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Chapter 3.
Starting Methodology

For the realisation of his PhD work, creep frames available from previous research were
used. Creep frames and flexure creep methodology were developed by Arango [39, 196].
This chapter describes the existing creep frame construction and the corresponding
methodology procedure to understand the starting point of this PhD work providing the
reader guidelines to follow the evolution of the methodology assessment and
improvements proposed.

3.1. Equipment and creep frame construction

The available creep test frame consists of a second-degree lever arm with an x15
multiplier factor to induce flexure load on prismatic specimens. The creep frame
basement is constructed with steel profiles, as described in Figure 43.
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Figure 43. Starting creep frame construction.
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The creep frame composing elements are identified in Figure 44. The frame
basement (a) includes both specimens (c) and lever arm (d) support profiles. Lever arm
(b) is connected to the basement by the fulcrum. Load is induced onto the specimens
using screwed bars (i) connected by nuts from the lever arm to the top transfer plate (h).
Load cell (g) is placed over the load transfer plate (f) that contains loading rollers for the
top specimen. Intermediate load transfer steel plates (e) containing both supporting and
loading rollers are placed between the specimens to transfer the load among the stacked
specimens. Counterweight (j) is placed at the end of the lever arm to take advantage of
the multiplier factor. The load can be adjusted by adding more counterweight to the lever
arm or moving the counterweight along the lever arm. A general view of the creep frame
and the stacked specimens is presented in Figure 45.

[i]

@

Figure 44. Creep frame elements.

Figure 45. View of creep frame view (left) and stacked specimens view with
transfer plates (right).
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Creep frames allow testing simultaneously up to three stacked prismatic specimens
in flexure. Although this procedure is based on EN 14651 standard [26], to improve the
stability of the stacking specimens during the creep test, a four-point bending test (4PBT)
flexure setup adapted from EN 14651 is adopted. Hence, both pre-cracking and creep
flexure tests were carried out in a four-point bending test (4PBT) flexure setup with a
450 mm support span and 150 mm loading points span, as seen in Figure 46. The starting
procedure provides instructions to measure both crack opening (w) and compressive
strains (&) simultaneously using a linear displacement transducer and strain gauges,
respectively. A strain gauge is possible when a 4PBT flexure setup is used in all stages
since the supporting rollers span provides enough area to place measurement devices.
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transducer fransducer

Figure 46. Flexure test scheme from EN 14651 (left) and adopted for creep
methodology (right) by Arango et al. [39].

Inter-specimen load transfer steel plates include supporting and loading rollers and
support flanges acting as emergency breaks in case of specimen collapse. As seen in
Figure 47, one support of each allows rotation in the transversal axis of the specimen for
a proper alignment during the stacking process. Unfortunately, rollers do not allow any
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Figure 47. Transfer plate constructions, including supporting and loading rollers
with transversal free rotation.
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rotation in the longitudinal axis of the specimen. The top transfer plate for the top
specimen only contains loading rollers and the load cell support. As done for
intermediate steel plates, one support allows rotation in the transversal axis of the
specimen for a proper alignment of specimens.

3.2. Creep test procedure

The starting creep test procedure developed by Arango et al. [39] defines three stages:
pre-cracking (O-C), creep (CF) and post-creep (FH). A diagram of the creep test
containing the three phases is presented in Figure 48. The division of creep test in these
phases is widely extended and accepted, as seen in the analysis of existent methodologies
carried out in Chapter 2.

Load (kN)

r T T H
Pre-cracking Creep Post-creep flexural test Crack opening (mm)

Figure 48. Starting creep test procedure phases definition [39].

Deformation measurement is related to crack opening parameter (w) instead of crack
mouth opening displacement (CMOD). Specimens were pre-cracked up to multiple pre-
cracking levels (wp) and then unloaded where instantaneous crack opening recovery
registered (wp). Since the pre-cracking test finished when specimens were unloaded, no
delayed recovery was reported in the pre-cracking stage, as seen in Figure 49. Regarding
load parameters, the load at the limit of proportionality (LOP) named F1. and load F\, at
the pre-cracking level (wp) are obtained from pre-cracking flexure tests. Pre-cracked
specimens were stored in the climate room turned 180 ° for two days before being tested
in creep.
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Figure 49. Starting creep test procedure pre-cracking phase definition [39].

During the creep stage, the desired load (F.) was applied in the creep frame
according to the desired load level (IF,). The load level parameter was related to a
percentage of the residual load Fy obtained at wp. The instantaneous crack opening
deformation w.; was registered when load F. was achieved. Delayed crack opening
deformation (wed') and total deformation (w.!) were recorded at different j ages, as seen

in Figure 50.
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Figure 50. Starting creep test procedure creep phase definition [39].

Once the creep stage was finished, creep frames were unloaded, and both
instantaneous (wei) and delayed crack opening recovery after two weeks (we") were
recorded. Parameters related to the unloading step of the creep stage are defined in Figure

51.
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Figure 51. Unloading step after the creep phase [S1].
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As seen across the previous figures, the load parameter instead of stress was the
reference for creep test representation. Therefore, the load level parameter used for the
creep test is referred to the residual load obtained in pre-cracking tests instead of residual
stress. This assumption could disappoint with the EN 14651 standard, which aims to
define the residual stresses of FRC specimens. In addition, in those methodologies where
both 3PBT and 4PBT are used for pre-cacking and creep phases, using the load level
parameter as a reference may induce misunderstanding.

This methodology was assessed on 7 FRC series [39, 77-79] comprising 39 prismatic
tested on flexure creep. Long-term experimental results obtained using the presented
methodology [77-81] are included in the state-of-the-art analysis carried out in Chapter
2
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Chapter 4.
Procedure and Methodological Improvements

After the deep analysis and comparison of all the test methodologies available in the
state-of-the-art concerning the creep behaviour of fibre-reinforced concrete (FRC),
multiple features were detected as susceptible to improvement towards a standardised
methodology. Aspects such as the glossary, environmental conditions, testing
parameters, procedures or boundary conditions have been considered. The relevant
information regarding the creep test experimental campaigns carried out to assess the
proposed improvements is fully described in this chapter.

4.1. Glossary review

Different test methodologies have been developed for creep in the cracked state
characterisation depending on the specimen shape and primary either flexure or tensile
stress sustained in time, as described in Section 2.3. Depending on the methodology
adopted, either deflection or crack opening evolution in time is registered. Besides the
differences in deformations, the absence of a standardised methodology and
corresponding glossary provides multiple terminologies available in the scientific
literature (i.e. w for crack opening, ¢ for deflection...).

Creep tests in the cracked state of FRC are generally multiple-phase long-term tests
involving many parameters and variables. In the case of delayed variables, multiple
values can be registered for different time lapses (i.e. at 30, 90, 180 or 360 days), and the
number of variables increases considerably. The number of variables, parameters and
methodologies may be very confusing for comparative purposes of the creep test results.

Currently, the flexure creep test in short beam specimens is the most extended creep
in the cracked state procedure. In the case of the flexure creep test, it is generally assessed
the delayed crack opening deformation. The most extended term in either international
standards or scientific papers for crack opening deformation is w. However, the crack
opening concept is commonly used in conventional reinforced concrete (RC) for the
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Service Limit State (SLS) control in concrete structural elements. In the case of FRC,
the concept of crack opening (w) may be confusing due to significant differences in the
international standards available for characterisation. On the one hand, the EN 14651
standard [26] assesses the residual performance of FRC notched specimens where both
the crack mouth opening displacement (CMOD) and the crack tip opening displacement
(CTOD) are defined depending on the relative position of the transducer to the notch.
Alternatively, the ASTM C1609 [25] standard proposed to measure deflection (J) to
assess the FRC matrix performance in a four-point bending test (4PBT). Considering
that EN 14651 standard [26] was designed to determine the flexural performance of the
FRC material using the crack opening deformation, it can be assumed that similar crack
opening definitions and terms could be adopted to assess the long-term properties of the
FRC specimens. Therefore, it is proposed to use the CMOD instead of w for the crack
opening deformation reference since the crack opening at the mouth of the notch will be
measured during the creep test.

Notwithstanding, this glossary proposal not only intends to define the respective
reference displacement but also define a clear structure for using subscripts and
superscripts. There exist multiple glossary definition criteria in the scientific literature,
and it is very convenient to unify criteria to make easier data exchange and comparison
between creep test results obtained from different laboratories. Properly use of the
required scripts will enable identifying the phase and type of variable along the creep
test duration. This fact is crucial for the creep test report, where all the results are
collected and could enable the creation of creep test international databases.

Therefore, considering CMOD as the deformation reference for the flexure creep
test, it is proposed in Table 8 the following subscripts and superscripts system to identify
both the creep test phase and the type of measurement.

Table 8. Subscript and superscript system for creep test CMOD variable glossary.

Type Name Subscript ~ Superscript Description
Phase Pre-crack p Refers to pre-crack
Creep c Refers to creep phase
Post-creep post-creep Refers to post-creep phase
Origin 0 Absolut deformation referred to origin
Measure Instantaneous 1 Instantaneous deformations
Delayed d Delayed in time deformation
Recovery r Recovery deformation after unloading
Total t Includes both instantaneous and delayed
Shrinkage s Refers to shrinkage specimen
Time ] Start time lapse
k End time lapse
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This creep test glossary proposal provides enough accuracy to identify any variable
in terms of the creep test stage and type of deformation. Following the proposed variable
construction, the variable CMOD,4** represents the crack mouth opening displacement
(CMOD) according to EN 14651 [26] measured in the creep (subscript c), delayed
deformation (subscript d) at 360 days of creep test (superscript 360).

Moreover, some parameters are defined in the nominal and real value, such as the
nominal creep index (I,) and the applied creep index (). Regarding the residual stress
and load terminology, similar construction that provided in EN 14651 [26] standard is
proposed to be in accordance with residual strength terms. Therefore, considering the
base term fr for residual stress and F for the corresponding load to respective residual
stress, additional parameters can be defined by adding the corresponding phase subscript
to the corresponding term (i.e. frp for the residual stress at CMOD,, in the pre-cracking
test or fr,c for the residual stress to be sustained during the long-term stage).

Besides the crack opening, some authors also eventually measure the compressive
strains evolution in time in the flexure creep test [39, 89] using strain gauges located on
the top face of the specimen. Although the compressive strains evolution assessment is
crucial in flexure creep tests where both tensile and compressive forces are combined,
this aspect is still uncertain. It is important to know how the creep deformation in
compressive affects the crack opening evolution in time. The measurement of
compressive strains is still not extended since there is no standardised procedure, and
thus, the glossary is still not defined. This glossary construction proposal aims to provide
guidelines for the glossary construction for either crack opening or compressive strain
variables for the flexural creep test based on the EN 14651 [26] test, as stated in Table
9.

Notwithstanding, the best advantage of this glossary classification is that it may be
adapted for the different available creep methodologies (i.e. flexure creep, uniaxial
creep, panels...). Although creep test displacement notations are defined in this proposal
for CMOD in flexure methodology, analogous notations for the rest of the methodologies
can be easily obtained by substituting CMOD with the corresponding crack opening
displacement (COD) or deflection (J) terms.

The proposed terminology developed in this PhD has been successfully assessed and
adopted by the RILEM Technical Committee CCF-261 for the realisation of an
international Round-Robin Test (RRT) on creep from 2015 to 2019. Since laboratories
that carried out all the available methodologies were involved in the RRT, it could be
concluded that the proposed glossary served to simplify the parameter and variable
definition for all methodologies and enabled a better understanding and data exchange
among the participant laboratories.
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4.2. Pre-cracking level (CMODy)

The study of long-term deformations is usually related to the service limit state (SLS).
Concrete structural elements are generally designed to work within their SLS and not
overcome the ultimate limit state (ULS) during their lifetime. The use of crack opening
levels larger than those limitations in SLS for the long-term behaviour characterisation
test would not be representative of the real structures working conditions. Therefore, the
reference pre-crack opening level proposed for the creep test procedure should be
correlated to the crack opening restrictions in SLS.

The absence of any standardised creep procedure for the long-term behaviour of
cracked FRC causes a wide variety of pre-cracking levels found in the scientific literature
depending on the methodology, as explained in Chapter 2. Although some studies carried
out creep tests considering large crack openings to assess the long-term performance in
ULS [50], it is most extended the use of low initial crack openings (i.e., 0.2, 0.5, 1.0,
1.5...) related to SLS [49].

As previously explained, specimens are pre-cracked during the first stage of the
creep test procedure. Since the initial damage or pre-cracking level (CMOD,;) may result
decisive in the corresponding creep test results, a comprehensive experimental work was
developed to assess the influence of the pre-cracking level on the delayed crack opening
deformation. To analyse a wide range of crack levels, the WP1 experimental programme
was designed considering six different pre-cracking levels (CTODy): 0.2, 0.5, 0.8, 1.2,
1.5 and 2.0mm. These values were defined considering that Model Code 2010 [19]
correlates the serviceability with the fr 1 (residual strength obtained at CMOD = 0.5mm)
and the ultimate conditions to fr3 (residual strength obtained at CMOD = 2.5mm).
Therefore, crack opening levels larger than 2.0 mm were not considered since it was
stated to use crack opening related to SLS.

To this purpose, two FRC batches with macro-synthetic and steel fibres were cast
and tested in creep under flexure sustained load. The synthetic fibre-reinforced concrete
(SyFRC) mix was reinforced with 9 kg/m? of Sikafiber 48 with 48 mm length, whereas
in the case of the steel fibre-reinforced concrete (SFRC) 40 kg/m? of Bekaert 3D 65/35
steel fibre were used. Three specimens per mix were tested in flexure following the EN
14651 [26] standard procedure to assess the residual behaviour, and results are given in
Figure 52. The residual strength ratio fr3/fr,1 provides for the SyFRC mix a ‘1.5¢’
classification according to the Model Code 2010 [19], whereas for the SFRC mix, a
‘3.0d’ classification was obtained. Average strength at the limit of proportionality (f.),
fr.1 and fr 3 obtained in characterisation tests are also provided. Full information about
the WP1 experimental programme including the concrete matrix composition, flexure
test setups and experimental results can be consulted in the Appendix B.
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Figure 52. SyFRC and SFRC mixes flexure characterisation test.

Prior to the long-term tests, six specimens per batch were notched and pre-cracked
in a three-point bending test (3PBT) in compliance with the EN 14651 procedure [26].
The crack tip opening displacement (CTOD) was used for the crack opening control.
One linear variable displacement transducer (LVDT) on each side of the specimen was
located at the crack tip to measure the average CTOD. Six nominal pre-cracking levels
were considered in this experimental programme: 0.2, 0.5, 0.8, 1.2, 1.5 and 2.0 mm. The
pre-cracking levels CTOD,, for each specimen and the corresponding crack mouth
opening displacement CMOD, values are provided in Table 10, where the residual
strengths fi and fr;1 are also provided. Stress-CTOD performance obtained in pre-
cracking tests can be observed in Figure 53. Note that specimen B » exceeded the desired
CTOD,, by 120 microns, and it should be considered in the analysis of the results.

Table 10. Pre-cracking tests and corresponding creep index of SyFRC and SFRC series.

Mix Specimen CTOD, CMOD, f. fr fre A
[mm] [mm)] [MPa] [MPa] [MPa] [%]
SyFRC Ay 0.209 0.255 2.94 -- 1.10 --
Aos 0.513 0.627 3.01 243 1.10 45.1
Aos 0.812 0.984 2.98 2.19 1.20 55.0
Al 1.231 1.483 291 2.08 1.20 57.8
Als 1.552 1.856 3.14 2.06 0.99 48.0
Azo 2.117 2.490 2.84 1.99 0.99 49.7
SFRC By 0.202 0.263 3.31 -- 2.01 --
Bos 0.502 0.637 3.36 6.56 2.02 30.7
Bos 0.806 0.964 3.44 4.76 2.12 44.5
Bi: 1.328 1.661 3.03 4.88 2.12 43.5
Bis 1.500 1.808 2.86 2.97 1.91 64.2
Bzo 2.034 2.497 3.37 3.67 1.91 52.0
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Figure 53. Pre-cracking test in both SyFRC (a) and SFRC (b) specimens at
different pre-cracking levels (CTODy).

Considering the residual stresses obtained in both the characterisation and pre-
cracking test, 2.1 and 4.0 MPa average fr1 was obtained for SyFRC and SFRC,
respectively. The stress level (/) is usually defined as a percentage of the residual
strength obtained per specimen at the desired pre-crack opening CMOD,,. Nevertheless,
this experimental programme implies a wide range of pre-cracking levels could hinder
the creep index application. Note that specimens with pre-cracking level CTOD, = 0.2
mm did not reach the CMOD enough to obtain fr 1. Therefore, the creep index parameter
was exceptionally defined for this experimental program as 45% of the average fr1 of
each mix. It is known that the use of the average residual strength of the FRC mix instead
of the specific strength of each specimen increases the scatter in terms of the applied
creep index when a multi-specimen setup is adopted.

After the pre-cracking phase, the specimens were moved to the climate-controlled
chamber where the creep frames were located. The sustained stress fr . during the creep
test was applied for 182 days, and then the specimens were unloaded. A data logger
continuously registered the crack opening during the creep test duration. CMODcq
recovery deformations were recorded for 10 days after being unloaded. The evolution in
time of the total crack opening deformation CMOD,; for both mixes is depicted in Figure
54, where the gradient of colours highlights the pre-cracking level of the specimens.
Unfortunately, the displacement transducer of specimen Bis failed 57 days after the
beginning of the creep test, and no further readings could be recorded. Besides the
nominal pre-cracking level CTOD,, legends also include the specific creep index I
applied on each specimen to assess any influence of the creep index on CMOD;
deformation. In the case of the SyFRC mix, it can be observed that specimens Ags and
A2 develop higher CMOD than the expected tendency. This unexpected behaviour can
be explained due to the high /. of 55.0 and 57.8%, respectively applied. A similar trend
is found for specimens B s and B;.s of SFRC mix where a creep index of 30.7 and 64.2%
were applied respectively. It is then confirmed that the applied creep index I produced
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relevant variability in terms of delayed crack opening deformations, which significantly
influences both CMOD.; and CMOD,; variables.
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Figure 54. CMOD evolution during the creep test for SYFRC (left) and SFRC
(right) mixes.

Although it can be observed that crack opening deformations of both mixes increase
in time, a slight stabilisation is appreciated for the SFRC mix. Regarding the pre-cracking
level CMOD,, it can be easily observed that both instantaneous CMOD.; and delayed
CMOD; increase with the pre-cracking initial damage CMOD,. However, delayed crack
opening deformations are not proportional to the pre-cracking level. Although the pre-
cracking level 2.0 mm is four times larger than 0.5 mm, the CMOD.; and CMOD,,'%°
obtained by the Ao specimen were 1.8 and 1.9 times larger than specimen Ags
respectively. In the case of the SFRC mix, the B, to Bos obtained ratios were 2.7 and
2.8 for CMOD,; and CMOD'% respectively.

Since the creep stage was carried out in a multi-specimen setup, the additional dead
load of the upper specimens and transfer plates shall be considered for the creep index
calculation. Thus, the creep index was obtained for each specimen, and some scattered
values were obtained. Notwithstanding, in the case of SFRC, more creep index variation
was found ranging from 31 to 64% due to the low fibre dosage as it occurs for the pre-
cracking test. Creep index values obtained for each specimen are shown in Table 11.

To reduce the influence of such scattered creep index in the long-term behaviour
assessments, delayed CMOD,; deformations were normalised by the applied creep index
1. using Equation 1.

ool
CMODZ, = CMOD., - (i) Equation 1
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CMOD.i" and delayed deformations CMOD," at 7, 14, 30, 90 and 180 days were
depicted in Figure 55 for each CMOD,, to assess the evolution and the influence of the
pre-cracking level on the long-term behaviour. Logarithmic fitting curves were obtained
for each time-lapse, and the influence of the pre-cracking level was then confirmed since
CMODy; increases as the pre-cracking level increases for both mixes, as observed in
Figure 55.
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Figure 55. Influence of CMOD), on the normalised CMOD.: evolution.

The delayed behaviour of specimens from each mix pre-cracked at the same COMD,
is compared in Figure 56. Due to the extraordinary creep index sustained by specimen
B s, the comparison with the corresponding specimen of the SyFRC mix does not follow
a similar trend to the rest of the specimens. Excluding the specimens with 1.5 mm of
CMOD, due to the outlined creep index value, it is confirmed that the SyFRC mix
developed on average 3.5 times more CMOD deformations than SFRC in similar pre-
cracking conditions. In contrast, the instantaneous CMOD; deformations seems to be
larger for the SFRC mix than the SyFRC specimens. It is observed in Figure 56 that, the
first marker of each specimen, corresponding to the CMOD,; comparison between mixes,
drops in the SFRC side. This behaviour implies that, for the same pre-cracking level,
SFRC specimens provide more instantaneous deformation when the loading process
ends than SyFRC specimens.
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Figure 56. Comparison of normalised CMOD.:" between SyFRC and SFRC.

Analogously, creep coefficients referred to the creep stage (¢c) at 7, 14, 30, 90 and
180 days were analysed for both FRC mixes. The creep coefficient referred to the creep
stage is defined as the ratio of the delayed crack opening deformations CMODcq4 during
the creep stage to the instantaneous crack opening deformation CMOD,. Creep
coefficients were obtained (Equation 2) considering normalised CMOD" deformations
and depicted versus the pre-cracking level for each specimen in Figure 57. In the case of
the SyFRC, the trend curve of the creep coefficient considering all the pre-cracking
levels CMOD,, for each time-lapse is similar regardless of the time-lapse considered.
Moreover, it is also appreciated that among the first three time-lapses of 7 (7 to 14 days),
16 (14 to 30 days) and 30 days (30-60 days), the distance between curves is kept
relatively constant. It is explained since the long-term CMOD deformations follow a
logarithmic trend and delayed deformations tend to decrease in time towards zero. This
creep behaviour provokes the creep coefficient trend curves for each time-lapse to get
closer in time. Regarding the SFRC mix, creep coefficients below one were obtained for
all specimens except Bj s, subjected to an extraordinary 64.2% creep index. Since creep
deformations of the SFRC mix show excellent stabilisation at early ages providing
straight long-term evolution, linear trend curves were obtained for each time-lapse
considering all pre-cracking levels. It was concluded that creep index /. significantly
influences the creep coefficients compared to the low influence observed by the pre-
cracking level CMOD,,. Although the creep coefficient increases with the pre-cracking
level, the creep coefficient does not increase as much as expected with such a pre-
cracking level variation. l.e., comparing pre-cracking levels of 0.5 and 2.0 mm, creep
coefficients at 180 days (@.'®) increased from 3.9 to 4.3, respectively. Nevertheless,
considering the huge increase of 400% in terms of pre-cracking level (from 0.5 to 2.0
mm), only an increase of 10.2% in the creep coefficient at 180 days was produced. Even
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the influence on the creep coefficient decreases in time, being higher at early ages (i.e.
variation of 14.5% from creep coefficients at 7 days of both 0.5 and 2.0 specimens).

¢J = (CMOD./ — CMOD,;) / CMOD; = CMOD,4’ / CMOD; Equation 2
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Figure 57. Influence of the CMOD), on the normalised creep coefficients @".

The crack-opening rate (COR) parameter provides valuable information about the
deformation rate in time. It allows estimation of the crack opening at further ages since
it provides the crack-opening rate in pm/year. COR is obtained using Equation 3:

COR K = (CMOD¢* — CMOD.¢') / ((k—1) / 365) Equation 3

Daily COR was obtained for each specimen, considering the normalised CMOD
deformations. Since the COR parameter is quite sensitive to sudden changes, the moving
average considering 30 days time-lapse was considered and depicted in Figure 58 for
each specimen. Since creep index influences delayed deformation, creep index influence
on the COR parameter is also observed on Ao and A1 specimens but especially on the
Bi1s specimen. Regarding the SyFRC mix, moving average COR at 180 days of test
provide a crack opening rate of 350.1 um/year for 0.5 pre-crack level and 554.1 pm/year
for 2.0 mm pre-cracking level. These COR values predict that if the crack opening rate
keeps constant, the 0.5 pre-cracked specimens shall exceed 2 mm crack opening in 5.7
years, whereas the 2.0 pre-cracked specimen in 3.6 years. Nevertheless, COR usually
decreases in time, and specimens will probably exceed a 2.0 mm crack opening later.

Regarding the SFRC mix, moving average COR at 180 days provides a 48.9 pm/year
crack opening rate for 0.5 pre-crack level and 125.4 pm/year for 2.0 mm pre-cracking
level. The COR increased between 0.5 and 2.0 pre-cracking levels 58.3% and 156.6%
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for SyFRC and SFRC mixes, respectively. Note that for the SFRC mix, such COR
increase is due to the extremely high creep index sustained by specimen Bis. For
comparative purposes, considering the COR values obtained, the 0.5 and 2.0 mm pre-
cracked specimens shall exceed 2 mm crack opening in 40.9 and 15.9 years, respectively.
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Figure 58. Influence of the pre-cracking level on the COR evolution.

In short, it can be concluded from this analysis that the pre-cracking level CMOD,,
has a low influence on both delayed deformations and the creep coefficient obtained in
the creep test. Nevertheless, defining a reference value for the pre-cracking level
parameter is important to get comparable results among laboratories. As previously
stated, creep characterisation tests shall represent the real working conditions of FRC
structures in service. Therefore, it is proposed 0.5 mm as the CMOD,, reference value for
creep characterisation due to the following statements:

Flexure CMOD of 0.5 mm is a crack width related to SLS.

Since the CMOD),, parameter has a low influence on both delayed deformations
and creep coefficient, it shall be permitted to exceed the CMOD,, up to 0.02 mm
in the pre-cracking test.

In the flexure test of prisms, considering a variable crack opening along the
cross-section height, a CMOD of 0.5 mm is equivalent to an average 0.2 mm
crack opening, accepted in most structural codes.

Moreover, the proposed 0.5mm for CMOD, correspond to CMOD, which is
the reference crack opening for the residual stress fr,;1 and allows to assess the
long-term behaviour based on the basic residual strength referred to SLS in the
Model Code 2010 [19].

It is revealed that applied creep index /. is more significant in the long-term
behaviour than the pre-cracking level CMOD,. Therefore, the creep index
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parameter definition for any standard procedure shall be more restrictive than
the pre-cracking level parameter definition.

Note that these recommendations are given to define a creep test procedure with
characterisation purposes. Notwithstanding these recommendations, pre-cracking level
CMOD;, acceptance thresholds may be increased or modified for research purposes.

4.3. Creep index (I¢)

The principle of the flexural creep test is to induce a certain stress level in the cracked
FRC specimens and measure long-term crack-opening deformation under sustained load.
Among the three stages of the creep test procedure, both 3PBT and 4PBT load
configurations can be used, as highlighted in Section 3.2. Therefore, the load level
expression, which its use is extended in the scientific literature, can be confusing since
the load depends on the flexure load configuration chosen. The proposed expression
stress level or creep index (1) is a more appropriate term than /oad level since it is related
to stress instead. Therefore, the proposed creep index (Ic) term is defined as the ratio of
sustained stress during the creep stage (frc) to the residual strength frp, at CMOD,
obtained during the pre-cracking phase.

The creep index may be related to either the residual stress individually obtained by
each specimen or the average stress obtained from each concrete batch or FRC mix.
Depending on the chosen reference residual strength, the procedure and the results
obtained could differ significantly in terms of creep index. If the stress frp obtained at
CMOD, during the pre-cracking tests by each specimen is considered, the stress to be
applied into each specimen shall be obtained individually for each specimen to keep the
creep index constant due to the residual performance inherent variation. The sustained
stress may be alternatively obtained by applying the creep index factor to the average
residual strength registered by all specimens composing the concrete batch or mix.
Although the latter option may be easier to perform since the same load is applied in all
creep frames, this approach would lead to more scattered results in terms of creep index
related to fr p.

The flexure test EN 14651 [26] provides relevant residual performance data to assess
the structural contribution of fibre reinforcement. The residual flexure strengths fr; and
fr3 obtained according to EN 14651 are used in the structural Model Code 2010 [19] to
predict either the rigid-plastic or linear tensile FRC performance model employed in the
design of structures. Both models are defined by the serviceability residual strength fs
representing the post-cracking strength for serviceability crack openings and frw
representing the ultimate residual strength. The simplified “Rigid-plastic model” is
defined only by the reference value frw that corresponds to fr3/3 and is based on the
ultimate behaviour. The “Linear model” is more convenient for a complete structural
analysis considering the ultimate since the ultimate limit state (ULS) is analysed
considering the ultimate crack opening in the service limit state (SLS). The “/inear
model” defines the serviceability residual strength frs = 0.45 fr,1 being suitable when
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fibres are used for crack control in service conditions. The use of the linear model as a
reference to define the creep index on creep studies related to SLS is more frequent in
the bibliography.

Considering these statements, a new experimental programme to assess the influence
of the creep index on the long-term flexure behaviour of FRC and define stress levels
safe enough to ensure the service conditions during the lifetime of the structures. In the
previous experimental programme, it was observed that creep index variations
influenced long-term results. Therefore, three creep index levels (25, 35 and 45%) were
defined for this experimental creep test, as represented in Figure 59. Since creep
characterisation tests in the cracked state of FRC specimens are focused on determining
the long-term behaviour of FRC material in service conditions, this experimental
programme will consider 0.45 fr1 as reference creep index as done for the serviceability
crack openings by the linear model proposed in the Model Code 2010 [19]. To be in
accordance with service conditions, 0.5 mm of CMOD, was chosen as reference, but
lower pre-cracking levels were also considered to assess the long-term behaviour when
reduced damages are applied. Consequently, the CMOD, levels 0.05, 0.1, 0.2, 0.3 and
0.5 mm were considered in the present experimental work. Full information about the
WP2 experimental programme including the concrete matrix composition, flexure test
setups and experimental results can be consulted in the Appendix E.

4 pre-cracking rupture after creep

Stress

. creep .

f B (CMOD,)

»

CMOD

Figure 59. Creep index considered in the experimental programme [49].

To this purpose, two FRC batches were cast with the same concrete matrix
reinforced with 50 kg/m? of hooked-end steel fibres. Steel fibres were 50 mm in length
and 1 mm in diameter and provided common residual performance of standard FRC used
for structures. The mean compressive strength for batches A and B was 41.7 and 39.2
MPa, respectively. Besides the cylindrical specimens for compressive strength
characterisation, 18 prismatic specimens sized 150x150x600 mm were cast and cured in
a moist chamber. One specimen per batch was destined for a flexure characterisation
test, whereas the rest were pre-cracked and tested in creep. Pre-cracking tests were

69



Chapter 4. Procedure and Methodological Improvements

carried out according to EN 14651 standard [26] at 0.05 CMOD/min ratio. Specimens
were notched at midspan, and CMOD was controlled using a clip gauge crossing the
notch. Characterisation and pre-cracking flexure test results are summarised in Table 12,
arranged by pre-cracking level and within the same CMOD,, arranged by ascendant
creep index. The CMOD-stress curves obtained for both characterisation and pre-
cracking flexure test are shown in Figure 60. It can be observed that once the desired
CMOD, is reached, specimens are unloaded, and the corresponding instantaneous
recovery CMODy;; is registered. The instantaneous recovery capacity increases with the
pre-cracking level deformation. Note that the pre-cracking test of specimen 0.2b-25 was
unexpectedly interrupted, and the desired CMOD),, was not reached. Notwithstanding, it
was decided to continue the creep test considering the reached 137 microns as the
damage level.

Table 12. Characterisation and pre-cracking flexure test results.

Test phase Specimen CMOD, f_ frp fr fr3 CMODy;i
(um) (MPa) (MPa) (MPa) (MPa) (um)
Pre-crack 0.05a-25 52 4.24 4.78 -- -- 28
0.05b-35 51 3.90 4.79 -- -- 15
0.05a-45 56 3.58 5.27 -- -- 21
0.1a-25 106 4.00 4.04 -- -- 61
0.1b-35 102 3.54 5.15 -- -- 40
0.1b-45 100 4.66 4.35 -- -- 45
0.2b-25 137* 3.96 4.69° - -- -
0.2b-35 205 3.88 5.02 -- -- 113
0.2a-45 205 3.72 4.39 -- -- 114
0.2b-45 195 4.16 4.96 -- -- 112
0.3a-25 300 4.20 4.94 -- -- 191
0.3b-35 306 3.25 4.25 -- -- 113
0.3b-45 308 4.27 5.75 -- -- 195
0.5a-25 501 3.99 6.44 6.44 -- 347
0.5a-35 512 4.41 4.42 4.42 -- 340
0.5b-45 503 5.35 5.85 5.85 -- 341
Characterisation  3.5a - 3.74 - 4.56 4.53 -
3.5b -- 3.60 -- 5.7 5.86 --
Average -- 4.03 -- 5.39 5.20 --
CV (%) -- 11.9 -- 16.2 18.1 --

* Flexure test was unexpectedly interrupted by the testing machine.
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Figure 60. Flexure pre-cracking test at (a) 0.5 mm, (b) 0.1 mm, (c¢) 0.2 mm, (d)
0.3 mm and (e) 0.5 mm CMOD),, including characterisation test (f). [49].

Considering the proposed CMOD,, values, most specimens did not reach CMOD in
the pre-cracking test. Consequently, the reference residual strength fr1 could not be
obtained for all specimens. The average residual strength fz,1 of both specimens destined
for characterisation and three specimens pre-cracked up to CMOD, was considered as
reference fr1. To obtain the stress sustained in time (fr¢) during the creep test, the
corresponding creep index was applied to the reference average fr,1. A multi-specimen
setup was adopted, and specimens were grouped according to their residual strength at
pre-cracking test fr p to minimise the creep index variation.

Specimens were stacked in the creep frames, and the corresponding 4PBT load Fr
that shall induce the desired stress was applied on each frame. After 180 days of
sustained load, the specimens were unloaded, and CMOD recovery capacity was
registered. Specimens were removed from creep frames 30 days after being unloaded
and tested in flexure to assess the influence of the long-term test on the post-creep
residual performance.

Considering such low creep index and pre-cracking levels considered for this
experimental program, shrinkage was expected to significantly impact the long-term
behaviour of cracked FRC. To assess the shrinkage effect in the delayed CMOD
deformations, additional series of prismatic FRC specimens were cast with the same
concrete mix. Shrinkage specimens were instrumented and conserved in the same
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conditions that specimens destined to creep tests but unloaded. Both creep and shrinkage
tests were carried out inside a climate room under controlled temperature conditions (22
+ 3 °C). Relative humidity inside the room was not controlled but restricted and ranged
from 40% in winter to 80% in summer. The drying shrinkage deformations registered
for 30-60, 60-90 and 90-180 days time-lapses were 47, 32 and 60 microstrains,
respectively. Considering the distance between strains measuring points, crack opening
deformations were obtained and delayed CMOD deformations compensated.

The CMOD experimental results were updated with the drying shrinkage during the
creep test, and the corrected CMOD deformations evolution is shown in Figure 61,
arranged by the creep index 25% (a), 35% (b) and 45% (c), respectively. Additional
information regarding the recovery capacity, such as instantaneous recovery CMODi
and delayed recovery CMOD.q4 at 30 days unloaded, is also given. Specimens are
arranged in three groups depending on their creep index (25, 35 and 45%) and within
each group arranged by CMOD,,.

——0.05a-25 ——0.05b-35 ——0.05a-45
——0.10a-25 ——0.10b-35 ——0.10b-45
0.304  ----- 0.20b-25 0304 0.20b-35 0.30q4 - 0.20a-45
- - = 0.30a-25 —_ == 0.30b-35 P 0.20b-45
g —  0.50a-25 € — 0.50a-35 € - - 0.300-45
£ 0.20 £ (204 e E 9204 — - 0.50b-45
= [=] ,,/‘ I [a] -a.
S : s . r g 7
o O.1O_M S 040 oSS 0404 20
0.00 T T T T | 0.00 T T T T \ 0.00 T T T T |
0 50 100 150 200 250 0 50 100 150 200 25 0 50 100 150 200 25
Time (days) Time (days) Time (days)

Figure 61. CMOD.s deformations compensated with shrinkage for creep index
25% (a), 35% (b) and 45% (c) respectively [49].

The instantaneous CMOD¢; and total delayed CMODy; at 14, 30, 90 and 180 days
are collected in Table 13, that also includes valuable information regarding the applied
stress and the corresponding creep index. The creep index (1) ratio of the applied stress
frc to the average fr,1 is exposed in Table 13. Considering such a pre-cracking level
variation, the creep index referred to the individual residual strength fr , at CMODp was
also obtained. It was confirmed that defining the creep index to the average fr,1 provides
more creep index variation due to the intrinsic scatter behaviour of FRC. This creep index
variation, due to the average fr | reference value and the multi-specimen setup, explains
some of the atypical delayed CMOD behaviour observed in Figure 61. Specimens 0.3b-
35 and 0.5a-35 from Figure 61.b developed extraordinary deformations in instantaneous
and delayed CMOD. Although both specimens were tested under 33.7 and 36.2 % of fr.1
creep index, it is not negligible that referred to fz ¢, these specimens suffered creep index
of 42.8 and 44.1 %, respectively. Similar behaviour was observed by specimen 0.2b-45
from Figure 61.c with 51.1% related to fr » creep index. However, specimen 0.1b-45 did
not develop such large deformations despite being tested under 53.5% fr, due to the
lower creep index influence in short CMOD,, deformations.
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The influence of the pre-cracking level CMOD,, on the creep index was analysed,
and CMOD deformations were depicted versus CMOD,, for each creep index in Figure
62. It was observed that the influence of the pre-cracking level on delayed deformations
increased as the creep index increased. In the case of low creep index (25% fr,1), CMOD,,
has a low influence on the delayed deformations (32.9% increase in CMOD!® of
specimens 0.05a-25 to 0.5a-25 despite such CMOD, increase. Considering the same
CMOD;, increase from 0.05 to 0.5mm, the influence on delayed CMOD,!* deformation
increased 72.6% and 88.9% for 35 and 45% fr.1 respectively.
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Figure 62. Influence of low pre-cracking CMOD), levels on the delayed CMOD.t
at different creep index: (a) 25%, (b) 35% and (c) 45%.

Alternatively, the creep index influence was individually assessed for each pre-crack
level in terms of delayed CMOD in Figure 63 with one chart per CMOD,, pre-cracking
level (0.05, 0.1, 0.2, 0.3 and 0.5 mm). It can be concluded that the creep index influence
on delayed CMOD deformations at short CMOD,, pre-cracks (0.05 mm) is rare and
negligible. From the CMOD, = 0.1 mm (Figure 63.b) chart in advance, an ascendant
trend of the influence of the creep index is observed. It is then confirmed that the creep
index influence on delayed deformation increases with the pre-cracking level.
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Figure 63. Creep index (/) influence on the delayed CMOD.: at different pre-
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In addition, creep coefficients referred to the creep stage (¢c) at 7, 14, 30, 90 and
180 days were respectively obtained. As previously explained, the creep coefficient is
defined as the delayed deformation (CMOD,q) ratio to the instantaneous deformation
CMOD.;. Creep coefficients at the defined ages versus pre-crack level CMOD, are
depicted in Figure 64.a to assess the influence of the pre-cracking level on the creep
coefficients. As observed, the creep coefficient at all ages tends to decrease in time
following a power law: creep coefficients decrease significantly for low pre-cracking
levels (0.05-0.2 mm), whereas for large pre-cracking levels (0.3-0.5 mm), the influence
is reduced considerably. This behaviour may be explained since the instantaneous
CMOD; increases with the pre-cracking level. Similarly, the impact of the creep index
on the creep coefficients is analysed in Figure 64.b. In this case, creep coefficients follow
a linear descendant trend when the creep index increases. However, the descendant slope
of the influence trend reduces in time when the creep coefficient at older ages is
considered, producing that the influence of the creep index on the creep coefficients at
180 days (¢.'%°) is almost negligible. It is then concluded that creep coefficients at the
creep stage reduce when either the pre-cracking level or the creep index increases.
However, the pre-cracking level (power trend) has more influence than the creep index
(linear trend) on the creep coefficient reduction regardless of age. Note that creep index
influence at 180 days of creep test is almost negligible or trends to zero at time infinity
due to the significance of the instantaneous deformation CMODy;, which controls the
creep coefficient equation.
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Figure 64. Influence of pre-cracking level CMOD), (a) and creep index I. (b) on
creep coefficients at different ages.

COR parameter in 30-day time lapses was also obtained for the long-term test
duration and analysed in terms of both pre-cracking level CMOD,, and creep index 1. in
Figure 65. Regarding the pre-cracking level influence (Figure 65.a), an ascendant
influence trend of the CMOD, on COR parameter at early ages was observed. In contrast,
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the influence gets reduced when later time-lapse periods are considered. On the other
hand, creep index influence on the COR parameter increases following an exponential
law, as seen in Figure 65.b, where the highest COR values were obtained under a 45 %
high creep index. The influence of the creep index on COR parameters decreases when
later time-lapses are considered for COR calculation, as observed in Figure 65.a. COR
values are more scattered at an early age due to the influence of instantaneous and short-
term high deformations. Hence, assessing COR parameters at long-term ages is more
suitable, where less variation and more confidence in the results are found.
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Figure 65. Influence of pre-cracking level CMOD), (a) and creep index /. (b) on
COR at different time lapses.

It is then crucial to define a reference creep index I or stress level value to obtain
comparable results between laboratories in creep tests and a reference residual strength
to apply the corresponding creep index. When the average fr , obtained from one FRC
batch or mix is used as the residual stress reference value, it must be expected to obtain
a relevant variation in terms of creep index related to individual fz . Considering the
average frp to characterise the creep behaviour of one FRC batch would provide long-
term curves from specimens tested under such scattered creep index related to individual
frp that it could not be easy to identify the influence of either the creep index or the
intrinsic variability of the FRC material in such scattered behaviour. On the contrary, if
the creep index is kept constant for each specimen referring creep index to the individual
fr.p, the obtained results shall be comparable besides a certain variability since specimens
were tested in similar conditions. It could be assumed that the variability obtained in
creep tests considering the creep index referred to the individual residual stress at the
pre-cracking test shall be explained by the intrinsic variability of FRC material since all
specimens were tested in similar conditions.

Therefore, from this PhD work and analysis, it is proposed as a general procedure to
use the individual stress of each specimen shown at CMOD, as the reference stress value
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to apply the creep index parameter to homogenise testing conditions and results obtained
by removing variables from such a complex creep test procedure. In addition, it is
proposed the use of 50% of the stress fr, individually obtained by each specimen at
CMOD;, as creep index (/) nominal reference value for the creep characterisation tests
due to the following statements:

e It was concluded that the creep index significantly influences the CMOD long-
term behaviour considering pre-cacking levels from 0.2 mm in advance. The
significance of the creep index on delayed CMOD increase with the pre-
cracking level.

e No specimen failures were detected at the studied creep index. The creep
characterisation testing procedure assesses the long-term behaviour under
sustained load. To this purpose, using the proposed creep index shall provide
stable delayed deformations (primary or secondary creep) but not tertiary creep.

e [t was confirmed that a low creep index (25%) does not influence the delayed
deformation enough to provide comparable results blurring any long-term
assessment.

e Since the proposed reference pre-cracking value CMOD, correspond to the
CMOD; (0.5 mm), the creep index is then referred to fr,1 performance, which is
the reference residual strength for the post-cracking behaviour assessment.

e Moreover, as previously stated, creep characterisation tests shall be
representative of the FRC structures working conditions in serviceability. This
creep index proposal is related to the serviceability residual strength frs = 0.45
Jr.1 of the linear model proposed in the Model Code 2010 [19] and defined as
the post-cracking strength for serviceability crack openings.

e It was concluded that the creep index acceptance range shall be restrictive
enough to provide confidence due to its highly significant influence on the long-
term performance of FRC. Therefore, the 50 + 5% frp creep index acceptance
range is proposed for both single- and multi-specimen setups. All specimens
tested out of the creep index accepted range shall be identified in the test report
as tested out of limits.

e It has been detected that for low pre-cracking values (CMOD, < 0.5mm),
delayed deformation may be blurry or too influenced by the shrinkage
deformation.

e It is proposed as a general procedure to use the individual stress fr as the
reference stress value to homogenise testing conditions and results by removing
variables from such a complex creep testing procedure.

Note that these proposals aim to define a creep test procedure with characterisation
purposes. Notwithstanding the recommendations, creep index acceptance thresholds
may be increased or modified for scientific research purposes.
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4.4. Recovery capacity during the multi-phase creep test

Whereas compressive creep tests are typically carried out in uncracked specimens,
flexure creep tests are usually performed in the cracked state. FRC specimens are
previously pre-cracked up to a specific crack mouth opening displacement (CMOD,) to
simulate an SLS damage level.

As explained in Section 3.2, the current flexure creep procedure aimed to assess
delayed deformations to the instantaneous deformations using the creep coefficient
referred to the creep stage (¢w,c). Therefore, delayed recovery deformations in both pre-
cracking and creep phases were ignored, as seen in Figure 66. The pre-cracking test is
finished once the desired pre-cracking level is achieved, and then the specimen is
unloaded. Once unloaded, the specimens are removed from the universal testing machine
(UTM) and moved to the creep test climate conditions chamber, neglecting the delayed

recovery deformation.

Stress
w
Stress
Stress

CMOD CMOD CMOD

Figure 66. Creep process chart ignoring CMOD recovery deformations.

The relevance of both the post-creep residual behaviour and the creep coefficient
referred to the origin of deformations (¢w,) has recently increased. Therefore, it became
relevant to register the crack evolution properly during the whole process, even when
short-time delayed deformations occur. The new creep testing procedure considering
delayed recovery deformations of both pre-cracking and creep tests are represented in

Figure 67.

Stress
Stress
Stress
w

CMOD CMOD CMOD

Figure 67. Creep process chart considering CMOD recovery deformations at the
end of both the pre-cracking and long-term stages.

Recovery capacity becomes relevant when creep coefficients are analysed referred
to the origin of deformation (¢pcmon,o) instead of the creep stage only (¢cmon,c). Whereas
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the former defines the ratio of delayed deformation to the origin of deformations
(segment O-E in Figure 67) of the specimens, the latter defines the ratio of delayed
deformation to the instantaneous deformation (segment D-E in Figure 67). Therefore, it
is important to highlight that the creep coefficient referred to the origin could be
underestimated when ignoring delayed recovery deformations. Regarding the post-creep
residual capacity of FRC specimens after the long-term tests, delayed recovery
deformations are also relevant. It is required to concatenate the Stress-CMOD
deformation behaviour curves during the different phases of the creep test procedure to
obtain the post-creep residual performance of FRC specimens.

During this PhD experimental program, it was noticed that neglected delayed
recovery deformations represented a significant percentage of the residual deformation
that could lead to underestimating the creep coefficient referred to the origin and
overestimating post-creep residual performance. Therefore, a specific experimental
program was designed to assess the delayed recovery deformations after the pre-cracking
and the creep tests and their influence on the residual post-creep performance. The
procedure and duration of delayed recovery depending on the phase of the creep test are
analysed and established in this section.

4.4.1. Delayed CMOD recovery after the pre-cracking phase

Three different batches of steel, synthetic and glass fibre-reinforced concrete were
designed to assess delayed recovery after the monotonic pre-cracking tests. The dosage
of fibres was selected depending on the fibre material to obtain similar residual
performance. Therefore, 40 kg/m? of steel fibres were used for the steel fibre-reinforced
concrete (SFRC) batch, whereas 10 kg/m? of both synthetic and glass fibres for synthetic
fibre-reinforced concrete (SyFRC) and glass fibre-reinforced concrete (GFRC) batches
respectively. Full information about the concrete matrix composition and test setups can
be consulted in the Appendix D and Appendix F.

Three 150%150x600 mm prismatic specimens were pre-cracked in flexure following
the EN 14651 procedure [26] from each batch. Pre-cracking tests were carried out
following the three-point bending test (3PBT) setup up to a crack mouth opening
displacement (CMOD) of 0.5 mm. Specimens were loaded at 0.05 mm/min CMOD rate,
and when the desired crack opening deformation was achieved, the specimens were
unloaded at 0.3 mm/min rate. When the load applied was removed entirely, the
instantaneous deformations CMOD,; were registered, and the data acquisition
equipment continued recording delayed CMOD,, deformation for 10-15 additional
minutes. The pre-cracking curves for both batches are depicted in Figure 68. As it can
be observed in Figure 68, similar pick load fiop and average fr1 residual performance
was achieved for the three mixes. Instantaneous recovery CMOD,,;; can be identified and
starts when 0.5 mm CMOD is reached. Net CMODy,;; ranges from 174.7 microns for
SFRC specimens to 228.9 microns for the SyFRC batch. Results obtained for each
specimen and the average of different batches are described in Table 14.
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Table 14. Main parameter of pre-cracking tests of SyFRC, SFRC and GFRC.
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Batch £ fep CMOD, CMOD,; CMOD,
t=0'  t=2 t=5 t=10" t=15
SyFRC  mean 4.06 2.17 5139 2982 2628 2563 2502 --
CV 33 119 08 6.2 67 11 65 -
FRC mean 4.07 250 5195 3585 3419 3390 3382 -
CV 47 208 42 8.8 87 90 93 -
GFRC  mean 431 255 5101 3230 3050 300.6 2958 290.3
CV 50 286 13 48 59 62 62 63

Delayed recovery deformations cannot be easily identified in Figure 68 since they
are represented by a straight line in the horizontal axis and may induce to ignore this
recovery capacity. Therefore, delayed CMOD net recovery deformation (CMODyy; —
CMODy,) is represented in Figure 69 versus time considering time zero when the
specimen is entirely unloaded (point C in Figure 66). By this action, it can be observed
in Figure 69 how CMOD recovery deformation increases in time for different batches
after performing pre-cracking tests.
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The recovery capacity differs from batches depending on the material of the fibres,
as observed in Figure 70. Recovery capacity is higher for SyFRC than SFRC due to the
elasticity of the propylene material. Average delayed CMOD net recovery 10 minutes
after the pre-cracking test range from 20.3 um in the case of SFRC mix to 48.0 um in
the case of SyFRC.
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Figure 70. Minimum, maximum and average delayed CMOD recovery after the
pre-cacking test carried out in GFRC, SyFRC and SFRC specimens.

Table 15 summarises the significant ratios of delayed deformation compared to both
instantaneous and residual deformation. Delayed recovery registered 10 minutes after
the pre-cracking tests represents 22.3, 12.6 and 14.6% of the instantaneous net recovery
recorded for each SyFRC, SFRC and GFRC mix, respectively. In terms of residual
deformation, the delayed recovery 10 minutes after unloading represents 16.1, 5.7 and
8.4 % of the residual deformation after the instantaneous recovery CMOD,,;; of each mix,
respectively.

Table 15. Significant ratios of delayed recovery deformation for SyFRC, SFRC and

GFRC.
CMOD,; — CMODX  CMOD,,; — CMODL?
) 10° pri pr pri pr
Batch CMOD, CMOD,; CMOD,, CNIOD,, = CMOD CMOD
SyFRC 5139 2982 2502 223 % 16.1 %
FRC 5195 3585 3382 12.6 % 5.7 %
GFRC 510.1 3230 2958 14.6 % 8.4%

4.4.2. Delayed CMOD recovery after the creep phase

Analogously to the proposed procedure for delayed recovery after the pre-cracking test,
it was considered that a similar procedure was required after the creep phase unloading
for a certain lapse of time to register delayed recovery deformations.
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In the monotonic pre-cracking test, the specimens are loaded for a while and then
unloaded. In contrast, the load is applied to the specimen for long periods of 90, 180,
360 days or even more in the long-term creep tests. Considering the difference in load
application duration between both phases, it is easy to assume that the specimen will
require more time to recover elastic delayed deformations. Since the long-term test
duration is usually measured monthly (30-day lapses), a delayed unloading recovery
duration of 30 days was first established. This proposed procedure was applied again for
the same three SyFRC, FRC and GFRC batches after their respective creep tests. Delayed
deformation under sustained stress curves obtained during the creep phase are shown in
Figure 71 for the batches where the unloading recovery deformations are marked in red.
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Figure 71. Delayed deformations during the creep phase of the creep test for
SyFRC (a), SFRC (b) and GFRC (c) specimens.

The instantaneous and delayed residual CMOD deformation after unloading,
CMOD.; and CMODcq, were registered for all specimens. Average recovery net values
were obtained to assess the recovery capacity after the creep test of different FRC mixes
and collected in Table 16. Regarding the CMODyg;, similar average instantaneous net
recovery (CMOD¢ — CMOD.;) was obtained for SyFRC, SFRC, and GFRC mixes,
109.9, 102.5 and 97.3 um, respectively. In contrast, significant differences were found
in the CMODcq capacity of FRC mixes depending on their fibre material. The average
delayed CMOD net recovery (CMOD¢; — CMOD..q) obtained after 30 days for SyFRC,
SFRC, and GFRC mixes was 124.6, 16.8 and 41.4 pum, respectively. Figure 72 plots
delayed CMOD net recovery deformation evolution for each specimen and FRC mix.
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Figure 72. Delayed CMOD net recovery deformation after 30 days unloaded.
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Delayed net recovery registered 30 days after the creep test, represents 113.3, 16.4
and 42.5% of the instantaneous net recovery recorded for each SyFRC, SFRC and GFRC
mix, respectively. It is important to highlight that, in the case of SyFRC mix, the delayed
recovery deformation of SyFRC mix is 1.3 times larger than the instantaneous recovery.
Therefore, if delayed recovery deformations are neglected, the post-creep performance
assessment shall be underestimated.

Considering such different behaviour regarding delayed deformation, the average
long-term behaviour of each mix in the creep phase has been analysed. Average CMOD
values were obtained for each experimental creep test and compared in Figure 73. Note
that all batches were subjected to similar stress fr . during the creep phase since a similar
residual performance was obtained in the pre-cracking tests, as seen in Figure 68.
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Figure 73. Simplified average creep behaviour obtained by SyFRC, SFRC and
GFRC batches after 360 days of creep test.

It can be observed that all mixes present similar behaviour in terms of instantaneous
CMOD,; after loading (segment D-E) and CMODg; instantaneous recovery after
unloading (segment F-G), regardless of the FRC mix. On the contrary, significant
differences can be observed in terms of delayed deformations CMODy; (segment E-F)
and CMODcq (segment G-H), depending on the material of the fibres. Therefore, it can
be concluded that FRC mixes behave similarly in instantaneous deformations regardless
of the fibre material, but material leads the delayed FRC behaviour providing different
responses.

Furthermore, to assess not only FRC mixes with similar residual performance but
also with different fibre dosages and residual capacity, one GFRC additional series was
cast with the same concrete matrix and different fibre dosage. Therefore, two GFRC
series with 10 and 20 kg/m? of glass fibre were tested in similar creep conditions. Since
both series share the same concrete matrix, all pre-cracked specimens show a similar
limit of proportionality (LOP) (4.31 and 4.25 MPa for 10 and 20 kg series, respectively),
as seen in Figure 74.a. On the contrary, as expected, the residual strength fr  is clearly
influenced by the high fibre dosage. The average residual strength fr p ranges from 2.28
MPa for the 10 kg/m? series to 5.85 MPa for the 20 kg/m? series. After the pre-cracking
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tests, three specimens of each series were selected for the creep phase. All specimens
were subjected to the same creep index (/) of 50% of their respective fr , of each selected
specimen, obtaining average sustained stress fr c of 1.14 and 2.82 MPa, respectively, for
each series. Three specimens of each series were tested in creep for 390 days and then
kept unloaded for 30 days to measure recovery deformations (Figure 74.b). Delayed
CMOD net recovery deformations of both series are compared in Figure 74.c.
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Figure 74. Comparison between delayed recovery capacity of two GFRC mixes
with 10 and 20 kg/m? after 390 days under sustained load.

Interesting conclusions can be deducted from this comparison regarding the dosage
of fibres in the concrete matrix. In terms of mechanical performance, the residual
strength increases more than 2.5 times if the fibre dosage is doubled from 10 to 20 kg/m?3,
as could be expected. However, no delayed deformation reduction is achieved by
increasing the fibre dosage. The average CMOD of the reference parameters obtained in
pre-cracking and creep phases for both mixes are shown in Table 17. It can be confirmed
that CMOD net deformations and recoveries are both higher for the 20 kg/m? series in
all steps. In the pre-cracking phase, the net recovery is around 8 % higher on average
(instantaneous and delayed) for the 20 kg/m? series than 10 kg/m3. In the creep phase,
the instantaneous deformation CMOD; and delayed deformation CMOD; at 390 days
are 20.7% on average larger for 20 kg/m? series than 10 kg/m?3. Significant differences
were found regarding the instantaneous net recovery after the creep test, where the 20
kg/m? series experimented a recovery 51.2% larger than the 10 kg/m? series.

Table 17. Delayed recovery capacity of GFRC series in pre-cracking and creep phases.

Phase Pre-cracking 10kg/m*> 20kg/m® Ratio 10/20  Ap.10/ 100

Pre-cracking CMOD, — CMODy,; 181.4 196.8 0.92 8.5 %
CMOD,;; - CMOD,,!"  27.2 29.1 0.93 7.0 %

Creep CMODg 136.7 164.0 0.83 20.0 %
CMOD*° 4255 517.0 0.82 21.5%
CMOD — CMODy; 97.3 147.1 0.66 51.2%
CMODygi — CMODs®  41.4 48.3 0.86 16.7 %
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These results conclude that increasing the fibre dosage does not reduce the long-
term CMOD deformations when the FRC mixes are tested at the same creep index since
the residual performance improved, and thus, specimens are subjected to 2.5 more stress.
Delayed deformations obtained in the creep test by 20 kg series only increased by 20%
compared to 10 kg/m® despite the substantial increase of applied stress. However,
delayed deformation reduction could be expected when the fibre dosage is increased and
the sustained stress frc kept constant (1.14 MPa) since the creep index is considerably
reduced to 20% of fr p obtained for the 20 kg/m? series.

4.5. Flexure boundary conditions and flexure load configuration

Due to the absence of a standardised creep test methodology, each laboratory developed
its own procedure and designed its creep frame, support rollers and transfer plates. This
fact implies a wide range of support boundary conditions and creep testing frames, as
previously described. Support boundary conditions are highly correlated to residual
performance on flexure tests and may influence the long-term performance of FRC
specimens. Since both support and loading rollers are not directly reported in
publications, it is not easy to classify publications in terms of boundary conditions.
However, it could be possible to identify some of them thanks to the pictures of the creep
frame and equipment provided. Classification in terms of degrees of freedom is proposed
in Figure 75 to assess the used boundary conditions. Three degrees of freedom are
analysed and classified by creating a three-letter code where (O) and (X) represent the
free and restricted degrees of freedom, respectively. By this action, boundary conditions
variations can be compared to assess any correlation among laboratories.

Rotation in X Rotation in Z Translation in X

Figure 75. Boundary conditions classification depending on degrees of freedom.

Five different boundary conditions typologies were observed depending on the
freedom or restriction on each axis. Some samples of each boundary condition typology
detected in the literature are classified in Table 18 in terms of the proposed degrees of
freedom code. The type OOO is usually made of simple steel cylinders fixed or welded
to steel plates hindering neither rotation nor translation. Although simple steel rollers
placed between specimens for multi-specimen setup seem to allow free rotation, they
were also included in type OOO. This decision is explained by the fact that the roller
cannot definitively rotate free if the symmetric specimens force the roller to turn in the
opposite sense. The second typology XOX allows free rotation in the longitudinal axis
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of the roller but restrains both translation and rotation in the transversal axis, whereas
the third typology OXX enables the roller to swivel in its transversal axis but restrains
any other movement. If the second and third typologies are combined, it is obtained
typology OOX, where rotation in both longitudinal and transversal axis of rollers are
free. The last support typology OXO is a simple steel roller commonly used in simple-
specimen setups as supports. Although it may seem similar to OOO typology due to
similar construction, rotation is not restricted by any symmetrically located specimen.

After the boundary conditions analysis, the first conclusion is that most
methodologies used simple rollers between specimens instead of mechanical supports in
steel plates as flexure boundary conditions. Although this roller construction is easier,
faster, and cheaper, it is not definitively appropriate to perform flexure creep tests. On
the one hand, the deformation of each specimen depends on the deformation of the rest
of the specimens. On the other hand, if the creep test flexure setup is based on EN 14651
[26], it should be guaranteed the same boundary conditions as recommended by the
standard. The proposed boundary conditions for either 3PBT or 4PBT are described in
Figure 76.

Position Support A Support B
A
e Top: 00X --
Bottom: 00X XOX
A B
A B
e__o Top: X0X 00X
& Bottom: 00X XOX
A B

Figure 76. Recommended boundary conditions for either 3PBT or 4PBT flexure
creep test setup.

Typologies XOX, OXX and OOX construction require a steel plate to fix both
support and loading rollers. Therefore, these boundary conditions allow specimens to
develop deformations independently of each other. In conclusion, the use of steel plates
between the specimens is highly recommended to ensure proper boundary conditions.

4.5.1. Supporting rollers design improvements

Both supporting and loading rollers used in this PhD experimental programme were
upgraded to be in accordance with previous conclusions. The actual steel plates of the
creep frame define XXX and XOX boundary conditions for each pair of loading and
supporting rollers. Hence, the most restrained support (XXX) was redesigned and
upgraded from XXX to XOX, as shown in Figure 77. Firstly, a solid steel roller was used
to allow rotation instead of a half roller fixed in the supports. Moreover, two bearings
were included at each roller end to ensure deformation despite the loading condition. By
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this action, it was expected to reduce horizontal restrictions due to the rollers
construction and obtain higher creep deformations. It is worth mentioning that during
the creep test, crack opening increase microns over days. Any restriction shall be avoided
since it may highly influence delayed deformations and, consequently the long-term
performance and characterisation of FRC.

Figure 77. Supporting rollers construction improvements: old rollers (a) versus
improved rollers (b).

Upgraded rollers were used in the creep test from 2018 in advance. To assess if the
upgraded rollers work correctly, two marks were drawn with a black marker at starting
position and checked along the creep test duration. Although no specific experimental
programme was carried out to compare both old and upgraded rollers, it was noticed that
rollers freely rotate during creep tests.

4.6. Creep phase loading process duration (i)

No guidelines are usually given regarding the loading rate in creep test standards. In the
case of the creep in compression test ASTM C512-02 [28] standard, any
recommendation is given about the loading ratio besides the load range since tests are
carried out on uncracked specimens following the elastic load-deformation trend, and
the loading ratio does not influence the material response. Compressive strains are
expected to increase following the elastic modulus slope of the material despite the
loading process duration. Recently, the EN 12390-17:2018 [29] standard proposed the
following recommendation to “increase the load as quickly as possible, but no longer
than 30 s without interruptions or delays”, providing some instructions and restrictions
about the loading time.

Currently, in the case of flexure creep tests, there are neither standardised procedures
nor recommendations to define the loading steps. Due to the absence of standardised
procedure, a wide range of #; may arise, as observed in the recent international Round-
Robin Test carried out by the RILEM Technical Committee 261-CCF (Figure 78). The
influence of the frame design and testing procedure on the loading process duration was
then proved.
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Figure 78. Variability in 7 observed among the 17 participant laboratories in the
international Round-Robin Tests in creep tests developed within the RILEM
Technical Committee 261-CCF activities [120].

The creep phase is carried out on cracked FRC specimens where the sustained stress
fr during the creep phase is usually a reduced percentage of the achieved stress during
pre-cracking tests frp. In other words, during the loading stage in the creep phase,
CMOD; crack opening deformation shall not reach the uncracked concrete matrix. This
fact implies that CMOD,; deformation will directly depend on the fibre deformation
depending on the elastic modulus of the material of the fibres. Thus, the influence of the
t;i may differ from FRC mixes reinforced with different fibre materials.

Considering these statements, it can be expected that the creep frame loading time
duration affects the instantaneous deformation following the proposed pattern in Figure
79: the more time f; considered, the larger CMOD.; obtained. Considering that the
instantaneous CMOD,; parameter belongs to the equation of creep coefficient [Equation
2], it can be assumed that the loading process differences (i.e., frame construction, load
application system...) and the time #; have a certain influence on the creep coefficients.
If this influence is confirmed, it could be concluded that creep coefficients obtained from
two laboratories with significant differences in terms of #; could not be compared.
Therefore, it is essential to assess how . influences the instantaneous deformation and
whether the loading procedure or the way the load is induced is also relevant for the
instantaneous deformation.

Due to the significance of the CMOD.; and the wide variability in terms of loading
procedures, creep frames designs and creep setups, it is crucial to assess the influence of
this procedure step on the creep test and define the loading time guidelines for the creep
phase to obtain comparable results and avoid unexpected scatter in the creep coefficients
calculation.
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Figure 79. Influence of the time i required to reach fir on the instantaneous
deformation CMODci.

4.6.1. Influence of the loading ratio on the instantaneous deformation

An experimental program containing three specimens of each SyFRC and SyFRC mix
was developed to assess the influence of the loading process duration (Z;) on the
instantaneous deformation CMOD; at the beginning of the creep stage. Full information
about the concrete matrix composition and experimental results can be consulted in the
Appendix G.

Most laboratories induced the load in less than 15 minutes, but some atypical
values between 20 to 75 minutes were also found, as later presented in Figure 94.
Although the loading process rarely exceeds 15 minutes, considering the wide range of
t;i observed, large #i times were also proposed as a reference. The £ times below are
proposed to induce the load in the selected specimens:

e 10, 15,30 and 60 seconds

e 510,15, 30,45, 60 minutes.

Following the recommendations proposed in this thesis for the creep testing in
flexure, all specimens were notched and pre-cracked in 3PBT flexure until 0.5 mm of
CMOD,, and then unloaded. The residual stresses obtained from the pre-cracking test are
collected in Table 19. Moreover, valuable information is provided regarding the average
sustained stress (frc) reached during the loading ratio tests and the load and the

corresponding creep index (I¢) achieved. To simulate creep test conditions, 50% of frp
creep index was considered to obtain sustained stress frc.
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Table 19. Pre-cracking test parameters.

Mix Specimen fi Trp fre Load (4PBT) I
(MPa) (MPa) (MPa) (kN) (%)

SFRC S-01 3.29 4.59 1.06 5.54 23.2
S-02 3.88 4.69 2.36 12.30 50.4
S-06 3.95 4.71 2.46 12.84 52.3

SyFRC MS-02 3.89 2.94 1.57 8.17 533
MS-03 3.67 3.15 1.49 7.78 47.4
MS-06 4.18 4.57 2.13 11.11 46.7

The loading tests were conducted individually for each specimen in a servo-
controlled universal testing machine (UTM) instead of in the creep frames to reproduce
optimal loading conditions. Specimens were tested in 4PBT flexure configuration as
done in multi-specimen setups. The corresponding CMOD/min ratio was programmed
to reach the desired fr, in the defined lapses. Once the desired stress was reached, the
load was sustained for 60 additional seconds reproducing the long-term stage and then
unloaded at 0.3 CMOD/min ratio. Global behaviour among the SFRC and SyFRC

specimens for the different #; considered can be compared in Figure 80.
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Figure 80. Stress-CMOD curves obtained by (a) SFRC and (b) SyFRC specimens
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SFRC specimens (Figure 80.a) show a quite stable Stress-CMOD behaviour despite
the 7. considered with a CMOD increase of up to 9 microns for 60 minutes z;. Regarding
the SyFRC specimens corresponding to Figure 80.b, a gradual CMOD increase can be
observed as the time i considered increases. Unfortunately, due to some mechanical
issues in the UTM, the specimen SFRC-01 did not reach the desired load and could only
complete four loading steps at 1, 5, 10 and 15 minutes. Notwithstanding, it was
considered important to keep the results in the global comparison since the same
behaviour as for the rest of the SFRC specimens was found despite the low stress
achieved. The instantaneous CMODy; values obtained for each specimen at the tested #:;
loading times in the flexure test are provided in Table 20.

Table 20. Instantaneous CMOD:ci results in pm from flexure loading test considering
different time lapses of the #i parameter.

tei Specimen
SFRC-01  SFRC-02  SFRC-06  SyFRC-02 SyFRC-03 SyFRC-06

T1-10s - - - 151.3 - 141.2
T2-15s 46.2 - - 156.8 95.1 -
T3-30s 45.8 - 147.5 160.7 98.7 1433
T4-60s 47.4 121.6 152.5 163.0 100.6 151.9
T5-5m 48.1 122.2 152.9 171.0 108.8 155.1
T6-10m 52.0 124.9 153.6 177.7 112.1 162.7
T7-15m 52.0 124.7 154.0 183.9 113.7 165.7
T8-30m - 125.0 154.6 189.4 118.8 172.0
T9-45m - 128.0 - 195.6 - -
T10-60m - 130.4 154.8 201.0 122.8 180.6

If both Load-Time and CMOD-Time curves are deeply analysed, the instantaneous
residual performance produced by the different loading times on each specimen can be
easily compared. Monotonic flexure test results for each f; considered of specimen
SFRC-02 are depicted in Figure 81. It can be observed that whereas the load reached
(Figure 81.a) is constant for all times considered, the instantaneous CMOD (Figure 81.b)
deformation slightly increased from 121.6 to 130.4 pm for 1 and 60 minutes,
respectively. It was then concluded that the 7; has a minor influence on the instantaneous
CMOD deformation for the SFRC mix.
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Figure 81. Stress-CMOD (a), CMOD-Time(b) and Load-Time (c¢) curve obtained
in monotonic test by SFRC specimen at different lapses.

On the contrary, a relevant influence of the #i on instantaneous CMOD deformation
was found for the SyFRC mix specimens. Detailed charts obtained for SyFRC-02
specimens are depicted in Figure 82. It was observed that if the specimens reached the
target load at different timings (Figure 82.a), instantaneous CMOD increased from 151.3
to 201 pm with the #; considered (Figure 82.b). If all the CMOD,; values obtained for all
t;i considered were connected (Figure 82.b), a theoretical envelope of CMODy;
deformation is created. This envelope provides the CMOD; performance at any #:;
considered, including a basic CMOD.; value for i = 0 seconds, representing the
minimum instantaneous deformation for the specimen at instantaneous loading.
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Figure 82. Stress-CMOD (a), CMOD-Time(b) and Load-Time (c) curves
obtained in monotonic test by SyFRC specimen at all lapses.

It was confirmed that the loading process duration significantly influences pre-
cracked SyFRC specimens obtaining a CMOD increase of 40% if the load is applied in
1 hour instead of 1 minute. The net CMOD increase (Acmop) in time can be obtained if
the first available CMOD reference for each specimen is deducted from the CMODy;
deformations of the latter #:;. It can be observed in Figure 83 that Acmop increased on
average for 60 minutes of #; 38.9 and 8.0 microns for SyFRC and SFRC mixes,
respectively. This behaviour implies a 29.9 and 6.1% CMOD increase referred to the
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first available reading for SyFRC and SFRC, respectively, when t; is increased by 60
minutes.
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Figure 83. CMOD increase in both net microns and percentage considering as
reference the first #i available for each specimen and at least T4 at 60 seconds.

Relevant conclusions were obtained from this experimental programme, where the
significant influence of the #; parameter on the instantaneous deformation of SyFRC
mixes and minor effects in the case of SFRC mixes could be confirmed. Therefore, the
new t; parameter shall be defined and considered in the future flexure creep testing
methodology proposal.

Due to the procedure and the “instantaneous” essence of the loading process, it has
no sense to spend 60 minutes to induce the load in the creep frames. Short time variations
at early i times produced larger Acmop than more considerable time variations at later
ages, as observed in Figure 83. In the case of the SyFRC mix, a 5.4% increase was
noticed in only 4 minutes difference at early times (1 < #; < 5 minutes), whereas in 30
minutes difference in later times (30 < #; < 60 minutes), similar increase of 6.0% was
observed. This variation indicates that f:; shall be as short as possible to reduce the
instantaneous deformation increase at early ages. Since the most relevant deformation
occurs at the early creep stage, different loading procedures may lead to scattered
CMOD.; and creep coefficients. Therefore, it is proposed that the loading process shall
not exceed 5 minutes to keep the CMOD increase caused by the #; below the 15%
threshold suggested in Figure 83.b.

In conclusion, a new #; parameter is proposed to limit the loading process duration
and reduce scatter in terms of instantaneous deformations among laboratories. The load
shall be gradually applied in the creep frame for at least 30 seconds but no more than 5
minutes (30 s < #; < 5 min). Furthermore, the load shall not be suddenly but gradually
applied to avoid a hit or impact effect of the load. The creep methodology and the load
application system shall be simple enough to gradually reach sustained stress in a few
minutes. The use of gravity lever arm creep frames is highly recommended for this

purpose.
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4.7. Short-term deformation definition (CMOD.i'%)

Structural codes usually use creep coefficient as the reference parameter to assess the
long-term behaviour in the design of the traditional structures. In the case of cracked
FRC structures it is not yet clear how to consider this delayed behaviour in the design
process. The interest of the scientific community on creep behaviour of cracked FRC has
increased in last few years. Unfortunately, the absence of a standardised creep
methodology does not allow a global assessment of long-term behaviour since research
groups designed their own creep frames and developed their creep methodology,
providing scattered performances.

The previous section confirmed how different are the existing creep methodologies
in terms of the procedure to apply the load in the creep frame and #; parameter. Such
differences imply a not negligible influence on the instantaneous deformation and,
consequently, on the creep coefficient. The instantaneous deformation CMOD.; is a
crucial parameter since it is in the denominator of Equation 2 and therefore is a dominant
variable for the creep coefficient calculation.

Considering that the most relevant deformation occurs during the early creep stage
and different loading procedures may lead into different CMOD;, a new parameter
defined as short-term deformation is proposed to reduce the influence of such scattered
tei. The short-term deformation describes the related deformation at a specific reference
time after the loading process starts. This new parameter aims to homogenise the
instantaneous deformation to obtain comparable creep coefficients from experimental
test results.

To assess the influence of the short-term parameter on the creep coefficients, a first
attempt of the short-term parameter definition was proposed to the participants of the
recently developed RRT [197]. Two different references were considered at 10 and 30
minutes after the sustained stress fr ¢ is reached, as described in Figure 84. The proposed
short-terms CMOD,;'” and CMOD**" were applied in the creep coefficients equation of
86 prismatic specimens of SyFRC and SFRC mixes tested in flexure creep for one year.

A

CMOD

v

Time

Figure 84. Short-term deformation proposal for RRT at 10 and 30 minutes after
the load is applied [197].
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Besides the RRT coordination, I contributed to the RRT from my PhD research with
six prismatic specimens of each FRC mix tested in four creep frames in a multi-specimen
creep test setup. Creep coefficients were obtained according to Equation 2 considering
both instantaneous (CMODy;) and short-term (CMOD,;'*" and CMOD,;**") deformations.
Figure 85 depicts the evolution in time of the creep coefficients during the creep test
duration for each deformation.
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Figure 85. Creep coefficient evolution considering (a) CMODy, (b) CMOD!"’
and (¢) CMOD*" deformations of 6 specimens from each mix tested for the
RRT participation.

It is then confirmed that using short-term deformations reduces the creep coefficient
scatter within the same laboratory results and long-term deformations are homogenised.
Nevertheless, this effect is more relevant for SyFRC than SFRC due to fibre properties.
Considering the regular instantaneous deformation CMOD¢;, median creep coefficients
referred to creep stage at 360 days of 3.46 and 0.71 were obtained for SyFRC and SFRC
mixes, respectively. In the case of SyFRC, when short-term deformations are considered,
the creep coefficient decreases to 2.52 and 2.13, representing a percentage decrease of
19.8 and 32.3%. Creep coefficients of SFRC specimens decreased to 0.59 and 0.55,
respectively, for the short-term considered (8.0 and 13.5% referred to the instantaneous
deformation). Moreover, it is also appreciated in the box a whiskers plot that the size of
the boxes decreases when larger short-term deformations are considered. This quartile
range reduction confirms that short-term deformation homogenises the obtained creep
coefficients.

To assess the influence of the short-term deformation on the inter-laboratory results,
the available creep coefficients of the flexure participants were analysed in Figure 86.
Whereas the median creep coefficient of the SyFRC mix decreased by 15.6 and 23.9 %
with 10 and 30 minutes short-term, respectively, 6.4 and 12.4 % reductions were
observed for the SFRC mix.
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Figure 86. Inter-laboratory creep coefficient scatter reduction comparing short-
term deformations CMOD.i'” and CMOD*"’ to instantaneous CMODy; for
SyFRC and SFRC specimens.

Although the inter-laboratory creep coefficient variation and the corresponding
median decreased, a better homogenisation effect was expected. It is important to
highlight that the #i parameter was not defined for the RRT, and some participants
reported #; values near 30 minutes, providing extra-large shot-term CMOD.**" of one
hour. It was then concluded that a wide range of #i among participants interfered with
the creep coefficient homogenisation. The amplitude of the loading process duration #;,
which ranges from 10 to 1800 seconds, exceeds the time-lapses considered for short-
term deformations. Consequently, some laboratories reported instantaneous CMODy;
deformations after 30 minutes loading process concurrent with the reported short-term
deformations at 30 minutes by other participants. This fact blurred the homogenisation
effect in the creep coefficients. Therefore, to avoid the influence of the #; on the short-
term parameter, it was decided to include the z; within the time considered for the short-
term deformation. Regarding the proposed guidelines in this PhD work for both the
loading procedure and the #i acceptance range reduced to 5 minutes, a significant
homogenisation is expected in terms of instantaneous deformation.

Regarding the time lapse to considered, as observed in Figure 85 and Figure 86, the
more time considered as short-term deformation, the more is reduced the creep
coefficients due to most deformation occurs during the early creep age. If short-term
deformation at 30 minutes is used, FRC creep coefficient may be undervalued due to
such reduction. Short-term at 10 minutes seems to be enough in terms of homogenisation
effect since no significant scatter improvements were found for 30 minutes. Furthermore,
short-term deformation 10 after inducing the load seems more representative of
instantaneous deformation, keeping the homogenisation properties.

Therefore, the short-term deformation proposal shall consider the 5 minutes
maximum range to induce the load and 10 additional minutes. The short-term
deformation (CMOD,;'>) is finally defined as the deformation at 15 minutes from the
beginning of the loading process, as described in Figure 87. Indeed, this proposal is in
accordance with the Acmop < 15 % proposed limit in Figure 83.b.
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Figure 87. Definition of the short-term deformation CMOD.i'>’ proposed for
creep testing procedure analysis [43].

4.8. Multi-specimen setup

Creep tests are usually long-term (more than three months) occupying a significant space
in the laboratories. Therefore, it became crucial to develop and establish a multi-
specimen procedure reliable and safe enough to optimize both time and laboratory
facilities.

The use of multi-specimen setup for creep test is highly extended, as stated in
Chapter 2. The creep in compression standard ASTM C512 [28] allows to test 3
specimens simultaneously in compressive creep frames since the specimens are tested in
uncracked conditions. This implies that each specimen's deformation does not
significantly influence the rest of the specimen’s behaviour. Therefore, it can be affirmed
that multi-specimen testing is accepted when delayed deformations of each specimen
may be registered without any interaction with the deformation of the rest of the
specimens. This principle must also be respected in the case of the flexure creep test
when a multi-specimen setup is carried out, even if FRC specimens are in their cracked
state. The main advantages of the use of the multi-specimen setup can be described as
follows:

e Save space in the laboratory facilities.
e Increase of the number of tested specimens in similar conditions.
e Reduce time to obtain a significant number of specimens tested in creep.

Nevertheless, using a multi-specimen setup also presents several disadvantages to
consider before the experimental program design and execution. The following
disadvantages should be considered before the single- or multi-specimens setup decision:

o Instability of stacked FRC cracked specimens in 3PBT. Therefore, a flexure
configuration change to 4PBT is recommended.
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Creep index (/) may result more scattered since all the specimens in the frame
will be subjected to the same applied load. Notwithstanding, this thesis develops
a procedure proposal to solve this issue by pre-cracking more specimens than
strictly required and proper selecting according to their residual performance.

Boundary conditions are crucial since roller frictions or different degrees of
freedom may induce horizontal restraints in the force system.

More complex procedure for stacking the specimens and inducing the load
Additional time required for stacking the specimens

The upper specimens induce a certain dead load over the lower specimens to be
considered in the creep applied load calculation. Once again, this PhD develops
a procedure proposal to solve this issue in Section 4.8.2.

The sudden failure of one of the stacked specimens may compromise the
continuity of the creep test of the rest of the specimens

Despite the described disadvantages, the multi-specimen test setup can be

successfully carried out if the following procedure recommendations and improvements
are considered.

4.8.1. Flexure configuration

The first item to consider defining a multi-specimen creep test setup is that the stability
of the specimens must be guaranteed during the whole process of the long-term test
procedure. Therefore, whereas a standard 3PBT is recommended for single specimens
(Figure 88.a), in the case of the multi-specimen creep test setup, a 4PBT flexure load
configuration (Figure 88.b) is usually adopted and recommended to improve the stability
of the column of specimens.

a) EN 14651 3PBT set-up b) 4PBT adapted set-up
250 | F 15011501 g2
I A 4 " v v

| e [ 1w

| 500 | 150 | 450 | 150

Figure 88. Recommended flexure load configurations: a) EN 14651 3PBT
flexural setup and b) 4PBT adapted set-up.

Note that the objective of the creep test is to induce a specific flexure stress to each

specimen. This flexure setup change implies a numerical conversion due to the bending
moment variation between both setups. Using the right equation, it is possible to obtain
the required load that induces the desired sustained stress frc.
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Considering that pre-cracking tests are carried out in a 3PBT bending setup
following the EN 14651 standard [26], the residual stress performance frp can be
obtained using Equation 4.

6M; 6 Fjl 3FL
fR,j = =

- bh%,  bhZ, 4 2bhZ, Equation 4

On the contrary, when the 4PBT bending setup depicted in Figure 88.b is used for
the long-term phase, the residual stress shall be obtained using Equation 5:

6M, 6 Fl FL

frj = bhZ, = bhZ, 6 = bhZ, Equation 5

It is important to highlight that creep index /. must be applied to the fr stress
achieved in the 3PBT pre-cracking test but creep tests can be carried out in either 3PBT
or 4PBT for single- or multi-specimen setups, respectively. Therefore, given the target
fr sustained stress, the corresponding load Fr to apply in the creep frame can be
determined using Equation 6 according to the 3PBT bending setup for single-specimens
creep test:

— fR,c 2b hgp

3L Equation 6

F R,c

Analogously, the corresponding load Fr ¢ to apply in the multi-specimen creep frame
according to the 4PBT bending setup can be obtained by Equation 7.

- fR,c b h?p

F
R,c L

Equation 7

Using the right equation in each step of the creep procedure is quite relevant for the
success of the creep test methodology. Otherwise, the desired creep index could be
exceeded.

4.8.2. Specimen selection

FRC is a material with a relative scatter in the residual performance. This property must
be considered for the success of the creep testing methodology. Compared to those tests
carried out individually, when a multi-specimen creep test setup is applied, the load
induced to the creep frame obtained in Equation 7 will affect two or three FRC specimens
with different residual strengths. Therefore, specimens destined to creep tests must be
selected according to their residual performance obtained in the pre-cracking tests.
Otherwise, the residual performance scatter may lead to a scattered creep index (/) when
the multi-specimen setup is adopted.
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In the case of a single specimen creep test, additional specimens are not required
since it is easier to achieve the desired creep index /. during the creep test. Considering
the scattered residual performance of FRC, in the case of either two or three multi-
specimen setups, it is highly recommended to cast more specimens than strictly required
for the long-term tests, as shown in Table 21.

Table 21. Minimum number of specimens recommended for the specimen selection.

Specimens per frame Specimens to be pre-cracked

1 1
2 4
3 5

If these minimum requirements are followed, it is easy to ensure enough residual
performance variety for a proper specimen selection. The more pre-cracked specimens
available, the more possibilities to obtain a combination of specimens that accomplish
the targeted creep index.

It is important to advise that, due to the absence of a standardised creep test
methodology, creep index /. may be quite scattered among research laboratories. The
international Round-Robin Test organised by the RILEM Technical Committee 261-
CCF in creep in the cracked state [51, 120] is a clear example of how the creep index
may vary depending on the procedure adopted by the laboratory. Figure 89 shows the
creep index box and whiskers plot for the tested methodologies: flexure, direct tension,
square panels, and round panel.
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Figure 89. Creep index scatter obtained by each participant laboratory in the
international Round-Robin Test organised by the RILEM Technical Committee
261-CCF.
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Laboratories that carried out flexure creep tests are highlighted in red dashed square
(1 to 13). It can be observed how the creep index scattered may range from 42.4 to 68.8
% between laboratories. Such variability is due to slight differences in the creep test
procedure, methodological aspects, and equipment between laboratories since no
standardised methodology exists. It can be assumed that results obtained in such variable
conditions cannot be easily compared. To develop a standardised and comparable
methodology, it is required to establish acceptance thresholds for some parameters.

Figure 90 plots the creep index values grouped by laboratory obtained for 86
specimens tested in flexure creep. The methodology directly influences the creep index
variability obtained by each laboratory. Laboratories 3, 5 and 7 carried out a single-
specimen creep test setup and achieved the best fit to the targeted creep index. Regarding
the laboratories that adopted multi-specimen creep test setup, significant scatter in terms
of creep index can be observed. On the one hand, the procedure adopted by five
participants (laboratories 1,2, 4, 5 and 11) could fit most of the specimens within the 5%
creep index acceptance threshold. On the other hand, four participants (laboratories
6,8,12 and 13) could not successfully reach the desired creep index in most of their
specimens. Therefore, it can be concluded that the adopted procedure significantly
influenced the creep index accuracy when the multi-specimen setup is adopted. Note that
it is marked if single- (S) or multi-specimens (M) setups were used to assess that the
single-specimen procedure provides more accurate creep index values.

70 T B T B T B T R T R T R T R T R T : T : T : T
—O— Acceptable values : : : : : : : M
® Out-of-bounds values : : : : : : : :
— —5% Acceptance threshold
— - —10% Acceptance threshold

Laboratory

Figure 90. Application of the creep index acceptable ranges to the specimens
tested in creep in the RRT.

Two different creep index acceptance thresholds (5% and 10%) are compared in
Figure 90: the former is closer and provides more creep index accuracy; the latter is
wider, and the creep index may result too scattered. Considering the 50% agreed target
creep index, it can be deduced that 23.2% of the specimens could not accomplish the 5%
threshold, but only 12.8% of the specimens would be considered out-of-bounds if the
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threshold is widened to 10%. Considering the high impact of the creep index on the
delayed deformations, it is proposed the use of the 5% creep index acceptance threshold.

The selection process flowchart presented in Figure 91 is proposed for a proper
specimen selection in multi-specimen setup. It provides guidelines to reach the best creep
index fit considering the residual performance, relative position of the specimens in the
creep frame, and the dead load of load transmission elements.

Pre-crack all
specimens to obtain fg ,

Single- or multi-
specimen setup
in creep tests?

Use 3PBT load
configuration

l

Apply creep index (Ic)
factor to reduce stress: factor to reduce stress:
Jre=le fRp Jree=l" fRp

} }

Obtain load Fg
(3PBT)

Use 4PBT load
configuration

}

Apply creep index (Ic)

Obtain load Fg¢
(4PBT)

}

Obtain externally
applied net load F for
each specimen on
each position

)

Choose one
combination of one
specimen per position

Eq. 6 Eq.7

Eq.8t0 10

Meets F variation
with the required I, £5%
acceptance range?

2-3 Specimen’s combination 1 Specimen 1 Specimen

3 A v

Destination: CREEP TEST

Obtain average load of the Fr,
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/Y ou obtained the
L—>»{ load to apply in

the creep frame
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Test whithout load
Same load configuration

Same environmental conditions

Same transducer

Destination: BACKUP

Store for one week. Change
specimens if sudden collapse
occurs during first week.
If no specimens broke, then
test until failure.

Figure 91. Specimen selection process flowchart for multi-specimen setup.
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Itis observed in the flowchart how simply the procedure is when the single-specimen
creep test setup is adopted since the load to be applied that accomplishes the creep index
acceptance threshold is individually obtained for each specimen. Nevertheless, it is
feasible to perform a multi-specimen setup accomplishing the proposed restrictions to
get comparable results if the proposed procedure is followed.

Transmission elements dead load to consider

In the case of multi-specimen creep test configuration, both the upper specimens and the
load transfer plates weight induce an additional dead load over the lower specimens. This
extra load must be adequately considered, as explained in Figure 91, for the creep applied
load fr and creep index /. calculation. Figure 92 shows the elements that shall be
considered as additional dead load depending on the relative position of the specimen.
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Figure 92. Dead load of the additional elements to consider for the load
calculation during the selection process.

Considering the elements required to mount the specimens in flexure, the dead load
of three different elements must be considered for the load calculation:

e a)top transfer plate: the load is directly applied over this steel plate, and transfer
the load to the top specimen

e D) FRC specimen dead load

e ) intermediate transfer plate: this steel plate contains both supporting and
loading rollers to transfer load between two specimens and is usually bigger and
heavier than plate a).

The dead load of these transfer plates depends on their construction and materials.
Therefore, each laboratory shall weigh its own equipment to know the dead load to
consider in the calculation. Table 22 provides the information relative to the weight and
load of the equipment used in this PhD experimental program. The dead load applied in
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the corresponding specimens depending on their relative position is also provided. Note
that the dead load ranges from 0.1 kN from the top specimen to 1.25 kN applied to the
bottom specimen: the lower position of the specimen, the more dead load is applied.

Table 22. Analysis of the best combinations selection process.

Element  Weight (kg)  Load (kN) Dead load over specimens (kN)

Top Middle Bottom
a 10.26 0.10 0.10 0.10 0.10
b 32.00 0.31 - 0.31 0.31
c 26.58 0.26 - 0.26 0.26
b 32.00 0.31 - - 0.31
c 26.58 0.26 - - 0.26
TOTAL 0.10 0.67 1.25

Specimen location

Not only the residual performance of the specimens but the location of each specimen
within the specimen columns is also relevant to achieve the target creep index. Due to
the natural scatter of FRC specimens, different location of a group of three specimens
provides different creep index scatter within the column.

Following the flowchart described in Figure 91, three specimens that accomplish the
creep index acceptance range must be selected to be mounted in one column for the creep
test. Note that in the multi-specimen setup, the same load F applied in the creep frame
affects all the specimens simultaneously. Therefore, the required loads of each specimen,
excluding upper elements dead load, shall be as equal as possible.

Considering Table 21 proposal, five FRC specimens from the same batch were pre-
cracked. To compare the theoretical applied loads (excluding upper elements dead load)
of all the specimens on each position, the loads Frop, Fmip and Feor were obtained for
each specimen following equations:

Frop = Fp — (a) Equation 8
Fyip = Fpe—(@a+b+c¢) Equation 9
Fgor =Fge—(a+b+c+b+c)=Fy.— (a+2b+2c) Equation 10

As previously concluded, the lower position of the specimen, the more dead load is
applied into the specimen. Therefore, it can be concluded that specimens with higher Fr
shall be placed at the lowest position. Table 23 provides de results obtained in the pre-
cracking tests, the required load to be applied in creep to each specimen (Fr) to reach
the target creep index, and the theoretical loads (Frop, Fmmp and Fgot) applied for each
possible location. Note that specimens are ordered in ascendant Frp to make the
comparison easier.
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Table 23. Residual performance and theoretical loads comparison to select specimens.

Specimen ﬁ (MPa) j(‘R,p (MPa) FR‘p (kN) FR,c (kN) FTop FMID FBOT

S3 3.75 2.19 11.55 5.77 5.67 510 453
S1 4.19 2.36 12.58 6.29 6.19 5.62 5.05
S5 4.13 2.39 12.91 6.45 6.35 5.78 5.21
S4 3.98 2.40 12.95 6.47 6.37 5.80 5.23
S2 3.98 2.51 13.58 6.79 6.69 6.12 5.55

At first sight, it can conclude that specimen S2, with the highest Fr ¢ 6.79 MPa, shall
be located at the bottom position with Fgor of 5.55 MPa. Additionally, specimen S3,
with the lowest Fr 5.77 MPa, could be located at the top position with an Frop of 5.67
MPa. It is confirmed that both Fpor and Frop are pretty equal, as required. Finally,
specimen S1 is revealed as the best option for the middle position car its 5.62 MPa of
Fmip are within the Fgor and Frop bounds. Finally, specimens S3, S1 and S2 were chosen
for the multi-specimen creep test setup with Fr ¢ 5.77, 6.29 and 6.79 MPa, respectively.

Notwithstanding, to assess the influence of the specimen location in the creep index
variation, all the possible combinations were compared. Six different combinations are
given depending on the specimen location of the selected specimens S1, S2 and S3. Table
24 analyses and compares the combinations in load and creep index.

Table 24. Analysis of the best combinations selection process.

Parameter Combination
Cl1 C2 C3 C4 Cs Cco
(1-2:3)  (1-3-2)  (2-13) (23-1) (3-1-2) (3-2-1)
Load Frop 6.19 6.19 6.69 6.69 5.67 5.67
Fumip 6.12 5.10 5.62 5.10 5.62 6.12
Fror 4.53 5.55 4.53 5.05 5.55 5.05

Mean F (kN) 5.61 5.61 5.61 5.61 5.61 5.61
Mean Fr. (kN) 6.28 6.28 6.28 6.28 6.28 6.28

Creep index Min. I 45.42 45.42 42.08 42.08 49.47 46.27
Median I, 46.27 50.47 49.95 54.41 49.95 49.47
Max. I 59.34 54.41 59.34 54.48 50.47 54.48
Mean /. 50.35 50.10 50.46 50.32 49.96 50.08
CV (%) 15.5 9.0 17.1 14.2 1.0 8.3

It can be observed in Table 24 that all the combinations provide the same mean load
F to be applied in the creep frame (5.61 kN). Moreover, when the additional load of the
top transfer plates and specimens are considered, the same average creep load Fr ¢ for all
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the combinations (6.28 kN) is obtained. However, it is important to highlight that the
average creep index shall not be considered as the sole indicator for both the combination
and position selection. Although all the combinations provide excellent accuracy in
terms of mean creep index /., the median creep index is quite scattered among the
combinations, as observed in both Table 24 and Figure 93. The median creep index shall
be as close as possible to 50% to ensure that all specimens simultaneously accomplish
the acceptable range of creep index variation.
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Figure 93. Box and whiskers plot of the creep index obtained for each
combination.

As well as the mean load F to be applied, all the combinations provide enough
accuracy in terms of mean creep index (Ic) but unsatisfactory values when median creep
index values are assessed. If either minimum or maximum creep index values are
observed, many outlier values are found for most combinations. These significant
differences are confirmed thanks to the creep index CV that ranges from 1.0 to 17.1%
obtained by combinations C5 and C3, respectively. Therefore, despite the similar mean
load and creep index obtained by all combinations, it is clearly observed in Figure 93
that only combination C5 accomplished the creep index requirements in terms of mean
value and acceptance variation range. It is confirmed that the selection of the specimens
S3, S1 and S2 located in the top, middle and bottom positions, respectively, provide the
best combination with an average applied load F of 5.61 kN and CV of 1.0%. Hence, it
can be concluded that the proposed procedure improvements make it possible to achieve
great accuracy in terms of creep index when a multi-specimen setup is adopted.

Specimen destination

Following the proposed procedure, three specimens have been selected to be tested in
creep in a multi-specimen setup. Considering that the FRC batch was composed of five
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specimens, two specimens were discarded for the creep test. To take advantage of the
discarded specimens, it is proposed in the selection process flowchart (Figure 91) to use
one of the discarded pre-cracked specimens for the long-term shrinkage test. The
shrinkage test procedure proposal is widely explained in the incoming section 5.1. The
last specimen shall be stored for one week as specimen backup. If any specimen fails
during the first week of the creep test, either by a sudden collapse or any procedure issue
during the loading process, the broken specimen could be restored by the backup
specimens, and the long-term test restarted. Note that in this case, the relative position
of the new specimen within the specimen stack shall be reconsidered and analysed to
ensure the required creep index.

4.8.3. Loading and unloading procedures

Many factors influence the loading and unloading procedure and, consequently, the
loading process duration. The use of single- or multi-specimen setup, the use of lever
arm or hydraulic jack to induce the load,

It is easy to understand that using the single-specimen test setup provides easier and
more confident loading and unloading procedures. Notwithstanding, although the multi-
specimen setup procedure includes several additional steps to be considered, it is also
possible to proceed with confidence. To understand the stacking and loading procedure
of multiple specimens in the CMOD-time and Load-time curves of the loading process
of one creep frame are provided in Figure 94. As previously explained, a bottom-lever
arm (tensile force) creep frame was used on these creep tests. Note that tensile lever arm
creep frames (bottom position) imply screwed bars to transfer the load to the loading
plate by tensile forces, and the loading procedure duration may increase.
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Figure 94. Multi-specimen setup stacking and loading procedure.
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Figure 94 is divided into time lapses named with a letter to explain what happens on
each step. During the first area, called “A”, the bottom specimen is located, and the
corresponding transducer is connected. As expected, both the load and the CMOD are 0
kN and 0 pm, respectively. In the next time-lapse, “B”, the load transfer plate and the
middle specimen are located over the bottom specimen. At this point, any load is applied
over the load cell. Therefore, the corresponding load to the dead load of the transfer plate
and the specimen was manually weighted and included. The CMOD of the bottom
specimen starts to increase due to the dead load. The following transfer plate and the top
specimen are mounted in the “C” time-lapse, and their corresponding dead load over the
bottom and middle specimens are manually included again. Consequently, CMOD
deformation of both bottom and middle specimens increases again. Over the top
specimen, the loading transfer plate and the load cell are finally located in the time-lapse
“D”, which implies a reduced load but must also be considered. For this frame, around
27 minutes were required to complete the specimen stacking process (A to D). Note that
the bottom specimen supports a 1.34 kN load at this time, which means 22.3% of the
total Fr during the creep test. Due to the residual dead load caused by the weight of
upper elements, the specimens developed at 27.6 minutes 18.2 um crack opening.,
representing 12.9% of the final instantaneous CMOD¢; deformation. In conclusion, the
residual dead load during stacking time represents a relatively low percentage of the
deformation. Therefore, it is proposed to disregard the stacking time of the specimens
for the ¢ parameter consideration.

At this point, the specimens are stacked and ready to be loaded. The loading process
duration ¢ considered by this proposal is comprised from E to G G). Due to the
mechanical procedure in this creep frame, the loading procedure is divided into three
steps: e) prestress by tightened nuts, f) dead load of the lever arm, g) dead load of
counterweights. Although the lever arm dead load application seems instantaneous
(time-lapse “F” in Figure 94), the lever arm shall gradually descend in at least 15 seconds
to avoid a sudden deformation. The required loading 7. to reach the 5.9 kN of the target
Fr was 270 seconds.

The unloading process shall also be gradually done in at least 30 seconds to avoid
any unexpected collapse due to balance loss. The loading 7. and unloading 7. times of
an experimental campaign comprising four creep frames are compared in Figure 95 in a
close-up view. The loading time #; of creep frames, neglecting the stacking time, ranges
from 190 to 315 seconds. The three loading steps previously described can be identified
for each frame. On the contrary, the unloading procedure is faster than the loading
procedure. Although most of the load was removed in 15-20 seconds when lifting the
lever arm, it still remains a residual load of the tightened nuts that were untightened in
the later seconds.
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Figure 95. Loading (i) and unloading (z:i) times of four creep frames of the
same experimental campaign.

4.8.4. Upper elements dead load influence

As explained in the previous section, in the case of multi-specimen creep test setup, both
the upper specimens and the load transfer plates induce an additional dead load over the
lower specimens. This additional load must be adequately considered in the creep applied
load fre and creep index I. calculation during the long-term phase as previously
explained. Notwithstanding, there are two steps in the proposed methodology that
stacked specimens are supposed to be unloaded, but the residual load of the upper
elements still remains being applied: before loading and after unloading. Therefore, it is
important to assess the significance of the residual dead load due to the load transmission
elements on the creep index while specimens were stacked but unloaded.

During the specimens mounting stage, the different specimens and load transmission
elements are in order positioned from the bottom specimen to the top transfer plate where
the load cell is located. Once all the elements are correctly stacked and aligned, and
before being loaded, the specimens usually remain mounted but unloaded for a short
time-lapse. Considering the short duration of this procedure step, CMOD deformations
caused by this dead load may be regarded as low and negligible. Notwithstanding, these
residual deformations are registered and included in the instantaneous deformations
since LVDT transducers were connected and started recording when each specimen was
located without any load.

In addition, as explained in Section 4.4.2, once the long-term phase ends and the
specimens are unloaded, it is recommended to register the delayed recovery deformation
CMOD; for 30 days. Then, stacked specimens shall not be removed from the column
when measuring the delayed recovery deformations to avoid any sudden deformation
and ensure a proper evolution of delayed recovery. In the case of a single-specimen creep
test setup, there is no dead load to consider since the load is completely removed when
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specimens are unloaded. On the contrary, in the case of the multi-specimen setup,
specimens remain stacked but unloaded for 30 days. Hence, the residual dead load of the
upper elements shall be considered and restricted when specimens are stacked.

Depending on the residual performance of the stacked specimens, the dead load
caused by the upper specimens and load transmission elements represents certain stress
percentage of the target sustained stress to be applied fr . The residual load due to the
dead load of the upper specimens and transfer plates has been assessed for three different
experimental programs involving a total of 11 creep frames with multi-specimen setup.
The experimental data related to creep test carried out in 33 FRC specimens in the
cracked state was analysed. Results have been arranged in Table 25 by the relative
position in the creep frame for a better comparison and includes the Fr ¢ and the residual
load due to the upper elements. The experimental programmes contained many FRC
mixes with different fibre materials, dosages, and variable residual performance.
Therefore, data related to mix and residual performance obtained in pre-cracking test
was also included. Regarding the creep index, most of the specimens were tested at
similar target creep index I (45% or 50% depending on the experimental programme).
Only one creep frame (3 specimens) was subjected to creep index of 75% fr p as marked
in red in Figure 96. due to the experimental programme requirements. Exceptionally,
specimen B-S3 exceeded the target creep index and reached 70.6% due to the low fibre
dosage and, consequently, high residual performance scatter. This analysis intends to
assess and seek a residual dead load ratio that could be sustained during both the loading
and unloading recovery process steps affecting as minimum as possible the CMOD
evolution. In other words, define which threshold could be established to ensure the
proper development of the multi-specimen creep test procedure.

It is observed how the significance of the residual dead load due to the stack
increases significantly depending on the relative position of the specimen. In the case of
the top position, the significance is irrelevant since no residual dead load is applied
because the top transfer plate shall be removed. Top position results are only published
for comparative purposes with the rest of the positions, and the residual dead load ratio
ranges from 0.68 to 2.26 % of the sustained load. Regarding the middle position, the
dead load ratio ranges from 3.79 to 13.14%, whereas the bottom position ranges from
6.79 to 21.83%. If the residual load to fr  ratio is compared to the sustained stress during
creep tests, it can be observed in Figure 96 that the ratio increases when the fr . decreases
for all relative positions. It is also observed that the higher the applied creep index, the
less significant the residual load became, as observed for the creep frames tested at a
creep index of 75%. Obviously, it is confirmed that the bottom position is the most
affected in terms of residual dead load ratio, where residual dead load due to upper
elements may represent 22% of the creep index. Such a percentage of residual load
sustained for 30 days where delayed recovery deformations are measured may
significantly reduce the recovery capacity after the creep test. Therefore, it is proposed
to establish a residual load to fr ratio threshold of 15% of the applied creep index.
Considering this limitation, seven specimens of the bottom position exceed the proposed
threshold, as seen in Figure 96.
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Table 25. Influence and significance ratio of the residual dead load compared to the
sustained load during the creep test obtained in 33 specimens.

Position Name FRC type fre I Fre Dead load Ratio
MPa) (%) &N)  (kN)

Up MBI1-052  SyFRC 1.09 50.03 5.78 0.10 1.78
MB2-160 0.90 50.65 4.82 2.13
SB1-273 SFRC 0.99 50.38 5.35 1.92
SB2-366 1.05 46.79 5.60 1.84
B3-F3 GFRC 1.06 50.42 5.62 1.83
C4-F2 2.81 51.63 15.16 0.68
G-S1 2.04 46.14 10.65 0.97
C-S2 3.29 77.08"  17.16 0.60
G-S4 1.26 49.49 6.55 1.57
B-S5 0.87 45.58 4.55 2.26

Middle MBI1-053  SyFRC 1.18 49.02 6.35 0.67 10.59
MB2-162 0.99 48.58 5.39 12.48
SB1-274  SFRC 1.10 48.94 5.92 11.36
SB2-363 1.16 51.42 6.17 10.90
C-S3 2.38 51.65 12.40 5.43
BI-F3 GFRC 1.11 49.98 6.19 10.87
C3-F3 2.92 51.07 15.73 4.28
F-S1 2.15 44.43 11.22 6.00
B-S2 3.40 76.23°  17.73 3.79
D-S4 1.37 44.51 7.12 9.45
C-S5 0.98 44.14 5.12 13.14

Bottom  MBI1-051 SyFRC 1.28 50.95 6.92 1.24 17.95
MB2-159 1.11 50.45 5.96 20.84
SB1-272  SFRC 1.21 50.44 6.49 19.14
SB2-364 1.27 51.29 6.74 18.43
D-S3 2.49 40.00 12.97 9.59
B2-F2 GFRC 1.25 49.67 6.76 18.39
C2-F2 3.04 47.64 16.30 7.62
A-S1 2.26 44.55 11.79 10.55
H-S1 3.51 74.02°  18.30 6.79
C-s4 1.48 42.10 7.69 16.16
A-S5 1.09 44.40 5.69 21.83

* Specimens under high creep index (75% fip)
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Figure 96. Residual dead load to fr. ratio influence depending on the relative
position in the frame compared to applied stress.

Alternatively, the residual dead load to frp residual strength ratio can also be
obtained and depicted versus fr p residual strength in Figure 97. It is appreciated that the
residual dead load represents a reduced percentage of the residual strength fr , at CMOD,,
obtained in the pre-cracking test. Alternatively, it could be proposed that the residual
dead load to frp ratio threshold of 10% of the residual strength CMOD,,.
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Figure 97. Residual dead load to fr, ratio influence depending on the relative
position in the frame compared residual stress obtained in pre-cracking tests.

Both 15% fr.c and 10% fr , proposed thresholds are compared in Figure 98, where it
is confirmed that the 15% fx . threshold is more restrictive, with seven specimens rejected
versus only two specimens dismissed by the 10% fr , threshold.
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Figure 98. Comparison of 15% fir,c and 10% fr,p proposed thresholds.

It is concluded that the bottom specimen of a multi-specimen setup may be subjected
to a dead load around 6 to 22% of the creep index, depending on their residual
performance, where specimens remain stacked during the delayed recovery process. This
residual dead load shall be reduced as much as possible to prevent any influence on the
recovery capacity of the specimens after unloading. It is then proposed to limit the
residual dead load over the stacked specimens to 15% of the applied creep index /.. and
consider this threshold during the specimen selection step. Therefore, if it is expected
that the specimen selected to be placed at the bottom of the stack will exceed the
proposed dead load threshold, it is then proposed the following solutions:

e Test simultaneously two specimens instead of three specimens in that frame,

e Ifthere is enough space, lift the top specimen and place it near the creep frame
keeping the support span and the transducer measurement on.

It is important to highlight that the transfer plates construction also influence the
residual dead load meanwhile specimens are stacked: the lighter transfer plates, the less
residual dead load over the bottom specimen. The construction of light transfer plates
will improve the multi-specimen creep test procedure since the residual dead load on
specimens is reduced, and the specimen mounting process becomes easier with lighter
elements.

All laboratories shall know the weight of the different elements (i.e. transfer plates,
supporting rollers, specimens...) composing their creep frame to proceed with the creep
test procedure. For the realisation of this PhD programme, the creep frames available at
the Instituto de Ciencia y Tecnologia del Hormigon (ICITECH) at the Universitat
Politecnica de Valencia (UPV) facilities and presented in Chapter 3 were used and
improved. The different elements composing the frames were weighted and used for the
previously explained assessment. Considering the creep frames and weights of the
transfer plates available in our facilities, the 15% residual dead load threshold can be
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assured if the load applied in the creep frame Fr is below 7.05 kN. This reference value
implies that if the bottom specimen provides fr p lower than 2.3 MPa in the pre-cracking
test, any of the two proposed solutions shall be considered for the multi-specimen setup
to not exceed the 15% creep index percentage: the top specimen shall be removed after
unloading.
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Besides the proposed procedure improvements, different aspects regarding the long-term
performance of FRC were also studied to improve the knowledge and comprehension of
the obtained experimental results. Specific experimental programmes were carried out
to evaluate the influence of shrinkage on delayed crack opening, the compressive creep
contribution to delayed crack opening in flexure tests, the cross-section stress
redistribution during the creep test and the creation of an international open-access creep
database. Relevant data from experimental programmes and main conclusions are
presented in this chapter.

5.1. Shrinkage flexure test

The use of unloaded specimens to assess shrinkage deformation in time is already
extended and described in creep standards such as the creep in compression methodology
ASTM C512M-15 [28] or EN 12390-17:2019 [29]. The creep in compression standards
define procedures where one additional specimen to those subjected to load is located
unloaded near the creep to ensure that both creep and shrinkage specimens are tested in
similar environmental conditions, as seen in Figure 99. It was required that shrinkage
specimens were identically instrumented with strain gauges (Figure 99.b) as done for the
loaded specimens. By this action, the shrinkage deformations of the concrete matrix can
be assessed and subtracted from the delayed deformation of loaded specimens.
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Figure 99. Creep in compression frames (a) with shrinkage specimens (b) located
over the creep frame.

To this PhD programme start, no references were found in the FRC flexure creep in
cracked state scientific literature about shrinkage flexure test to assess how the concrete
matrix shrinkage could influence the crack opening evolution in time. Since shrinkage
deformations are usually relevant in long-term tests, it was considered to determine the
crack opening evolution in time of the FRC cracked specimens without any additional
load besides their dead load. To this purpose, it is then proposed in the PhD flexure creep
test experimental programme to carry out a similar procedure than previously described
for ASTM C512M-15 [28]. Hence, close to each flexure creep frame, one FRC specimen
was located in the flexure position but without any load except its dead load. This
specimen, hereafter called shrinkage specimen, was pre-cracked until CMOD,, following
the same procedure as those that were subjected to sustained load. In addition, the same
transducer type was mounted in the bottom face of the shrinkage specimen. This
experimental research aimed to determine the CMOD variation in time when prismatic
specimens were only subjected to self-weight compared to those tested under sustained
load. Full information of these experimental programmes is provided in Appendix F,
Appendix G and Appendix H.

It was expected to obtain two different long-term shrinkage behaviours depending
on delayed CMOD, either increasing or decreasing in time. The former could reveal that
self-weight could be enough to induce delayed crack opening deformations in the
specimen. The latter could state that shrinkage deformation shall reduce the crack
opening. However, the first possibility may be unlikely due to the slight load level
applied by self-weight compared to creep tests; hence, it was expected to observe a crack
opening reduction in the shrinkage specimen. If crack reduction finally occurs in
shrinkage flexure specimens, it shall be considered crucial to measure the shrinkage
flexure deformation together with creep tests to quantify how the delayed deformations
measured in the creep test were influenced and reduced by shrinkage. For this purpose,
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the following experimental programmes were conducted to assess shrinkage flexure
influence.

5.1.1. Specimen location: environmental and boundary conditions

Due to the nature of shrinkage deformation, environmental conditions are essential to
understand the behaviour of both crack opening and compressive strain evolution. Slight
variations in relative humidity (RH) may significantly influence concrete shrinkage.
Therefore, it is always recommended to proceed with creep tests in climate rooms with
controlled environmental conditions such as temperature and humidity. Environmental
conditions evolution shall be registered during the creep test duration, from the loading
process start to 30 days of delayed unloading recovery. Since climate conditions shall be
reported in the test report, it will help to identify how either temperature or RH influences
shrinkage and delayed deformations.

As proposed in the ASTM C1550 standard, the specimen destined for shrinkage test
must be tested in similar environmental conditions that specimens subjected to flexure
creep tests. Therefore, flexure shrinkage specimens shall be located close to the flexural
creep frame where the specimens from the same batch are being tested in creep, as seen
in Figure 100. CMOD deformation due to drying shrinkage was monitored in the same
way that delayed CMOD deformations in creep tests: one displacement transducer was
mounted centred in the bottom face crossing the cross-section. In addition, to measure
compressive strain evolution due to shrinkage, a strain gauge 50 mm in length was
located centred at the midspan on the top face of the specimen, as seen in Figure 100

(right).

Figure 100. Shrinkage flexure specimens located between the creep frames (a).
Close-up view of boundary conditions and transducers (b).

Besides the suitable location to ensure similar environmental conditions, it is also
relevant to provide similar boundary conditions to the shrinkage specimen. This implies
supporting rollers that can spin in their longitudinal axis to avoid horizontal restrictions
that may influence the free development of shrinkage deformations. Transversal rotation
of supporting rollers is not required due to the absence of loading rollers.
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5.1.2. Shrinkage consideration

Since creep and shrinkage are phenomena that never occur separately, creep is usually
calculated as the difference between the total time-dependent strain of a loaded specimen
and the shrinkage registered on the unloaded specimen. However, in the case of flexure
creep specimens, shrinkage deformations and sustained load effect provide the opposite
effect. Whereas sustained load increases in time crack opening deformations, shrinkage
tends to reduce crack opening due to the concrete volume reduction, as seen in Figure
101. This crack opening reduction due to shrinkage (CMOD,) is hindered in the
standard flexure creep test if no shrinkage specimen is used, providing experimental
values in terms of crack opening. Thanks to the flexure shrinkage test of FRC specimens
in the cracked state, it will be possible to assess the influence of volume reduction into
either the crack opening (CMOD) or compressive strains evolution in time.
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Distance between measuring points

Notch

]

_—l | | l-— Shrinkage effect CMODCjS on unloaded specimen

Figure 101. Shrinkage effect consideration in the delayed crack opening.

Initial position at the starting creep test

Delayed CMODg‘ at j days of creep test

Corrected CMODCjts with the effect of the shrinkage

The shrinkage effect on the crack opening evolution directly depends on the distance
between the measuring points. When clip crack opening displacement (COD) gauges are
used, the distance between measuring points is reduced to the crack width. On the
contrary, when linear variable displacement transducers (LVDT) are used, the distance
between measuring points may range from 50 to 150 mm. The more distance between
measuring points implies more influence of shrinkage on the crack opening readings.
Although 100 mm were initially used for this shrinkage study, the distance between
measuring points is recommended not to exceed 50 mm to reduce the shrinkage
influence.

It is worth mentioning that it is also possible to measure the evolution of the strain
in the compressive zone of the specimen destined to shrinkage if a strain gauge is centred
in the top face of the specimen and aligned with its longitudinal axis.

5.1.3. Shrinkage experimental results

To assess the shrinkage effect on the long-term creep tests, shrinkage flexure specimens
were included in four flexure creep experimental programmes. Table 26 summarises the
most relevant information of the experimental creep programmes where the shrinkage
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flexure deformation was assessed. Shrinkage flexure specimens were first used to
determine the crack opening evolution due to concrete matrix shrinkage in a flexure
creep test experimental campaign on glass fibre-reinforced concrete (GFRC). It was
observed that the crack closed -49.3 um CMOD after 360 days of test, and thus, one
shrinkage specimen per FRC series was included in the later experimental campaigns.
Due to the long duration of the creep tests, only six shrinkage specimens could be tested
in 5 years of creep tests. Two specimens of GFRC, SyFRC and SFRC were tested,
providing shrinkage behaviour of three main fibre materials used in the literature.

Table 26. FRC matrix properties of programmes with shrinkage flexure specimens.

Programme Duration Mix Dosage  fu i fri frs
(kg/m®) (MPa) (MPa) (MPa) (MPa)
0oC2 360 GFRC 10 60.6 4.76 3.13 1.62
GFRC 20 61.2 4.54 7.11 4.02
NAE-2 540 SyFRC 10 54.5 4.02 2.96 4.75
SFRC 30 50.7 3.81 4.77 5.67
NAE-3 270 SyFRC 10 42.6 3.48 2.20 3.35
SFRC 30 43.9 3.84 3.84 4.01

Regardless of the fibre material, the crack closed in time due to concrete volume
reduction, as seen in Figure 102. Average CMOD¢; values of 35.4 and 48.5 um were
obtained at 180 and 360 days, respectively, considering all mixes. Compressive strains
(right) were also monitored in the top face of concrete specimens by 50 mm length strain
gauges, and it was also assessed that compressive strains increased in time due to
concrete shrinkage. However, compressive strains seem to be more sensitive to humidity,
and sudden strains decrease were observed when humidity raised.
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Figure 102. Shrinkage test experimental results considering delayed crack
opening (left) and compressive strains (right).
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The significance of delayed CMOD due to drying shrinkage can be determined if
the shrinkage CMOD,, deformation of each mix is compared to the average total
CMOD; obtained by specimens from the same mix under sustained load. Table 27
presents the shrinkage specimens experimental results at 180 and 360 days for each mix
together with the average total CMOD, of three specimens tested simultaneously on
each frame. The CMOD./CMOD,; significance ratio at 360 days ranges from 9.1 to 20.5
% depending on the mix: 9.3 % for SyFRC, 10.8 % for GFRC and 20.5 % for SFRC.

Table 27. Shrinkage experimental results compared to delayed results of creep test.

Programme Mix Shrinkage Creep Ratio (%)
CMOD'®® CMOD,*® CMOD4'*® CMOD® 180 360
0C2 GFRC  -41.05 -52.22 371.95 421.38 11.0 124
GFRC™ -31.32 -46.48 437.20 509.96 72 9.1
NAE-2 SyFRC -48.40 -49.80 498.60 536.53 9.7 93
SFRC  -29.50 -45.50 208.67 221.60 141 205
NAE-3 SyFRC -53.80 - 613.13 - 88 -
SFRC  -8.77 - 212.35 - 41 -

* Note that this GFRC series has 20 kg/m3 fibres compared to the previous series of 10 kg/m?>.

It has been confirmed that during the creep test, the crack closes due to the drying
shrinkage effect. It is then concluded that this effect was hindered by delayed CMOD
and neglected to date in the creep test results since no shrinkage assessment was
previously reported.

5.2. Influence of compressive creep in long-term flexure performance

It is well known that the flexure test results from a combination of both tensile and
compressive stresses. This combination of stress is one of the main issues of flexure
creep methodology. To date, it is unclear how to apply creep models in the FRC
structures design considering compressive strains creep since most flexure
methodologies only assess the crack opening evolution. To this purpose, the compressive
creep was evaluated in one experimental test to assess compressive strain evolution and
quantify the impact of compressive creep on tensile creep. The compressive strain was
monitored in both SFRC and SyFRC mixes by 50 mm length strain gauges located
centred at the top face of concrete specimens and aligned to its longitudinal. Table 28
provides information on the FRC mixes where compressive creep was assessed.
Furthermore, full information of the experimental programmes where the compressive
creep was assessed is provided in Appendix B, Appendix G and Appendix H.
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Table 28. Experimental programmes to assess compressive creep impact.

Programme Duration Mix Dosage  fu L fri fr3
(kg/m*)  (MPa) (MPa) (MPa)  (MPa)
WPI 180 SyFRC 9 453 2.77 1.99 2.99
SFRC 40 444 3.00 3.35 3.79
NAE-2 540 SyFRC 10 54.5 4.02 2.96 4.75
SFRC 30 50.7 3.81 4.77 5.67
NAE-3 270 SyFRC 10 42.6 3.48 2.20 3.35
SFRC 30 43.9 3.84 3.84 4.01

Experimental results of both CMOD and compressive strain evolution are provided
in Figure 103. Whereas the tensile area evolution is assessed by LVDTs in terms of crack
opening, compressive area behaviour is monitored by strain gauges in terms of
compressive strains. By convention, compressive total creep tests exhibited positive
strain variations, and tensile crack opening exhibited negative CMOD variations. By this
action, they can be easily differentiated since compressive strains occur in the top face,
whereas CMOD occurs in the bottom face of the specimen.
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Figure 103. Delayed CMOD and compressive strains deformations arranged by
mix: SyFRC (left) and SFRC (right).

It is important to remind that specimens have different CMOD,, ranging from 0.2 to
2.0 mm. Figure 104 shows that delayed compressive strains seem to be more influenced
by creep index, where SyFRC specimens pre-cracked up to 0.8 and 1.2 mm exhibit larger
compressive strains due to the higher creep index of 55.0 and 57.8%, respectively. In
addition, the SFRC specimen with 1.5mm CMOD, also developed larger delayed
compressive strains due to a 64.2% creep index. Then, it can be concluded that pre-crack
level CMOD, has more impact on the CMOD delayed deformations than the delayed
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compressive strains. However, the creep index impact is confirmed for both CMOD and
compressive strains delayed deformations.

0.2 mm 0.5 mm 0.8 mm

Time (days) Time (days) Time (days) Time (days) Time (days) Time (days)

Figure 104. Delayed CMOD and compressive strains deformations arranged by
the initial CMOD),.

Crack opening and compressive strains cannot be directly compared since they are
registered in different units (%o and mm, respectively). However, both tensile and
compressive long-term behaviour can be compared in terms of creep coefficient since
creep coefficient is a dimensionless parameter.

5.2.1. Creep coefficient assessment

CMOD and compressive strain creep coefficient were obtained from experimental
results to be compared. Whereas crack opening creep coefficients were obtained using
Equation 2, compressive strains creep coefficients were obtained following the similar
formulation presented in Equation 11.

@ = (CSed —CS¢i) / CSei = CSed’ / CSei Equation 11

Both creep coefficients are depicted and compared in Figure 105. Following the
same sign convention, compressive strains creep coefficients represent positive
evolution, whereas CMOD creep coefficients show negative evolution. It can be
observed that delayed compressive strains provide larger creep coefficients compared to
CMOD evolution for the SFRC mix (right). This fact implies that compressive strains
increase more than CMOD and confirms that compressive strains do not exhibit
stabilisation within the duration of the carried-out creep test. However, in the case of the
SyFRC mix, similar creep coefficients are obtained for CMOD and compressive strains
delayed deformations.
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Figure 105. Comparison between CMOD and compressive strain creep
coefficients for both SyFRC (left) and SFRC (right) mixes.

If the CMOD to compressive strains creep coefficient ratio is obtained, it can be
assessed the significance of delayed CMOD compared to delayed compressive strains.
Figure 106 depicts the evolution of @cmod / @cs ratio in time, where the significance of
crack opening creep can be observed compared to compressive creep during the creep
test. At first sight, it was noted that the significance among tensile and compressive creep
in flexure setup is not constant and varied in time. The significance of the Qcmod / @cs ratio
is higher during the early creep stage (1.46 and 0.63 for SyFRC and SFRC, respectively,
at one day), where most of the crack opening deformations occur. However, after 30-60
first days of decrease trend, the average @cmod / @cs ratio stabilised at 0.93 and 0.26 and
remained virtually constant for the rest of the test. This variation in time of the
significance ratio between crack opening and compressive strains can explain a stress
redistribution that occurs during the creep test.
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Figure 106. CMOD to compressive strains creep coefficient ratio for SyFRC
(left) and SFRC (right) mixes.
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A similar analysis procedure was applied to the results of the neutral axis evolution
(NAE) experimental programmes to validate these conclusions and the comparison of
the experimental delayed CMOD and compressive strains is shown in Figure 107.
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Figure 107. Comparison between CMOD and compressive strain delayed
deformations obtained in NAE experimental programmes.

Creep coefficients for both deformations were obtained and compared. The CMOD
to compressive strains creep coefficient ratio (Qcmod / @cs) 1S evaluated, and the evolution
of the ratio shown in Figure 108. It was confirmed that the significance trends of the
creep coefficients ratio were similar to those previously obtained in Figure 106 for both
mixes. Average crack opening to compressive creep ratios of 1.34 and 0.63 were
obtained at the beginning of the creep test. The ratio decreased significantly during the
early creep stage and then stabilised up to 0.99 and 0.39 at 180 days.
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Figure 108. CMOD to strains creep coefficient ratio for SyFRC (left) and SFRC
(right) mixes in NAE experimental programmes.
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From this assessment, it can be concluded that the significance of compressive creep
to tensile creep depends on the fibre material. The compressive creep has more impact
than CMOD creep in flexure creep tests for SFRC mixes due to the reduced modulus of
elasticity of synthetic fibres. On the one hand, compressive strains creep 3.8 times more
than the crack opening for SFRC specimens. On the contrary, compressive strain creep
coefficients are comparable to those obtained by crack opening deformations in SyFRC
mixes. Moreover, the significance ratio between crack opening and compressive creep
decreases over time. By this fact, it can be concluded that a stress redistribution occurs
during the creep test. Hence, compressive creep shall be evaluated together with tensile
crack opening long-term behaviour since both aspects act simultaneously.

5.3. Neutral axis

As concluded in the compressive strains assessment, a stress redistribution may occur
during the creep test, and consequently, the neutral axis (NA) depth may vary along the
creep test. Hence, a new experimental programme was designed to assess the NA
location during creep tests and confirm the stress redistribution.

Although NA is defined as the section location where the stresses are equal to zero,
it can be assumed that the location of zero stresses and zero deformations coincides in
linear materials. Therefore, the NA location can be determined if the location of zero
deformation of the cross-section is obtained using side-mounted displacement
transducers. However, linear fitting shall accomplish the hypothesis of Navier that plane
strain sections remain plane. The Navier assumption can be assessed if crack opening
deformations measured over the height of the cross-section by side-mounted transducers
are collinear or not. To this purpose, a linear fit is obtained through three crack opening
(w) deformations measured at different heights for every experimental data point. The r?
goodness is obtained for each linear fit to assess that deformations are collinear, and the
Navier assumption is accomplished. Similar procedure was successfully used to assess
the NA in monotonic characterisation flexure tests [199-200] and it was concluded that
the linear fit model goodness is accurate enough.

The first approach, hereafter named the 3w model, considers crack opening
deformations over three different heights of the cross-section, as seen in Figure 109. The
linear fit of 3w model provides de equation of the deformation plane for every set of data.
The NA position can be directly determined by extrapolation obtaining line y value at x
= 0. The 3w model flowchart is defined in Figure 110. The fit line equation and the fit
goodness are saved for each row of data to assess the goodness of fit of both approach
models.
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Figure 109. Deformation plane approach with three crack opening deformations.
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128



Improvements in test methodology and characterisation of flexure long-term behaviour of FRC

Alternatively, considering that strain gauges were glued in the top face of specimens,
it is possible to obtain the deformation plane considering a different approach. Instead
of using only crack opening deformations (w1, w> and w3), the deformation plane can be
obtained by linear fitting of both crack opening (w1, w2, w3) and compressive strains
deformations (¢). However, w deformations have different units than ¢ strains and cannot
be directly fitted. The Model Code 2010 [19] states the strain deformation can be
assumed equal to:

e=w/ls Equation 12

The characteristic length (/.s) may be evaluated using Equation 13 in sections
without traditional reinforcement under bending stress, where sm is the mean distance
between cracks and y = /4 is assumed. Considering that specimens are notched, the height
of the cross-section /s, was considered (125 mm) for the characteristic length calculation.

lcs = min {Sn‘n, y} Equation 13

Hence, a new approach, hereafter named the /s model, is defined to obtain the NA
location by using the characteristic length parameter and both crack opening and
compressive strains deformation, as presented in Figure 111. The I.; model checks for
the defined characteristic length threshold, the minimum l¢s value that accomplishes the
fit requirement by following the flowchart defined in Figure 112. As a result of the /s
model application, the /s and the NA location are obtained for every data set. In addition,
the 72 goodness is obtained for each linear fit to assess that deformations are collinear,
and the Navier assumption is accomplished.
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Transducers Crack opening Deformations
! —  Straingauge | | [ | \d .
! * ‘ ! 25 ! / I I
\ \
e e e R | 4™ | d =
' | | ! . ! /
| | | | | 7 | h
| | | | i / i :
' | | 100 : / : !
! : : ! ! / ! /
| 1 1 | L L
' | ' / .
e e s e R o o i
i i 25 i ' ! i
i L '

129



Chapter 5. Creep Characterisation Improvements

Start
l.s NAE Model

A 4
Select data:
LVDT, to LVDTs
and comp. strains

A 4

Prepare data:
gy and wy, wa, ws

—‘ next row
forrow=1...n <
|

for ls= 10,...125

ek

Apply e=w/ 1l
to obtain
g and g1, &, &

A 4
Obtain linear fit:
y=ax+b

No
Yes

Save variables:
a, b and fit
goodness

is row <n?

Yes

Save data

A4
End
l.s NAE Model

Figure 112. Flowchart of the s model approach.

130



Improvements in test methodology and characterisation of flexure long-term behaviour of FRC

5.3.1. Experimental program

To assess the NA position during the creep test, five LVDTs were mounted on each
specimen, as described in Figure 113. Besides the required transducer mounted at the
bottom face to measure crack mouth opening displacement (CMOD), four additional
side-mounted transducers were used. Two transducers were located at both sides at 125-
and 25- mm height to obtain average crack openings wi and w». Both wi and w> measures
result as the crack opening average of transducers 1-2 and 3-4, respectively, located at
opposite sides of the specimen. The average w» deformation coincides with crack tip
opening displacement (CTOD) defined in EN 14651 [26].
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Figure 113. LVDTs and strain gauge location to assess NA position.

Note that five linear transducers and one strain gauge are mounted on each creep
specimen, whereas only the CMOD transducer and strain gauge are mounted in both
shrinkage specimens. Therefore, due to data acquisition system (DAS) channels
limitation, only four specimens under sustained load together with two shrinkage flexure
specimens, one of SyFRC and SFRC mixes, respectively, can be tested simultaneously.
Thus, a single-specimen creep setup was adopted.

Due to the low number of specimens tested on each experimental programme, it was
considered required to make at least two complete experimental tests to have a significant
number of specimens tested for the experimental data analysis. The duration of
experimental programmes destined to assess long-term NA evolution (NAE), as well as
fibre and mixes information, are provided in Table 29. Note that the experimental creep
test duration ranges from 6 to 18 months. The last experimental programme, named
NAE-3, is still ongoing, and data is only available for this assessment for up to 270 days.

Table 29. Experimental programmes designed for long-term NA assessment.

Programme CMODp Ic (%) Mix Specimens Dosage  Duration

NAE-1 0.5 50 SFRC 1 40 180

NAE-2 0.5 50 SFRC 2 40 540
SyFRC 2 9

NAE-3 0.5 50 SFRC 2 40 270
SyFRC 2 9
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Together with specimens under sustained load, one flexure shrinkage specimen of
each FRC mix was located between frames to assess shrinkage deformations. Side-
mounted transducers were not used in shrinkage specimens due to channels limitation.
Therefore, only delayed compressive strain and crack opening deformation at ws; were
obtained (see Figure 102). Considering that it was not possible to obtain shrinkage
deformation at w; and w», delayed deformations were not compensated with shrinkage
before the model application. Otherwise, the NA model results could be distorted if w3
was compensated with shrinkage, but wi and w, were not compensated. Moreover, crack
opening deformations obtained from shrinkage specimens were so low that applying the
NA model to shrinkage specimens could not be conclusive.

5.3.2. Monotonic flexure test

Prior to the creep test, specimens were pre-cracked in flexure up to 0.5 mm CMOD,
following the previously presented creep test procedure. To assess the NAE model in the
monotonic pre-cracking flexure tests, side-mounted transducers were used, as defined in
Figure 113. Note that strain gauges were located at the top face of specimens to measure
simultaneously crack opening and compressive strains. Due to the strain gauge location,
it was not possible to perform pre-cracking bending tests in 3PBT. Therefore, the 4PBT
setup was adopted to pre-crack specimens. Flexure test results of arbitrarily chosen
prismatic specimens are given in Figure 114. Average crack opening deformations w;
and w, together with w3 are plotted versus crack opening. Note that pre-cracking tests
were stopped when 0.5 mm CMOD,, was achieved and w3 exceeded 0.5 mm. CMOD
was obtained as the ratio between the distance of transducer ws to the top face and the
height of specimen (% / (7 + y)) according to EN 14651 guidelines. It can be observed in
Figure 114 (left) that deformation wi measured by transducers located at 125 mm from
the bottom of the specimen is negative due to compressive flexure forces. However,
deformations turn to an increase trend when the crack occurs, getting positive values
when NA exceed the transducer position.
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Figure 114. Pre-cracking test performed on specimen with S linear transducers
and close-up view of cracking moment at 0.05 mm crack opening.
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The previously defined 3w and /s approach models were applied to the monotonic
pre-cracking flexure experimental test results. Figure 115 represents the result of the s
model application on one random specimen over more than 20,000 rows of data. As
observed in the figure, during the loading phase of flexure test where specimens are not
still cracked (first 10,000 rows), the crack opening deformation plane is blurred since
crack opening transducer deformations are pretty low. However, when crack occurs and
the crack opening increases, the deformation plane definition improves, and it is
observed how the NA position rises together with the crack opening. It must be
highlighted that at the end of the pre-cracking test at 0.5 mm CMOD,, (w3 = 0.64 mm),
the NA position was 132 mm from the bottom of the specimen. Hence, most of the height
of the specimen (88-92% depending on the specimen) is cracked at low crack openings.
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Figure 115. Pre-cracking flexure test data assessment: NA, characteristic length
and w3 evolution among experimental readings.

The deformation planes were obtained for every set of data in pre-cracking tests.
Figure 116 (left) shows the deformation planes of an arbitrary chosen SFRC specimen
at CMOD values in 0.05 mm steps. Deformations w1, w» and ws, are given together with
the linear fit obtained by the 3w model. The NA position for each CMOD is obtained by
extrapolating the fit line until the cross-section of the specimen (x = 0). It was observed
that the slope of the deformation planes decreases with CMOD but the NA position
increases. A close-up view of the cracked section is given in Figure 116 (right), where
the NA position is marked with coloured flat dots. The growing evolution of the NA
position during the monotonic pre-cracking test can be appreciated from 120.0 to 132.6
mm.
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Figure 116. Deformation planes obtained in the monotonic pre-cracking test.

According to the applied model, the NA evolution can be represented compared to
CMOD during the pre-cracking test. Figure 117 shows the NA position obtained by the
model applied to experimental results from monotonic pre-cracking tests of both SyFRC
and SFRC. It can be observed that the NA position is not accurately defined when the
section is still plane. However, when CMOD exceeds the limit of proportionality (LOP)
and crack occurs, the model finds the NA position rapidly. The average NA reaches
135.2 and 132.7 mm height at the end of the pre-cracking test at 0.5 mm CMOD,, for the
SyFRC and SFRC matrix, respectively.
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Figure 117. NA evolution obtained in the monotonic pre-cracking test.
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From this NA position assessment, it can be concluded that the NA position can be
determined in the monotonic flexure test by the defined models. Then they will be
applied in the long-term experimental results to assess the neutral axis evolution (NAE).

5.3.3. Long-term flexure test

The first attempt to assess the NAE was carried out in one backup specimen since the
standard creep experimental programme defined to use four creep frames, leaving one
creep frame free. Then, side transducers were mounted, and one backup SFRC with 40
kg/m? of steel fibres, previously pre-cracked up to 0.5 mm CMOD,, was loaded to 50%
of the fr p stress at pre-cracking test, as defined in the proposed methodology. The creep
test setup used for this first NAE attempt is provided in Figure 118.

Figure 118. Creep test setup of the first attempt to assess NA evolution during
the creep test.

The specimen was unloaded after 180 days of creep test and delayed recovery
deformations were recorded for 10 days. Both the crack opening (left) and compressive
strain (right) experimental results obtained are provided in Figure 119. It was confirmed
that both w, (LVDT 3 and LVDT 4) and w3 (LVDT 5) increased in time as expected, and
tensile crack opening increased in time due to sustained load. However, top crack
opening deformation (LVDT 1 and LVDT 2) started the creep test in positive values but
the w; crack opening deformation became negative at around 30 days of creep test, which
implies that the crack closed. This behaviour of top transducers can only be explained if
a stress redistribution occurs within the cross-section and the neutral axis decreases in
time during the creep test.
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Figure 119. Experimental results of the first attempt of NA evolution assessment.

The NAE model approaches were applied to long-term experimental results, and the
obtained NA position evolution is presented in Figure 120. It can be observed that the
NA position moved from 131.40 to 117.2 mm within 180 days of creep test. Although
constant bending moment is sustained during the creep test duration, it is confirmed that
a stress redistribution occurs in the cross-section. This fact implies that the height of the
compressive block increased by 76.3%. Considering that the compressed area increased,
it could be expected relaxation in terms of compressive strains. However, it was observed
in Figure 119 (left) that compressive strains did not decrease in time. Indeed,
compressive strains increased, and no stabilisation trend was observed despite the
compressive block size increase.
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Figure 120. Obtained NA evolution during the creep test.

Figure 121 shows a close-up view of the loading and unloading process of the creep
test. Figure 121 (left) shows that the NA model does not get the NA position when
specimen is unloaded. On the contrary, when the loading process starts, the model gets
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the NA location at 89.2 mm and increases up to 131.4 mm when the sustained load is
fully applied. In contrast to monotonic tests, the NA height does not start at the bottom
of the specimen since specimens are already pre-cracked. In the unloading process
(right), the neutral axis position decreases when the load is removed, and even during
the delayed recovery process, the NA follows the descendant trend.
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Figure 121. Experimental results of NA evolution first attempt.

Considering the conclusions obtained in this first NAE attempt, the NAE-2 and
NAE-3 creep experimental programmes were launched to confirm the NA long-term
evolution due to stress redistribution. As previously justified, creep tests were carried
out in a single-specimen creep setup. The creep frames of the NAE-3 experimental creep
test are shown in Figure 122.

= e .-""" SRR *‘- 2

Figure 122. Creep frames of the long-term NAE-3 experimental programme.
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The NAE model approaches were applied to long-term experimental results after
more than two years of creep tests. The NAE obtained from the model application to
experimental results of NAE-2 and NAE-3 is presented in Figure 123. The general
descendant trend for the NA can be observed from the experimental results. However, it
is important to highlight that during the NAE-3 programme, the air conditioning
equipment failed on day 95. Consequently, the temperature gradually increased to 30.1°C
pick value at 151 days of test. Although the temperature increase provoked a sudden NA
decrease, the natural descendant trend of NAE was redirected when the equipment was
repaired, and the 20°C temperature was restored. Full information on the experimental

results obtained in NA programmes is provided in Appendix G and Appendix H.
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Figure 123. NA evolution of NAE-2 and NAE-3 experimental programmes.

Table 30. Experimental programmes designed the for long-term NA assessment.

Mix Specimen NA height (mm)
0days Max.! 90 180 270 360
NAE-1 SFRC NAEI-S4 1314 1321 1184 1173 - -
NAE-2 SyFRC NAE2-PP2 127.6 1348 129.1 1272 128.0 1277
NAE2-PP3 1295 1342 1293 1285 1273 1272
SFRC  NAE2-S2 1125 1153 1079 1127 1102  109.2
NAE2-S6 121.1 1235 1161 1175 1149 1138
NAE-3 SyFRC NAE3-PP4 1266 1337 127.0 1268 1254 -
NAE3-PP5 1265 1365 1302 1289 1283 -
SFRC  NAE3-S5 1224 1226 1156 1079 1078 -
NAE3-S6 1248 1263 1022 102.6 101.7 -

! Maximum value obtained during the early creep stage (5 days).
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However, it was observed in some specimens that during the early creep stage, the
NA rises when the loading process ends, and after a few hours/days, the NA gets the
maximum position and then, the trend turns into descending evolution. Figure 124 shows
the NA position obtained by SyFRC specimens in the early creep stage. It can be
observed that instantaneous NA.; at the end of the loading process reached 126.6 and
126.5 mm, respectively, for PP4 and PP5 specimens. However, during the early creep
stage, the NA raised to 133.7 and 136.5 mm at 3.7 and 1.3 days, respectively and then,
NA started decreasing trend. This fact implies that a simple comparison between NA;
to NA.4' may underestimate the absolute NA variation when NA increases during the
early creep stage.
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Figure 124. Early creep stage NA position of NAE3 SyFRC specimen.

Both approaches can be compared in terms of goodness and NA position to assess
which approach fits better the deformation plane. The r?> goodness obtained by both
models applied to creep tests experimental results are compared in Figure 125 (left).
Although the characteristic length approach (/s model) gets better goodness of fit than
the 3w model, it can be concluded that both models find the NA location with reasonable
accuracy. The NA position obtained by the models were compared in Figure 125 (right)
to confirm that both models predict the same NA position. Then, considering that the /cs
approach model consumes significantly more time (around 40 times more), the
simplified 3w approach is preferred.
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Figure 125. Comparison between 3w and L fit models applied to creep test
experimental results.

However, the /s approach allows assessing the characteristic length value along the
creep tests. Due to the model approach, the characteristic length is chosen for each data
set as the minimum value of the defined /cs threshold that allows linear fit coinciding
with compressive strains at go. Figure 126 presents the obtained /. during the creep test
through the model application. It was observed that /s values vary in time for some
specimens. However, it was confirmed that characteristic length estimation is valid since
lcs remains within the threshold proposed by MC 2010.
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Figure 126. Characteristic length (/cs) variation.

This NA assessment confirms that NA position changes in time when the sustained
constant bending moment is applied. This conclusion is relevant to assess the long-term
behaviour of cracked FRC material in flexure where both compressive and tensile
stresses are combined. The stress redistribution developed during the creep test may
influence creep test results when only the crack opening is assessed. However, further
studies on this topic are required to determine the influence of the NA evolution on the
experimental results in flexure creep.
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5.4. Flexural creep database

Meantime the methodology improvements, a database on creep test compiled on FRC
specimens was created to globally assess the long-term behaviour among different
laboratories. The first database proposal was published [85] in 2014 compiling data of
the starting methodology creep test experimental results to assess the global influence of
certain test parameters on the long-term experimental behaviour. As a part of my PhD
research, I joined the RILEM TC 261-CCF in creep in 2015, where an international
Round-Robin Test (RRT) on creep was launched in 2016. The developed database was
adapted for multiple methodologies and improved to be used as the basis for the data
collection sheet to simplify data exchange among participants. As a result of this
datasheet, the RRT database was created and published in 2021 [198]. This PhD thesis
defines and proposes the data that shall be included in the international creep test
database based on the flexure creep test. The evolution of the database creation and some
overall conclusions are deeply explained in this section.

5.4.1. Starting methodology database first proposal

The first creep database proposal [85] was created with specimens tested with the starting
methodology [51] containing experimental data of 80 FRC specimens tested in creep in
6 creep experimental campaigns. Data were organised depending on the nature of the
data to collect the most significant parameters and variables related to the creep test
procedure and experimental results.

An overall statistical analysis of the database was then carried out to assess variables
and parameters relations to identify those creep test parameters that have statistical
significance on experimental variables and coefficients. A Multiple Linear Regression
(MLR) analysis was done focused on the load level (Ira), concrete matrix compressive
strength (fok) and the fibre content significance. Some conclusions obtained in the
statistical analysis can be observed in Figure 127, where it is concluded that the fibre
content related to fibre dosage is highly significant to the creep coefficient referred to
the creep stage at 90 days.
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Figure 127. Creep index, compressive strength and fibre content parameter
assessment on creep coefficient referred to creep stage at 90 days using Multiple
Linear Regression applied to the first database proposal.
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On the contrary, load level showed more significance on the creep coefficient
referred to the origin, where the pre-crack recovery crack opening deformation is
included, as presented in Figure 128. It was confirmed that the database became a
valuable tool for assessing long-term behaviour by comparing multiple experimental

tests carried out in similar conditions.
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Figure 128. Creep index assessment on creep coefficient referred to the origin of
deformations at 90 days by means of Multiple Linear Regression applied to the
first database proposal.

5.4.2. Round-Robin Test results exchange datasheet

As previously explained, the ICITECH research group launched in 2016 the international
RRT involving 19 international laboratories within the RILEM Technical Committee
261-CCF activity. Four main creep methodologies were carried out: flexure creep in
prismatic specimens, square panels, and round panels and direct tension creep test. |
assumed the RRT coordinator role and managed the production of 451 FRC specimens,
shipment of samples to participant laboratories, testing in creep, and experimental results
and methodologies analysis.

Due to the number of participant laboratories and methodologies, it was required to
create an agreed datasheet to transfer and share data among different participant
laboratories. Otherwise, it could be quite confusing for the ulterior analysis. Therefore,
the previously presented database was proposed as starting point of the datasheet. Note
that some procedure improvements developed in this PhD work were already proposed
for the RRT realisation and approved by TC active members. This fact caused that some
significant variables not considered by the starting methodology were included in the
updated datasheet version.

The database was divided in three main sections considering: data related to creep
test setup and experimental results, analysis parameters and complementary data for
analysis. The datasheet structure is presented by sections and data groups in Table 31
and included 120 data for 124 specimens tested in creep in four methodologies.
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Table 31. Section 1 of data related to test setup and experimental results.

Section  Group Description
1 Global Data Obtained for each Specimen until Failure
A Identity data
B Environmental conditions during the creep test
C Concrete matrix characterisation
D Fibres
E Specimen dimensions
F Pre-cracking test output data - Stage 1
G Creep test parameters
H Creep test output data - Stage 2
I Unloading stage of creep test output data
J Post-creep residual behaviour after creep
2 Data for the Analysis from Creep Test experimental data
K Creep coefficients referred to creep stage
L Creep coefficients referred to the origin
M Crack opening rate
3 Complementary Data for Analysis
C Concrete matrix characteristics (mean value of the serie)
E Specimen dimensions
N Values of delayed displacement origin
o Fibre Counting

It was agreed that the RRT datasheet based on the database became a valuable tool
for data exchange. Moreover, since the data was well organised, the ulterior experimental
result analysis was easier. The datasheet analysis allowed to identify among 13 different
flexure methodologies similar long-term behaviour and comparable results obtained by
those methodologies with multiple similarities. A creep test methodology that could be
improved to be standardised was then identified.

Additional information about the RRT experience and obtained conclusions [51]
were published to be consulted by researchers interested in this topic. Moreover, the
creep database created from creep the test carried out in the RRT programme is
accessible to the scientific community for comparative and research purposes [198].

5.4.3. International flexure creep test database proposal

To reduce the number of data and simplify the data exchange, the proposed database
compiles only the first section related to the data related to creep test setup and
experimental results, as presented in Table 31. Guidelines for either creep coefficients
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() or crack opening rate (COR) calculation are given so that each researcher may obtain
analysis data when required.

The first group of data (Group A) is presented in Table 32. It compiles identification
data of fibre-reinforced concrete (FRC) series, the name of each specimen, the reference
and the laboratory where the creep test was carried out.

Table 32. Group A parameters of creep test database: Identity data.

N° Data Description Units
A.l. Series Batch of the specimen --
A.2. Name/Specimen Name / Specimen --
A.3. Reference Reference number (Series + Name/Number) --
A.4. Laboratory Reference number of the Laboratory --

The Group B of data, presented in Table 33, compiles the relevant data of the
environmental conditions during creep tests. Average, minimum and maximum
temperature and RH values are collected.

Table 33. Group B parameters of creep test database: Environmental conditions during
the creep test.

Ne Data Description Units
B1. T Average temperature °C
B2, T Minimum temperature during the creep test °C
B3. T Maximum temperature during the creep test °C
B4. HR Average relative humidity %
B.5.  HRun Minimum relative humidity during the creep test %
B.6.  HRuu Maximum relative humidity during the creep test %

The Group C of data compiles in Table 34 concrete matrix relevant data such as
maximum aggregate size and compressive strength.

Table 34. Group C parameters of creep test database: Concrete matrix characterisation.

N° Data Description Units
C.l. Duau Aggregate maximum size diameter mm

C2.  fu/fx Targeted strength / Concrete Class MPa
C3. fur Compressive strength (@150x300mm) at 7 days MPa
C4a.  fox Compressive strength (@150x300mm) at 28 days MPa
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Data related to fibres is compiled in Group D, as presented in Table 35. Fibre
properties shall be obtained from the material datasheet provided by manufacturers. Note
that dosage is given both related to weight (kg/m?) and volume (% of volume) since
variations in the density of materials provides huge differences in fibre content.

Table 35. Group D parameters of creep test database: Fibres properties.

N° Data Description Units
D.1. Material Material --
D.2. Brand Brand / Commercial reference --
D.3. Length Length mm
D.4. Diameter Diameter mm
D.5. Slenderness Slenderness --
D.6. E Young modulus GPa
D.7. o, Yield strength MPa
D.8. g, Ultimate Tensile strength MPa
D.9. Dosage in weight Dosage in weight kg/m?
D.10. Dosage in volume Dosage in volume % vol.

Group E compiles data related to specimens’ dimensions, as presented in Table 36.
Information of cross-section and notch dimensions are used for stress calculation.

Table 36. Group E parameters of creep test database: Specimens dimensions.

N° Data Description Units
E.1.  Shape Prismatic, cylindrical, square panel, round panel -
E2. b Average cross-section width measured by calliper mm
E3. Iy Average cross-section height measured by calliper mm
E4.  Dbuoten Notch width mm
ES5. ot Notch height mm

Table 37 compiles Group F with pre-cracking test output data, including both flexure
setup and experimental variables and parameters related to the first creep test procedure
phase.
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Table 37. Group F parameters of database: Pre-cracking tests output data (Stage 1).

N° Data Description Units
F.1.  Flexure setup Flexural Beams - Specify if 3PBT or 4PBT was adopted -
F2. L Flexural Beams - Support span mm
F3. 1, F lexpral Bf:ams - Distance between support and nearest mm
loading point
F4. I, lf:;f)z;)rgl”geams Distance between loading points (only mm
F5. f Residual strength at LOP MPa
F6. frp Residual strength at CMOD,, MPa
F7. Fo Load at LOP kN
F8.  Frp Load at CMOD, kN
F9. CMOD/#é Reference displacement registered during the tests --
F.10. CMODy, Nominal pre-cracking level expected pm
F.11. CMOD, Maximum CMOD reached in the pre-cracking pm
F.12. CMODy Elastic CMOD recovery when the unloading process ends pm
F.13. CMODgu Residual CMOD 10' after the unloading process pm

Data related to creep test setup and parameters (second creep test procedure phase)
are grouped in Group G and presented in Table 38. The adopted flexure setup, creep
index, applied stress and time spent during the loading stage are some of the included
data. In addition, information regarding the multi-specimen setup and relative position
(top, middle or bottom) of the specimen in the stacked set are included.

Table 38. Group G parameters of creep test database: Creep test parameters.

Ne Data Description Units
G.1.  Flexure setup Specify if 3PBT or 4PBT was adopted -
G2. L Support span mm
G3. L Distance between support and nearest loading point mm
G4. & Distance between loading points (if 4PBT is used) mm
G5 L Nominal Creep index [% of frp] %
G.6. Fre Load applied in creep test kN
G7. fre Stress applied in creep test MPa
G8. I Creep index [ Ic = fre / frp] %
G9. ¢t Loading process duration seconds
G.10. t;, tmax Total time that load was sustained in the creep test days

G.11. Specimens / frame Single- or Multi-specimens creep test setup -
G.12. Position Relative position in creep frame (top, middle or bottom) -
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The Group H of data, presented in Table 39, compiles CMOD total deformations
obtained during the creep phase. Although delayed CMOD are usually reported in either
mm or um units, considering that it is expected to have short-delayed deformations,
microns were chosen for data exchange unit to avoid too many decimals.

Table 39. Group H parameters of creep test database: Creep tests output data (Stage 2).

Ne Data Description Units
H.1. CMODy Instantaneous CMOD immediately after reaching fr . pum
H2. CMODy" Short-term CMOD 15' from the loading process beginning um
H.4. CMODys! Total CMOD displacement at 1 day * pm
H.5. CMODys Total CMOD displacement at day 2 pm
H.6. CMODg Total CMOD displacement at day 3 pm
H.7. CMODgs Total CMOD displacement at day 5 pm
H.8. CMOD.s' Total CMOD displacement at day 7 * pm
H9. CMOD" Total CMOD displacement at day 14~ pm
H.10. CMOD,* Total CMOD displacement at day 30 pm
H.11. CMOD* Total CMOD displacement at 60 days pum
H.12. CMOD.” Total CMOD displacement at 90 days * pum
H.13. CMOD'® Total CMOD displacement at 120 days * pum
H.14. CMOD'* Total CMOD displacement at 150 days * pum
H.15. CMOD'® Total CMOD displacement at 180 days * pum
H.16. CMOD.>?'"° Total CMOD displacement at 210 days * pm
H.17. CMOD.* Total CMOD displacement at 240 days * pm
H.18. CMOD.?" Total CMOD displacement at 270 days * pm
H.19. CMOD.% Total CMOD displacement at 300 days * pm
H.20. CMOD.* Total CMOD displacement at 330 days * pm
H.21. CMOD.>% Total CMOD displacement at 360 days " pum
CMODy! Total CMOD displacement at j days * pm

*Note that delayed CMOD.i' deformations shall be compensated with shrinkage

The Group I of data, presented in Table 40, collects the output data from the
unloading process after creep test including the unloading process duration,
instantaneous recovery (CMODyis) and delayed recovery (CMOD,4s?) at different lapses
of time. It is important to highlight that these values shall be compensated with shrinkage
deformations.
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Table 40. Group I parameters of creep test database: Creep test unloading process of

output data.
N° Data Description Units
L1, t Time duration of the unloading process in the creep test ~ seconds
12.  CMODgis Total CMOD immediately after unloading * pm
3.  CMODgygs Total CMOD at 1 days after unloading * pm
1.4 CMODyyas’ Total CMOD at 7 days after unloading * pm
5. CMODgqg! Total CMOD at 14 days after unloading " um
1.6.  CMODys® Total CMOD 30 days after unloading * pum
17t Delayed recovery assessment duration after the creep test days

*Note that CMODeris and CMODeras' shall be compensated with shrinkage

Finally, data related to the post-creep performance of FRC specimens are collected
in the Group J of data, as presented in Table 41.

Table 41. Group J parameters of creep test database: post-creep residual performance.

N°  Data Description Units
Il feostCreepR.2 Residual strength after the creep test at CMOD, MPa
J2. frosiCreep,R3 Residual strength after the creep test at CMOD; MPa
I3, frostCreepr 4 Residual strength after the creep test at CMODy4 MPa
T4, frosiCreepr3/ fR)1 Post-creep residual behaviour -

J.5.  FrostCreepr2 Load at CMOD; after the creep test kN
J.6.  FrostCreepr 3 Load at CMOD; after the creep test kN
J.7. FrostCreepr 4 Load at CMODj; after the creep test kN

As it can be observed, most of the data proposed to share in the international creep
database shall be reported in the flexure creep test report proposed in Section 6.2. Hence,
share data to the international database became an easy task for future experimental
research.
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As a result of the deep analysis carried out during this comprehensive experimental
programme of the creep test methodologies available, significant improvements and
recommendations are proposed in this PhD thesis in terms of methodological procedure,
boundary conditions, creep frame construction and creep test result analysis. This
chapter presents a new methodology proposal considering the previously described
improvements assessed in their corresponding experimental campaigns.

The main target of this PhD work is not only to improve the starting methodology
but, considering the available methodologies in the state-of-the-art and analysing the
variations and influence of different procedures, to propose and define a creep test
procedure and parameters that could be standardised to characterise the long-term
properties of cracked FRC among all laboratories.

Most of the following creep steps definitions, significant parameters, and procedure
improvements were proposed in the RILEM Technical Committee (TC) 261-CCF and
agreed by the active members. Then, most of these improvements were assessed in the
international Round-Robin Test carried out within the TC activity.

This recommendation is applicable to standard FRC specimens that reveal a single
crack when tested in flexure. Multiple cracking concrete matrices (i.e., ECC,
UHPFRC...) are also considered if all cracks start from the tip of the notch. If one single
crack occurs out of the tip of the notch or out of the measuring range, the FRC specimens
are out of this recommendation.

6.1. Creep test procedure

The flexure creep testing procedure of fibre-reinforced concrete (FRC) in the
cracked state is divided into three phases: pre-cracking, creep, and post-creep. Figure
129 presents an idealised curve of the whole process of the creep test where each phase
can be identified. During the pre-cracking phase (OD), the specimen is pre-cracked in
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controlled conditions up to a previously defined crack opening (B), inducing a certain
damage and then unloaded (B-D). In the creep phase, specimens are kept under sustained
stress where instantaneous and delayed deformations are registered (D-F) and then
unloaded (F-H). The final post-creep phase (H-K) assesses any influence of the long-
term test on the residual performance by flexure testing up to 4 mm crack opening.

Stress

—— 1. Pre-cracking
—— 2. Creep
3. Post-creep

»
»

Deformation

Figure 129. Creep test procedure idealised curve containing three phases.

Since creep this creep testing proposal is based on EN 14651 [26], standard prismatic
specimens with 150 x 150 mm nominal cross-section shall be used. The length of
specimens (L) may range from 550 mm to 700 mm. Test specimens shall be cast and
cured in a moist chamber according to the standard guidelines. In addition, before the
pre-cracking test, specimens shall be notched at midspan at 25 days and then stored again
for at least three days in the moist chamber to keep curing conditions.

The success of the creep test depends on the proper procedure in these phases.
Therefore, the proposed procedure for each phase is deeply defined and described in the
following sections.

6.1.1. Pre-cracking phase procedure

According to EN 14651, specimens shall be pre-cracked at 28 days. Specimens shall be
prepared for the flexure test and taken out of the moist chamber no more than 3 hours
before the pre-cracking test.

The displacement transducer shall be mounted on the specimen to measure either
crack mouth opening displacement (CMOD) or deflection (5). In the case of CMOD
reference, the use of both crack opening displacement (COD) clip transducer and linear
variable displacement transducer (LVDT) is allowed. Nonetheless, the COD clip
transducer is preferable if possible since it provides a more accurate crack opening
measurement. Figure 130 provides guidelines and restrictions for transducer setup

150



Improvements in test methodology and characterisation of flexure long-term behaviour of FRC

depending on the transducer used for the long-term test. On the one hand, COD clip
gauges shall be mounted under the specimens across the notch mouth, centred over the
specimen width and parallel to the longitudinal axis of the specimen. The distance y
between the bottom surface of the specimen and the line of measurement shall not exceed
5 mm. On the other hand, LVDT transducers shall also be mounted parallel to the
longitudinal axis, centred along the specimen width, and the distance y to the
measurement line shall not exceed 20 mm. The maximum distance between the two
measuring points of 50 mm shall be respected to ensure the measurement of crack
opening in the non-linear hinge.

measurement
<50 mm

a) COD clip transducer b) LVDT transducer
S e L
| |
| X <5mm | | X <5 mm |
| - s | S |
| |
! ] I | | !
: y <5mm | : y <20mm ! : |
I { | I Al ! |
[EE— — —= =a !
— - R —t e —
Line of ! 1+
measurement Line of : T
1 1
1 1

Figure 130. LVDT transducer location proposal for CMOD measurement.

Since the flexure creep test procedure is based on the EN 14651 standard [26], it is
recommended to use the three-point bending test (3PBT) configuration with a 500 mm
length support span for the pre-cracking test. According to the previously presented
classification of degrees of freedom (Section 4.5), supporting rollers shall allow for OOX
and XOX displacements, whereas the loading roller shall allow for OOX rotations.
Alternatively, in those cases of creep tests based on ASTM C1609 [25] standard on
unnotched specimens, specimens shall be pre-cracked in a four-point bending test
(4PBT) configuration according to ASTM C1609 [25], and both supporting and loading
rollers shall allow for OOX and XOX displacements. In addition, only LVDT
transducers shall be mounted to measure deflection (8) since specimens have no notch,
as defined in ASTM C1609.

Considering that pre-cracking tests are short-term monotonic tests, no singular
environmental conditions are required.

The idealised curve of the pre-cracking test for both hardening and softening
behaviour is presented in Figure 131, where the main variables to record during the pre-
cracking phase are defined. It can be observed that all CMOD parameters includes the
subscript “p” related to the pre-cracking phase according to the glossary definition
proposed in Section 4.1.
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Figure 131. Pre-cracking phase parameters.

Pre-cracking tests shall be carried out in a servo-controlled universal testing machine
(UTM) at a constant 0.05 mm/min CMOD rate until the target CMOD),, is achieved. The
initial CMOD deformation rate is 0.05 mm/min. Once the limit of proportionality (LOP)
is reached (point A in Figure 131), the residual stress at LOP f; is registered, and the
CMOD rate shall be increased up to 0.2 mm/min until the nominal pre-cracking level
CMODy, is achieved (point B in Figure 131). To ensure proper pre-cracking conditions,
the pre-cracking deformation before unloading (CMOD,) shall reach CMOD,, and
should not exceed CMODy, + 0.02 mm. The proposed reference nominal pre-cracking
value is CMODy, = 0.5 mm, corresponding to fr; residual stress. In the case of
deflection-controlled flexure test, the corresponding proposal for nominal pre-cracking
value is dpn = 0.47 mm, and J, shall not exceed dpn + 0.03 mm. When any specimen
exceeds the defined CMOD,, it shall not be considered for creep test or considered as
tested out-of-range. If any specimen is tested out of the specified ranges, testing
conditions shall be reported in the creep test report.

Once the nominal target CMODy, is reached, the specimen shall be immediately
unloaded at 0.2 mm/min CMOD rate, and the load shall be removed at 0.3 mm/min
CMOD rate. During the unloading step, both instantaneous (CMOD,;) and delayed
(CMODyyq) recovery deformations (points C and D respectively) after unloading shall be
recorded for 10 minutes.

After the pre-cracking test, specimens shall be stored for seven days in the climate
room where the creep test will be conducted. Thereby, the specimens had time enough
to acclimate to the environmental test conditions to minimise interfering with the
instantaneous and short-term readings. Pre-cracked specimens shall be stored supported
on their side (turned 90 °) to avoid any crack opening deformation due to their dead load.

Note that depending on either single- or multi-specimen setup adopted, it is proposed
to cast and pre-crack more specimens than strictly required (see Table 21). Therefore, in
the case of a single-specimen creep test setup, one specimen per frame, including the
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shrinkage specimen, shall be pre-cracked. In the case of a multi-specimen creep test setup
with 2 or 3 specimens per frame, 4 or 5 specimens shall be respectively pre-cracked per
frame/mix to provide residual performance variety enough to reduce the L. scatter.

6.1.2. Creep phase procedure

The creep phase procedure varies depending on whether a single- or multi-specimen
setup is chosen and the creep frame design. As previously explained, although the single-
specimen setup is preferred, the multi-specimen setup has multiple advantages in terms
of laboratory space savings and the number of specimens tested simultaneously.
Therefore, it is important to adapt both the creep frame and the creep test procedure to
the chosen single- or multi-specimen setup.

Creep frame design and construction

The creep frame construction shall adhere to the following specifications regarding
materials, configuration, and boundary conditions to ensure rigidity enough to keep
verticality, constant load and flexure conditions in time, avoiding as much as possible
frictions between the different mobile elements of the creep frame.

The most extended frame construction to perform flexure creep tests on cracked
fibre-reinforced concrete (FRC) specimens is based on a second-degree lever arm, as
concluded from the literature assessment. Considering the previously described
advantages and compared to other creep frame construction (spring- or hydraulic-loaded
frames, screwed tightened bars...), the use of a lever arm creep frame is recommended.
The load can be induced to the specimens in either a compressive or tensile way,
depending on the relative position of the lever arm. Both frame types can be adapted to
either single- or multi-specimen setups if required, as seen in Figure 132.
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a) Top lever arm (compressive) b) Bottomlever arm (tensile bar)

Figure 132. Types of lever arm creep frames design.
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In the top lever arm creep frames, the lever arm lays directly over the top specimen
and provides a constant compressive load during the creep test. The load depends only
on the weight of the lever arm, the counterweights, and the lever arm multiplier factor.
This creep frame construction provides high-confidence performance and a more stable
load in time since the lever arm is free of friction thanks to the fulcrum. If the top lever
arm creep frame has two fulcrums, the creep frame can be adapted from a single- to
multi-specimen setup by changing the fulcrum position.

On the contrary, in the bottom lever arm creep frames, the lever arm is usually below
the specimens, and screwed steel tensile bars are required to carry the load over the top
specimen. Although this type of creep frame also provides high-confidence performance,
slight load loss in time has been observed due to internal friction between the lever arm
and the specimen’s support profiles. Therefore, it is important to focus special attention
on this friction area in the design and construction phase. This creep frame requires only
one fulcrum to host either single- or multi-specimen setups since screwed bars provide
enough flexibility to set the load transfer plate at any desired height. Notwithstanding,
additional load transfer elements (i.e., screwed bars, nuts...) are required to carry the
load to the top specimen, and more preparation time is required. Moreover, slight
differences in nuts torque may influence the required stress over time. Regardless of the
type of creep frame, the lever arm shall be placed at the beginning of the creep test as
horizontal as possible to minimise the effect of horizontal loads.

Creep test setup and boundary conditions

In the case of a single-specimen setup on notched specimens, the same flexure
configuration used for the pre-cracking test (3PBT configuration with 500 mm length
support span) is recommended (Figure 133.a) in compliance with EN 14651 standard
[26]. Therefore, supporting rollers shall allow for OOX and XOX displacements,
whereas the loading roller shall allow for OOX rotations according to the boundary
conditions classification. Alternatively, the use of single-specimen creep tests based on
ASTM C1609 [25] standard on unnotched specimens (Figure 134.d) is also accepted. In
this case, the use of a four-point bending test (4PBT) configuration is recommended, and
both supporting and loading rollers shall allow for OOX and XOX displacements.

In the case of the multi-specimen configuration during the creep test, to improve the
stability of the specimens during the long-term test, the use of 4PBT is recommended
(Figure 133.b), and both supporting and loading rollers shall allow for OOX and XOX
displacements. The use of 4PBT in the creep test required the use of the corresponding
Equation 5 to obtain the load to apply on each frame. The relative position (top, middle
or bottom) of each specimen in the column shall be decided by their mechanical
performance and considering the corresponding dead load of the upper specimens and
load transfer elements as proposed in the following sections. As previously explained,
specimens with higher residual strengths are usually located at the bottom of the column
to achieve a similar creep index for all the specimens of each frame.
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a) EN 14651 3PBT set-up b) 4PBT adapted set-up
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Figure 133. Recommended flexure load configurations: a) EN 14651 3PBT
flexural setup and b) 4PBT adapted set-up.

The recommended creep test setups, including the corresponding flexure
configuration for either single- or multi-specimen setups, are presented in Figure 134.
Multi-specimen creep frames shall ensure that either the individual delayed deformation
or the sudden collapse of the specimens does not compromise both the continuity of the
long-term test and the stability of the stacked specimens. Therefore, to avoid any
influence between specimens and ensure the required boundary conditions, steel transfer
plates containing both the supporting and loading rollers shall be located between the
specimens. In addition, transfer plates shall include emergency brakes device such as
steel blocks to stop any broken specimen before the collapse. Otherwise, the
counterweight or the stacked specimens may fall, causing severe damage to the
equipment. Indeed, the load due to transfer plates, rollers, brakes, and upper specimens
shall be considered as additional load onto the specimens below.

RECOMMENDED SETUPS ACCEPTED VARIATIONS

e
== — e .
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a) 3PBT Single setup b) 4PBT Multi (3) setup , c¢) 4PBT Multi (2) setup d) ASTM C1609

Figure 134. Recommended and accepted single- and multi-specimen
creep test setups.

In all recommended creep setups, specimens shall be placed face down with the
notch at the bottom face according to the flexure setups (Figure 133). The use of inverted
specimens is usually observed related to the absence of transfer plates to simplify the
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multi-specimen 4PBT setup with simple steel rollers. Since the use of steel transfer plates
together with well-constructed support and loading rollers has been recommended,
inverted specimens became unnecessary. Moreover, inverted specimens (Figure 135)
may influence the recovery capacity of the specimen for 30 days when unloaded even if
inverted specimens are placed with transfer plates and the corresponding recommended
boundary conditions (Figure 135.a) if the crack is blocked by any aggregate spalled
during the cracking process. The use of multi-specimen setups that do not include
transfer plates such as setups a) and b) in Figure 135 are not accepted since boundary
conditions cannot be assured.

UNRECOMMENDED SETUPS
0] O
T
= o o

% % 5 ——
a) b) c)

Figure 135. Not recommended creep test setups.

Environmental conditions

Environmental conditions such as temperature and relative humidity has significant
influence on the long-term properties (creep and shrinkage) of some FRC mixes.
Therefore, to reduce external influence on the test results, both temperature and relative
humidity shall be controlled during the creep test duration. Creep frames shall be located
inside a climate-controlled room equipped with hygrometric and temperature control
systems to ensure the desired environmental conditions. Neither laboratory environment
nor isolated rooms without hygrometric are recommended for creep tests location since
climatic conditions are not controlled at all during the test duration. Note that a creep test
may last for more than one year, comprising huge climatic conditions variations.

The proposed temperature range for the creep test is 20 £ 2° C. It is proposed to fix
a target relative humidity between 50 and 70% and keep the humidity stable within the
+ 5% acceptance range (i.e. humidity range from 45 to 55% for a 50% target value).
These environmental restrictions will significantly reduce the influence of environmental
conditions on the creep test results.

Any sudden variation of either the temperature or relative humidity out of the
acceptance range shall be stated in the test report. Moreover, if the environmental
conditions of the climate room exceed for more than ten days in a row the acceptance
range, the corresponding specimens shall be reported as tested out of the recommended
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range. Any specimen tested out of the recommended conditions shall be disregarded
from the analysis and the database.

To monitor and record the evolution of the climate conditions along the creep test,
temperature and relative humidity measurement devices connected to DAS for
continuous recording are required inside the climate-controlled room. The environmental
conditions recommended recording rate is one reading each 1800 seconds (30 minutes).
This recording rate is helpful to assess any atypical climatic conditions variation during
the creep test. Notwithstanding, the evolution of the environmental conditions in time
shall be reported in one figure with two readings per day (day and night values) during
the entire duration of the long-term phase. An example figure of the environmental
conditions report is presented in Figure 136, including the target value and acceptable
ranges for both temperature and relative humidity.
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Figure 136. Example of environmental conditions report.

Specimen selection

In the case of a multi-specimen setup, pre-cracked specimens shall be selected depending
on their residual performance to accomplish the requirements in terms of creep index
variation and residual dead load on the specimens. To this purpose, a specimen selection
flowchart was defined (Figure 91) for both single- and multi-specimen creep test setups.
The proposed selection process considers aspects such as the steel transfer plates dead
load, dead load due to upper specimens, and relative position combinations to reduce the
scatter of creep index among the stacked specimens. The creep index requirements are
usually accomplished if specimens with better residual performance are usually at the
bottom position of the column.

Pre-cracked specimens not destined for the creep test shall be stored supported on
their side turned 90° for one week inside the climate-controlled room as backup
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specimens if any specimen suddenly fails during either the loading procedure or the first
week of the creep test.

Specimens stacking procedure (for multi-specimen setup)

Before the stacking procedure, the data acquisition system (DAS) shall be switched on
and start recording at a 1 Hz (one reading per second) recording rate to obtain an
adequately defined CMOD evolution of the loading procedure. This recording rate
provides enough data to assess any unexpected deformation during the loading
procedure, and how fast and steady the load is applied in creep frames.

The stacking of the specimens shall be done in a step-by-step procedure and shall
not last more than 30 minutes. The bottom specimen shall be placed in the bottom of the
frame, and the corresponding transducer (COD clip or LCDT) connected to the DAS
prior to registering the CMOD deformation without load. Over the bottom specimen,
both the transfer plate and the middle specimen shall be located and aligned. The CMOD
transducer of the middle specimen shall be connected to the DAS and register the initial
unloaded deformation. Since DAS continuously records data, any deformation caused
on the bottom specimen by the dead load of the transfer plate and middle specimens is
recorded. The following transfer plate and the top specimens shall be placed over the
middle specimen and the displacement transducer connected to DAS. The top transfer
plate is finally placed over the top specimens together with the load cell, and the load
transfer plate device is connected to the screwed bar with loose nuts.

It is important to highlight that during both the stacking procedure and the later
unloading recovery process, the stress induced by the residual dead load of upper
specimens onto the bottom specimen shall never exceed 15% of the target fr c sustained
stress during the creep test. Otherwise, only a multi-specimen setup with two specimens
is recommended.

Load calibration and loading procedure

The applied load shall be controlled during the creep test duration. Therefore, placing
one load cell over the top specimen is strongly recommended to assess the applied load
frequently. By this action, the load individually applied on each frame can be monitored
by DAS and allows to adjust the load if any deviation is noticed during the long-term
test. The sustained load Fr shall be checked weekly during the creep test duration.

Considering that both 3PBT and 4PBT can be used in different phases of the creep
test procedure, the use of load level term may be confusing. Since the target of the flexure
creep test procedure is to sustain a specific stress in time, either stress level or creep
index (I¢) terminology is recommended. The creep index is defined as the ratio of
sustained stress during the creep phase (frc) to the residual stress obtained in pre-
cracking tests (fr,p) at defined 0.5 mm CMOD,, usually related to SLS.

The recommended nominal creep index (Ic) for characterisation and comparison
purposes of long-term flexure properties of FRC following the proposed procedure is
50% of the frp, equivalent to 0.5 fr 1. The creep index shall not exceed the = 5%
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acceptance range. Otherwise, specimens shall be reported as out-of-range.
Notwithstanding, if the goal of the creep test is not flexure creep characterisation, but
scientific research, different than recommended creep index value can be adopted.

Before the loading process, it is important to check that DAS is set up to 1 Hz
recording rate and that the lever arm is lifted and free of load. In the case of the bottom
lever arm creep frame, the loading process starts by tightening the nuts to the transfer
plate connected to the screwed bar. Nuts shall be gradually and equally tightened up to
1 kN preload registered by the load cell. The next load step corresponds to the lever arm
dead load. The lifted lever arm shall be gradually lowered and released of support so that
the lever arm dead load amplified by the multiplier factor increases the recorded load by
the load cell. Finally, the rest of the required load up to Fr shall be induced using
counterweights placed on the lever arm assisted by load cell readings to ensure the
required sustained load. It is preferable that most of the load was due to counterweight
action since counterweight mass helps the lever arm stabilisation against hits and
unexpected movements. In the case of top lever arm creep frames, any torque load is
required and therefore, sustained load shall be calibrated before the creep test over a
dummy specimen when possible.

Regardless of the creep frame type, the loading process shall take at least 30 seconds
and no more than 5 minutes (30 s < #; < 5 min). The load shall be gradually applied,
avoiding sudden increases in load, hits, and overloads. The specimen stacking process
duration shall not be considered for the #i parameter calculation. When the sustained
stress frc is achieved, the instantaneous CMOD,; deformation shall be immediately
registered. In addition, the short-term deformation 15 minutes after beginning the
loading process (CMOD,;'¥") shall be recorded. Considering that the short-term
deformation parameter provides more homogeneous creep coefficients, this PhD
proposal assumes the short-term deformation CMOD,;!>" for the calculation of the creep
coefficient. The creep frame loading process parameters are displayed in Figure 137.
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Figure 137. Creep phase loading process parameters.
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Long-term stage

Considering the nature of long-term deformations, it is recommended a minimum creep
test duration of one year (360 days of sustained load).

Besides the instantaneous and short-term deformation, during the long-term stage of
the creep phase, both delayed (CMODc4/) and total (CMOD,/) CMOD deformations can
be obtained, as shown in Figure 138. It is recommended to report total CMOD
deformations (CMOD/) at 6 and 12 hours, and 1, 2, 3, 5, 7, 14 and 30 days for the first
month of the test and hereafter in 30-day-lapses (60, 90, 120 days...).
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Figure 138. Creep phase parameters.

As well as recommended for the environmental conditions, the recommended
recording rate for the long-term phase is one reading each 1800 seconds (30 minutes).
Thus, CMOD deformations will be related to environmental conditions along the creep
test.

Shrinkage control specimen

One shrinkage control specimen of each series shall be placed in a flexure position to
assess the influence of shrinkage on the CMOD deformation between measuring points.
Shrinkage specimens shall be located close to the creep frame inside the climate chamber
in similar environmental conditions to flexure creep tests.

Shrinkage specimens shall be pre-cracked at the same CMODy, that specimens
destined to creep test but unloaded except their own dead load. The same boundary
conditions used in specimens located in the creep frame shall be used for the shrinkage
specimen. This implies supporting rollers that can spin in their longitudinal axis to avoid
horizontal restrictions that may influence the free development of shrinkage
deformations. The same measurement device used for creep frame specimens shall be
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mounted on shrinkage specimen, and CMOD variations recorded at the same reporting
ages as loaded specimens.

Shrinkage CMOD deformations (CMOD.) shall be considered in the total CMOD
deformation following Equation 14. Thus, in the case of crack opening reduction due to
shrinkage, the total CMOD deformation considering shrinkage (CMODc) should
increase, as depicted in Figure 139. Total deformations (CMODs') corrected by
shrinkage shall be reported in the creep test report.

CMOD.,, = CMOD), — CMOD’ Equation 14
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Figure 139. Evolution in time of shrinkage CMOD deformation (CMOD.s/), total
CMOD deformation (CMOD.{) and corrected total deformation (CMODcs/).

Unloading procedure

When the target creep test duration is achieved, and the long-term phase ends, specimens
shall be unloaded but not removed from creep frames. Specimens shall remain unloaded
in the creep frame for 30 additional days to measure delayed recovery capacity after the
creep test.

Note again that during the unloading recovery process, the stress induced by the
residual dead load onto the bottom specimen shall never exceed 15% of the target fr ¢
sustained stress during the creep test. Otherwise, only a multi-specimen setup with two
specimens is recommended.

Before starting the unloading process, the data acquisition system (DAS) shall be
switched again to a 1 Hz (one reading per second) recording rate to obtain accurate
enough CMOD data from the unloading procedure. The specimen unloading shall be
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gradually done in at least 30 seconds to avoid any unexpected collapse due to balance
loss. The lever arm shall be gradually lifted, the nuts of the screwed bars untightened,
and the counterweights removed from the lever. When the load is completely removed,
instantaneous recovery (CMOD.) shall be registered, and hereafter, delayed (CMOD.q)
CMOD recovery deformation for 30 days shall be registered, as defined in Figure 140.
The residual delayed recovery CMOD,.q deformation shall be reported at 1, 7, 14 and 30
days.

CMOD

Figure 140. Creep phase loading process parameters.

After the 30-day delayed recovery period, the stacked specimens shall be removed
from the creep frame and stored supported on their side turned 90° before the last post-
creep flexure test.

6.1.3. Post-creep phase procedure

The recommended flexure load configuration for the post-creep flexure test is 3PBT, as
proposed in the pre-cracking test. Since specimens are already pre-cracked, the post-
creep flexure test shall be carried out at 0.2 mm/min constant CMOD rate up to 4 mm
CMOD, and no recovery capacity is registered when the test finishes. After the flexure
post-creep test, specimens shall be split into two halves to confirm the homogeneous
fibre distribution in the cross-section. Fibres crossing the cracked section can be counted
to correlate the residual long-term performance to the number of fibres.

To assess the residual performance of specimens after the creep test, the
experimental curves of the creep test procedure stages (pre-cracking, creep and post-
creep stage) shall be assembled, and post-creep residual parameters obtained, as defined
in Figure 141. Notwithstanding, if the crack opening deformation corresponding to
CMOD;, CMOD3; or CMOD4 is achieved (as occurs in Point I in Figure 141) during the
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creep test or the ascendant reloading process, the corresponding residual strength shall
not be considered in the creep test report.
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Figure 141. Post-creep phase parameters.

6.2. Creep test report

Once the creep test procedure is finished, all processed data shall be provided for each
specimen in the creep test report. All the testing details that deviate from this
recommendation shall also be reported. The test report shall include at least the following
information:

- Reference name of the test specimen and FRC mix

- Test date

- Concrete mix properties:
e cement type
w/c ratio
sand and aggregates (size...)
air content
admixtures used

- Fibres brand, geometrical and mechanical properties:
e material

length

diameter

aspect ratio

tensile strength

Young’s modulus
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- Environmental conditions:

climate conditions control: Controlled, Restricted or Uncontrolled

mean, minimum and maximum temperature value in °C

mean, minimum and maximum relative humidity value in %

figure with temperature and relative humidity evolution in time during the creep
test duration (2 readings/day)

- Specimen properties:

specimen dimensions b, h, hsp and / in mm

notch dimensions (height and width in mm)
specimen age at notching (in days)

specimen age at pre-cracking test (in days)
specimen age at the beginning of creep test (in days)

- Pre-cracking phase data:

pre-cracking test load configuration: 3PBT or 4PBT

dimensions related to the load configuration (support span /, [, and /)
residual flexural tensile strength at LOP (1)

load at LOP (Fv)

residual flexural tensile strength at CMOD,, (frp)

load at CMOD,, (Frp)

reference displacement registered during the test: CMOD or deflection (5)
target nominal CMOD in the pre-cracking stage (CMODyy,)

maximum CMOD reached in the pre-cracking stage (CMOD,,)
instantaneous CMOD recovery after unloading in the pre-cracking stage
(CMODyyi)

residual CMOD 10 minutes after the pre-cracking test unloading (CMOD)yq)

number of cracks that starts from the tip of the notch

- Creep phase data and parameters:
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creep test load configuration: 3PBT or 4PBT

dimensions related to the load configuration (support span /, [, and /)

number of specimens per creep frame

relative position of the specimen in the creep frame

duration of creep tests (in days)

nominal creep index (In)

stress applied during the creep stage (fr.c)

load applied during the creep stage (Frc)

real creep index applied (I¢)

creep test loading process duration (z.)

instantaneous CMOD immediately after reaching the reference load (CMOD.;)
short-term CMOD deformation at 15 minutes from the beginning of the loading
process (CMOD;'*)
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total CMODys! in pm at the previously defined reporting ages j compensated by
shrinkage

time duration of creep test unloading process (Zcri)

instantaneous CMOD recovery after unloading the creep test (CMOD.yis)
residual CMODys recovery after unloading the creep test at the previously
defined reporting ages j

time duration of delayed recovery assessment after the creep test unloading
process (Zerd)

CMOD-Time plot during the creep stage.

- Post-creep phase data:

post-creep residual flexural tensile strength (fpostcreep,r,2) at CMOD>

post-creep residual flexural tensile strength (fpostcreep,r,3) at CMOD3

post-creep residual flexural tensile strength (fpostcreep,r.4) at CMOD4
Stress-CMOD figure whith residual performance during the three stages of the
creep test procedure.

- Creep coefficients at proposed reporting ages.

- Additional information: all incidents or unexpected events that occurred during the
test duration shall be included in this section to provide valuable information about
the long-term test procedure.

All information given in the creep test report can also be spread through the scientific
community through the Creep Test Database proposed in Section 5.4.3. Thus, a global
comparison among FRC series could be done.
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Chapter 7.
Conclusions and Future Research

7.1. Conclusions

According to the flexure creep test methodology in the cracked state proposed in Chapter
6, it can be stated that the main objective of this PhD thesis, which was to develop
improvement towards a new creep experimental proposal susceptible to become an
international standard that enables the characterisation of long-term behaviour in the
cracked state required for FRC classification and the design of FRC structures, has been
successfully fulfilled. In addition, it was intended to consider for this methodology and
parameters proposal the available methodologies in the state-of-the-art also fulfilled by
a deep analysis of variations and influence of existent procedures.

Although many conclusions were drawn throughout the document, this chapter
summarises the most significant findings to facilitate the reader to get an overall view of
this PhD document. Hence, conclusions have been arranged into four sections: the large
number of available FRC creep methodologies, significant improvements in flexure
creep test procedure, contributions to flexure long-term behaviour assessment and
proposed flexure methodology. While the first section describes the main conclusions
reached from the deep analysis of the current state-of-the-art of creep in the cracked state,
the rest of the sections show the most relevant findings of the conducted experimental
work.

7.1.1. The large number of available FRC creep methodologies

Significant effort was made during the PhD duration to search and collect all available
publications related to FRC creep in the cracked state. Consequently, the following
conclusions can be noted from the state-of-the-art analysis:

e From the bibliometric study of creep in cracked state publications, it was
concluded that the flexure creep test procedure in prismatic specimens is, so far,
the most extended procedure to characterise the long-term behaviour of FRC
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material: 58% of specimens were tested in flexure. Tensile and round panel
creep tests are the second and third methodologies, with 13 and 12%,
respectively. Creep tests on structural elements made with FRC represent 10%
of the specimens tested in creep, whereas square panels only represent 6% of
the specimens.

It was confirmed that many variables such as FRC matrix composition, casting
procedure, the shape of specimens, fibre materials, test setup and methodology
were detected among publications on creep in the cracked state.

Unfortunately, overall conclusions about FRC long-term behaviour cannot be
obtained due to such procedure and conditions variations. It is then concluded
that it is urgently required to develop an agreed procedure that could provide
comparable results towards a knowledge enough that could allow the inclusion
of creep of FRC in the design standards.

7.1.2. Significant improvements in flexure creep test procedure

Considering the variability in terms of glossary found among the available
methodologies and publications, a new glossary classification has been proposed to
facilitate experimental results comparison and data exchange among laboratories. These
conclusions arise from the glossary assessment and corresponding proposal:

Most of the flexure creep tests are based on EN 14651 standard; therefore, it is
proposed the use of CMOD instead of w to refer to crack opening deformations.

A classification of subscripts and superscripts is proposed to identify the phase
of the creep test, type measurement and the time lapse in which deformation
was registered. This glossary proposal for creep in cracked state methodologies
provides accuracy enough to identify any variable in terms of creep test stage
and type of deformation

Moreover, the proposed glossary can be adapted from flexure creep tests,
usually referred to CMOD, to both tensile and panel creep tests, referred to COD
and 9§, respectively. In addition, a glossary for compressive strains is also
proposed if compressive strain assessment is later included in the standardised
procedure.

Considering the variation in pre-cracking level (CMOD;) observed in the literature,
defining a reference value for flexure creep methodology was required to obtain
comparable results between laboratories. From the experimental work carried out, the
following statements were concluded:
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It was concluded that pre-cracking level CMOD, has a low influence on both
delayed deformations and creep coefficient obtained in the creep test

In the flexure tests conducted in prismatic specimens, a CMOD of 0.5 mm,
considering a variable crack opening along the cross-section height, is
equivalent to 0.2 mm average crack width accepted in most structural codes.
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Moreover, the proposed 0.5 mm for CMOD,, corresponds to CMOD;, which is
the reference crack opening for the residual stress fr; and allows assessment of
the long-term behaviour based on the basic residual strength referred to SLS in
the Model Code 2010 [19].

The proposed reference nominal pre-cracking value CMOD,, is 0.5 mm,
corresponding to fr 1 residual stress. To ensure proper pre-cracking conditions,
the pre-cracking deformation before unloading (CMOD),) shall reach CMODyg,
and should not exceed CMODy, + 0.02 mm.

From the experimental programme carried out to assess the creep index (I¢)
parameter influence on the long-term behaviour of FRC, it was concluded that:

creep index significantly influences the CMOD long-term behaviour from 0.2
mm pre-cacking level CMOD, in advance. Moreover, the creep index
significance increases with the pre-cracking level.

low creep index values (< 25%) do not influence the delayed deformation
enough to provide comparable results blurring any long-term assessment.

it is proposed to use 50% of the stress frp individually obtained by each
specimen at CMOD, as creep index (Ic) nominal reference value for
characterisation purposes. Due to the creep index significance on the
experimental result, the creep index shall not exceed the + 5% acceptance range.
Otherwise, specimens shall be reported as out-of-range. All specimens tested
out of the creep index accepted range shall be identified in the test report as
tested out of limits

the use of the individual stress fr, of each specimen at CMOD,, instead of the
average stress of the batch as the reference stress value to apply the creep index
parameter was proposed to reduce creep index scatter and homogenise testing
conditions.

To date, the recovery capacity of cracked FRC specimens registered on creep
procedures was limited to instantaneous recovery. However, an experimental program
to assess delayed recovery capacity during the multi-phase creep test was carried out,
and the following conclusions were obtained:

Delayed recovery capacity 10 minutes after the pre-cracking test unloading
process represents 12-22% of the instantaneous recovery when the specimen is
unloaded. Considering the creep phase, a delayed to instantaneous recovery
capacity ratio of 16.4, 42.5 and 113% was obtained 30 days after the creep test
unloading process for SFRC, GFRC and SyFRC, respectively.

It was observed that the studied FRC mixes behave similarly in loading and
unloading elastic deformations regardless of the fibre material. However, fibre
material leads the FRC behaviour in plastic deformations providing different
responses. Although in terms of mechanical performance, the residual strength
increased more than 2.5 times when glass fibre dosage was doubled, in terms of
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deformation, any delayed CMOD reduction was observed when fibre dosage
increased.

A new unloading procedure was proposed for both pre-cracking and creep tests.
Delayed recovery deformations shall be registered for at least 10 minutes after
the pre-cracking unloading process. In contrast, delayed recovery deformations
shall be recorded for at least 30 days for the creep phase. When the long-term
sustained load is applied, delayed CMOD recovery capacity shall be registered
for longer.

As it is well known, support boundary conditions are highly correlated to residual
performance on flexure tests, which may influence the long-term performance of FRC
specimens. Therefore, deep research and assessment of boundary conditions reported in
the scientific literature were carried out, providing the following conclusions:

A classification of supporting rollers is proposed in terms of degrees of freedom
of rotation of both longitudinal and transversal roller axis and transversal axis
translation. Existent boundary conditions reported in publications were
classified and analysed. Five boundary conditions were identified: XXX, XOX,
0XX, O0X and OXO. It was noticed that most authors did not give relevance
enough to boundary conditions and used simple steel rollers between stacked
specimens.

It was concluded that using steel transfer plates with well-constructed supports
between specimens in multi-specimen creep setup is mandatory to ensure proper
boundary conditions. In addition, transfer plates shall include emergency brakes
device such as steel blocks to stop any broken specimen before the collapse.

Specific boundary conditions were proposed for both 3PBT and 4PBT flexure
creep setups combining supports classified OOX and XOX.

Since both 3PBT and 4PBT can be used in either pre-cracking or creep phases,
it was proposed the use of creep index (Ic) term defined as the sustained stress
ratio to the residual stress frp at CMOD, instead of load level to avoid any
misunderstanding between residual load obtained load in pre-racking test
(3PBT) and the sustained load in creep phase (4PBT).

The loading procedure of existing methodologies was analysed, and a wide scatter
was observed in terms of loading process duration ranging from 2 seconds to 75 minutes.
Hence, an experimental programme was defined to assess the influence of loading
process duration on the instantaneous deformation concluding that:

Instantaneous deformation of SyFRC specimens increased with loading process
duration up to 35% when the loading process lasted 60 minutes, whereas, for
SFRC specimens, the instantaneous deformation increased by 8%. This fact
reveals that the loading process duration has a relevant influence on the
instantaneous deformation of SyFRC mixes and a minor effect in the case of
SFRC mixes.
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A new t.; parameter was proposed to reduce scatter in terms of loading process
duration among laboratories. By defining this parameter, it is expected to reduce
scatter in terms of instantaneous deformations, which do not have a despicable
impact on creep coefficients.

It is proposed that the loading process shall not exceed 5 minutes to keep the
CMOD increase caused by the f; below 15%. Moreover, it is recommended that
the load shall not be suddenly applied to avoid a hit or impact effect of the load.

Therefore, it was proposed that sustained load shall be gradually applied in the
creep frame where the loading process duration shall be at least 30 seconds but
no more than 5 minutes (30 s < #;; <5 min).

Considering that most relevant deformation occurs during the early creep stage and
the impact of loading process duration on CMODy;, the influence of both short-term
deformations at the early creep stage loading process on creep coefficient was assessed,
and the following conclusions were obtained:

in the case of the SyFRC mix, a creep coefficient reduction of 20 and 32%, was
observed at 10 and 30 minutes, respectively, after the loading process ended. On
the other hand, the SFRC mix was reduced by 8 and 13%, respectively. A
significant creep coefficient reduction was observed when CMOD,*"” was used.
However, the reduction observed for 10 minutes may be acceptable in favour of
the homogenisation of the results.

a new parameter named short-term deformation at 15 minutes from the
beginning of the loading process (CMOD,!*) was proposed to reduce
variability among laboratories and homogenise creep coefficients. This
parameter includes the loading process duration #; (5 min) plus 10 additional
minutes.

The use of a multi-specimen setup is widely extended to increase the number of
specimens tested in creep simultaneously. However, the multi-specimen creep setup
implies some relevant matters to consider for the success of the creep test. The following
conclusions were obtained from the multi-specimen creep setup assessment:

Considering the typical scattered residual performance of FRC, in the case of
two or three multi-specimen setups, it is proposed to cast and pre-crack more
specimens than strictly required for the long-term tests to ensure residual
performance variety enough for a proper specimen selection.

The specimen selection procedure significantly impacts creep index accuracy
when a multi-specimen setup is adopted. Therefore, a multi-specimen procedure
flowchart is proposed to accomplish the proposed creep index acceptance
threshold. The relative position (top, middle or bottom) of each specimen in the
column shall be decided according to their mechanical performance.

Procedures for loading and unloading stacked specimens were defined. The
stacking of the specimens shall be done in a step-by-step procedure and shall
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not last more than 30 minutes. The specimen stacking process duration shall not
be considered for the #; parameter calculation.

e During both the stacking procedure and the later unloading recovery process,
the stress induced by the residual dead load of upper specimens onto the bottom
specimen shall never exceed 15% of the target fr . sustained stress during the
creep test. Otherwise, only a multi-specimen setup with two specimens is
recommended

e It was concluded that the proposed procedure guidelines and flowchart make it
possible to achieve great accuracy in terms of creep index when a multi-
specimen setup is adopted.

7.1.3. Contributions to flexure long-term behaviour assessment

Although the use of unloaded specimens to assess shrinkage deformation in time is
extended in creep in compression standards, the effect of shrinkage on flexure creep in
cracked state tests has been neglected to date. However, a flexure creep experimental
programme was defined to assess the shrinkage effect on experimental results, and the
following conclusions were obtained:

e It has been confirmed that during the creep test, the crack closes due to the
drying shrinkage effect. It is then concluded that this effect was, to date,
hindered by delayed CMOD and neglected in the creep test results since no
shrinkage assessment was previously reported.

e Formulation to consider shrinkage effect on creep test experimental results were
given. The creep test results shall include delayed CMOD deformations due to
sustained load plus the CMOD reduction due to the shrinkage effect.

e For the first time, the shrinkage flexure specimen of each series is proposed to
be a part of the creep methodology to assess the influence of shrinkage on the
delayed CMOD deformations. The shrinkage flexure specimen shall be tested
in the same bending setup, pre-crack level and boundary conditions.

Although the flexure test results from a combination of both tensile and compressive
forces, only tensile behaviour is usually assessed in terms of delayed crack opening. This
fact may lead to neglecting the influence of compressive forces behaviour on the flexure
creep experimental results. The significance of compressive creep in the creep test was
then assessed, and the following conclusions arose:

e It was concluded that pre-crack level CMOD, had a negligible impact on
delayed compressive strain deformations compared to CMOD. However, creep
index impact was confirmed for both CMOD and compressive strains delayed
deformations.

e Compressive strain creep provided different significance on crack opening
deformations depending on the fibre material. Whereas for SyFRC mixes,
compressive strain creep coefficients are comparable to those obtained by crack
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opening deformations, in the case of SFRC mixes, compressive creep
coefficients are around four times larger than crack opening ones.

it was concluded that a stress redistribution occurs during the creep test since
stabilisation was not observed by delayed compressive strains as occurs with
crack opening deformations.

Therefore, a new experimental programme was designed to assess the neutral axis
(NA) location during the creep tests and confirm the stress redistribution previously
observed, and the following findings were obtained:

Two NA approach models based on crack opening and compressive strain
deformation were defined to assess the NA position in monotonic and long-term
flexure tests. The goodness of both models was compared to validate their
accuracy on NA position obtention.

NAE models were firstly assessed in monotonic flexure tests, where it was
concluded that NA reaches 135 and 132 mm at 0.5 mm CMOD for the SyFRC
and SFRC studied mixes, respectively.

After the model validation in monotonic tests, both models were applied to
flexure creep experimental results, and it was confirmed that NA kept not
constant but decreased over time. It was then concluded that stress redistribution
occurs in the cross-section despite the constant bending moment applied during
the creep test.

Although the NA decrease implies an increase in time of the height of the
compressive block, it was observed that compressive strains did not decrease
but continued increasing without stabilisation, contrarily to the expected
relaxation.

Due to the number of laboratories and methodologies involved in this topic, it was
required to create an agreed datasheet to share comparable data among laboratories. The
first open-access database on creep in the cracked state was created considering most of
the proposed improvements and giving the following conclusions:

Database became a useful tool to assess long-term behaviour, comparing
multiple experimental tests carried out in similar conditions.

Fully described guidelines for data arrangement, units and variable description
for the database creation are given. Although both microns (um) and mm are
usually reported in the literature, the use of pm units is proposed for CMOD
deformations since delayed deformations are generally quite small.

Most data included in the database shall also be reported in the creep test report.
Therefore, it is easy to adapt experimental data from the test report to be shared
in the database.
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7.1.4. Proposed flexure methodology

As a result of this PhD, an improved flexure creep test in cracked state methodology
proposal was defined. As a summary of the proposed methodology, the following
improvements to previous methodologies and new recommendations can be highlighted:
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Creep glossary was unified, extended and improved towards better data
exchange and avoid misunderstandings among laboratories.

Boundary conditions for both supporting and loading rollers were defined for
the creep phase in either 3PBT or 4PBT flexure setups.

Guidelines and restrictions for transducer mounting were given. Aspects such
as distance between measuring points or maximum separation between
specimen and line of measurements were defined.

It was defined as a flexure creep methodology requirement that environmental
conditions were controlled during the creep test duration. Temperature and
relative humidity acceptance range were determined.

The acclimatisation time for pre-cracked specimens was increased to 7 days
before creep testing.

Reference values for pre-cracking level (CMOD,) and creep index ([.)
parameters were defined in the proposed flexure creep test methodology for
characterisation purposes in SLS.

Both loading and unloading procedures were defined and restricted with the
loading process duration (%) parameter

Guidelines and recommendations for the creep frame construction were given.
The use of creep frames based on either top or bottom second-degree lever arm
was recommended

Recommended creep setups and accepted variations were provided for single-
and multi-specimen configurations. Furthermore, not recommended creep
setups (i.e. inverted specimens) were also justified.

Stacking procedure and dead load restrictions for multi-specimen setup were
defined to ensure that the creep index is not exceeded.

The new parameter short-term deformation (CMOD,;'®) was defined 15
minutes after the loading process started.

Delayed recovery deformations have been included in the pre-cracking and
creep phases procedure after the unloading process.

Guidelines related to creep test duration (360 days) and recommended reporting
ages and recording rates were given.

The shrinkage assessment has been stated as a creep methodology requirement
for each FRC mix. Formulation and guidelines to consider flexure shrinkage
deformation in experimental creep test results are given
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e The creep test report was improved and updated to new parameters and creep
methodology requirements.

This methodology was defined for characterisation purposes in the service limit state
(SLS) of the long-term behaviour of FRC prismatic specimens. If any specimen exceeds
the specified ranges, it shall be considered as tested out-of-range and not considered for
the mix characterisation. However, the proposed parameter ranges can be exceeded for
research purposes.

This procedure applies to standard FRC specimens that reveal a single crack when
tested in flexure. However, if a single crack occurs out of the tip of the notch or out of
the measuring range, the specimens shall be considered out of the procedure scope.
Multiple cracking concrete matrices (i.e., ECC, UHPFRC...) are also considered if all
cracks start from the tip of the notch.

7.2. Future research

The proposed flexure creep methodology provides an improved experimental framework
for the long-term behaviour characterisation of cracked FRC. However, some aspects
are still uncertain, and further investigation is required in the near future. Therefore,
some future works are proposed and described below:

e Since most of the creep tests reported in literature last between 90 to 270 days,
a minimum creep test duration of one year (360 days) is proposed to cover the
four seasons’ complete range. However, creep tests with longer-term (>5 years)
are required to assess that results obtained in one-year creep tests can accurately
predict long-term behaviour.

e Due to the long-time consumption of the flexure creep methodology, most of
the presented improvements and findings could only be assessed in SyFRC and
SFRC mixes. Unfortunately, other fibre-reinforced mixes, such as GFRC, could
not be considered, and studies of both compressive creep and neutral axis
assessment on GFRC mixes are required.

e Regarding the shrinkage assessment in flexure, only experimental tests on
specimens with a linear transducer mounted at the bottom face of the specimen
were carried out. LVDTSs require a larger distance between measuring points
(50-100mm) than COD clip transducers (3-5 mm), and most of the measuring
range is the uncracked concrete section where drying shrinkage undergoes.
Therefore, studies on flexure shrinkage tests with clip transducers are required
to assess if reducing the distance between measuring points to notch width
reduces the shrinkage effect on delayed CMOD deformations.

e Although a stress redistribution in the cross-section during creep tests was
confirmed, there is still some uncertainty about compressive creep in flexure
tests. Although the height of the compression block increased in time due to the
NA decrease, any relaxation on the compressive strain creep was observed.
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Therefore, further sectional analysis on the cross-section during the creep test is
required to sort and quantify separately both compressive and tensile creep
simultaneously combined in flexure.

The presented experimental programme considered the NA position assessment
in FRC matrices with similar residual performance. However, the NA position
shall be assessed for FRC matrices with strain-hardening and -softening
behaviour to confirm if NA long-term variation depends on the residual
performance more for softening than hardening FRCs. In addition, the NA
model shall be applied in further specimens tested in flexure creep to assess the
impact of parameters such as creep index and pre-cracking level on the NA
delayed behaviour.

Although the first open-access international creep in cracked state database was
created, additional effort is required to coordinate and manage the future success
of the database. Moreover, the support and help of the scientific researchers
interested in this topic are needed to share their experimental results and enlarge
the database as much as possible to make it useful to obtain overall conclusions
of the long-term behaviour of FRC material.
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Appendix A:
Creep experimental programmes

Many experimental flexure creep test programmes on fibre-reinforced concrete (FRC)
in the cracked state were carried out during the PhD duration. This Appendix summarises
the experimental programmes to support the reader in following the evolution of the
flexure methodology improvements presented in this document. Relevant information
about the creep test duration, the studied FRC matrix, and the number of specimens
tested are collected in Table A.1.

Table A.1. Flexure creep experimental programmes developed during the PhD.

Year Reference Duration Mix N° Frames N° Specimens
(days) creep Shrinkage
2015 WPI1 180 SyFRC 2 6 -
SFRC 2 6 -
2015 NAE-1 180 SFRC 1 1 -
2016 RRT 360 SyFRC 2 6 -
SFRC 2 6 -
2017 WP2 180 SFRC 6 16 2
2017 OC2 390 GFRC 2 6 2
2019 FN2 540 SyFRC 2 2 1
SFRC 2 2 1
2021 FN3 270 SyFRC 2 2 1
SFRC 2 2 1

Table A.2 summarises the creep programmes which results were used to assess and
determine the different parameters and improvements along the PhD.
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Appendix A: Creep experimental programmes

Table A.2. Goals and new parameters assessment on the PhD experimental

programmes.
Objectives Experimental programmes

WP1 NAEl RRT WP2 OC2 NAE2 NAE3
Pre-crack level X X
Creep index I, X
Delayed recovery X X X
Improved boundary conditions X X X X
Loading process duration #; X
Short-term deformation X
Shrinkage X X X X
Compressive strains X X X
Neutral axis X X X

" Delayed recovery was only assessed in the creep stage.

A full description of each experimental creep programme is provided in the
following Appendices.
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Appendix B:
WP1 creep experimental programme and results

The WP1 experimental programme aimed to assess the influence of the pre-cracking
level CMOD,, (named w; in the starting methodology presented in Chapter 3) on the
long-term response of FRC specimens. To this purpose, two FRC series were cast with
the same concrete matrix shown in Table B.1. Series A consists of synthetic fibre-
reinforced concrete (SyFRC) with 9 kg/m?3. Series B consists of steel fibre-reinforced
concrete (SFRC) with 40 kg/m?3. The properties of fibres are described in Table B.2

Table B.1. WP1 concrete matrix composition in kg/m?.

Component SyFRC SFRC
Series A Series B
Cement CEM 1 52.5R 350 350
Water, w/c = 0.50 175 175
Aggregate 1 (6/10) 450 450
Aggregate 2 (4/6) 350 350
Crushed sand 900 900
filler 50 50
Superplasticizer 3.75
Fibres 9 40

Table B.2. Fibre properties and dosage of WP1 experimental programme.

Series Mix Fibre Dosage
Brand Length  (kg/m?)

Series A SyFRC Sikafiber M-48 48 9

Series B SFRC Dramix 3D 65/35 BG 35 40
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Appendix B: WPI creep experimental programme and results

Appendix B presents the main experimental results obtained on each creep test phase
(characterisation, pre-crack, creep and post-creep) of the WP1 experimental programme.

B.1. FRC matrix characterisation tests results

Three specimens per series were tested in flexure for characterisation purposes following
the EN 14651 standard in the 3-point bending test (3PBT) setup. The residual
performance obtained in characterisation tests is presented in Figure B.1, and the
experimental results are collected in Table B.3.
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Figure B.1. Stress-CMOD curves from WP1 characterisation tests.

Table B.3. Flexure characterisation tests.

Series  Specimen  fi, fri fr2 frs fra
(MPa) (MPa) (MPa) (MPa) (MPa)

A Al 2.85 2.26 2.86 3.30 3.59
A2 2.97 1.67 2.30 2.67 2.86
A3 2.49 2.05 2.71 3.01 3.17
Average 2.77 1.99 2.62 2.99 3.21
Ccv 9.0 15.0 11.1 10.5 11.4

B B1 2.81 2.24 2.53 2.53 2.16
B2 3.21 4.36 4.99 4.98 4.04
B3 2.99 3.46 3.93 3.87 3.59
Average 3.00 3.35 3.82 3.79 3.26
Ccv 6.7 31.7 323 323 30.1

200



Improvements in test methodology and characterisation of flexure long-term behaviour of FRC

B.2. Pre-cracking stage

Specimens were pre-cracked in a 4-point bending test (4PBT) setup with 450 mm support
span until 0.2, 0.5, 0.8, 1.2, 1.5 and 2.0 mm CTOD,. and then unloaded. Crack mouth
opening deformations (CMOD) were monitored with an LVDT placed in the bottom
face, whereas the compressive strains were registered using a 50 mm in length strain
gauge in the top face of the specimen. Delayed recovery deformations after the unloading
process were not registered since this procedure was later established.Figure B.2 presents
the pre-cracking test Stress-CTOD curves for each specimen. Table B.4 collects the
residual strength experimentally obtained and the average values for each mix.
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Figure B.2. Stress-CTOD curves from WP1 pre-cracking tests.

Table B.4. WP1 pre-cracking tests experimental results.

Series Specimen  fi fra fr2  fra CTOD, CMOD, CMOD,;"
(MPa) (MPa) (MPa) (MPa) (mm) (mm) (mm)

A Aga 2.94 209 255 115
Aos 3.01 243 513 627 294
Aos 298 219 812 984 496
A 291 2.08 1,231 1,483 797
Ais 3.14 206 294 1,552 1,856 1,076
As g 2.84 199 281 347 2117 2,490 1,589

B Boa 3.31 202 263 126
Bos 336  6.56 502 637 343
Bos 344 476 806 964 589
Bia 3.03 488 6.02 1,328 1,661 1,184
Bis 286 297 3.10 1,500 1,808 1,352
By 337 3.67 466 361 2,034 2,497 2,014

" Delayed recovery assessment was not realised in this experimental programme
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B.3. Creep stage

Creep tests were carried out in a multi-specimen setup with three specimens per frame.
The 4PBT setup with a 450 mm support span was used to improve the stability of the
stacked specimens. Note that, in this WP1 experimental programme, the creep index was
defined as 45% of the average fr,1 obtained by each mix instead of the individual fr
since not all the specimens reached 0.5 mm CMOD at pre-cracking tests. This fact
implied a wider variation of the creep index. Delayed CMOD and compressive strains
were recorded for 180 days. Specimens were unloaded and delayed recovery
deformations were recorded for 30 days. Since the shrinkage assessment was established
later, shrinkage flexure specimens were not used in the WP1 experimental programme.
Table B.5 provides the relative position of each specimen in the creep frame and the

applied load.

Table B.5. WP1 relative position of specimens on the creep frames.

Position Frame

F2 F3 F4 F5
Top Ay Az Bis Bao
Middle Ap> Aos Bo: Bos
Bottom Aos Al Bos Bio
L (%offay) 45 45 45 45
Fre(4PBT)  5.18 5.18 1007 10.07

Delayed CMOD deformation curves for SyFRC and SFRC mixes are depicted in
Figure B.3. The long-term experimental results for SyFRC and SFRC mixes are collected

in Table B.6.
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Figure B.3. WP1 programme CMOD delayed deformations in creep tests.
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Table B.6. Delayed CMOD (in pm) in WP1 experimental programme.

Parameter ! SyFRC SFRC
Aoz Aos Aos Az Ais Ao Boz Bos Bos Biz Bis Bao
1 (%) - 45.1 55.0 57.8 48.0 49.7 -- 30.7 445 43.50 64.2 52.0

CMOD.; 58 141 225 341 245 251 &9 116 194 178 380 317
CMOD."* 147 444 792 1294 751 871 128 148 264 236 775 418
CMOD.*® 166 485 891 1457 808 953 135 156 276 246 878 444

CMOD* 196 542 1000 1655 903 1063 138 165 290 260 -- 472
CMOD.* 211 577 1068 1792 960 1134 138 169 298 269 -- 493
CMOD'?® 230 618 1136 1940 1025 1207 148 179 309 283 -- 519
CMOD™® 248 648 1200 2039 1077 1255 157 188 322 298 -- 541
CMOD'% 258 688 1231 2140 1113 1320 167 199 343 309 -- 557

' CMOD. deformations are not compensated with shrinkage in this experimental programme since the
use of shrinkage flexure specimens was later established.

Delayed compressive strain deformation curves for SyFRC and SFRC mixes are
depicted in Figure B.4. The long-term experimental results for SyFRC and SFRC mixes
are collected in Table B.7.
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Figure B.4. WP1 compressive strains delayed deformations in creep tests.
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Table B.7. Delayed compressive strains (in %o) in WP1 experimental programme.

Parameter ! SyFRC SFRC
Aoz Aos Aos Az Ais Ao Boz Bos Bos Biz Bis Bao
CS.i 0.16 021 028 036 026 0.25 0.21 0.22 032 030 042 0.39

CScd" 0.51 0.65 0.89 1.12 0.74 0.71 047 046 0.62 0.62 097 0.74
CSed™® 0.64 0.77 1.03 128 0.84 082 0.60 0.58 0.74 0.74 1.16 0.87
CScd® 0.79 089 1.17 147 097 094 0.72 0.70 0.86 0.87 1.36 1.00
CScd” 088 096 126 1.60 1.05 1.02 0.80 0.79 094 095 1.52 1.08
CSey' 096 1.04 135 1.72 1.13 1.10 0.88 0.86 1.02 1.02 1.68 1.16
CSe' 1.03 1.10 144 1.82 121 1.16 095 092 1.09 1.09 1.78 1.24
CSca'® 1.08 1.17 150 192 126 123 1.00 097 1.15 1.14 191 129

The temperature and relative humidity in the climate room where the WP1 long-
term tests were conducted are depicted in Figure B.5.
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Figure B.5. Environmental conditions during WP1 long-term test.

B.4. Post-creep stage

Post-creep flexure tests followed the same flexure setup as pre-cracking tests. The
assembled complete creep test curves (including the pre-cracking, creep and post-creep
stages) are presented in Figure B.6. The post-creep residual strengths are collected in
Table B.8. Note that some CMOD reference values for the residual performance were
achieved during either the creep phase or the post-creep loading process. As explained
in Section 6.1.3, the residual strengths obtained in those cases (marked in Table B.8) are
not considered for the average residual stress calculation in the creep test report.
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SyFRC

Stress (MPa)
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Figure B.6. WP1 post-creep test results.

Table B.8. WP1 post-creep performance.

Mix Specimen  fi. Sfri Srost-creepR,2 fPost-creep,R,3  fPost-creep,R,4
(MPa)  (MPa) (MPa) (MPa) (MPa)

SyFRC Aoa 2.94 2.25 3.36 4.08 4.43
Aos 3.01 243 2.25% 2.98 3.32
Aos 2.98 2.19 - 2.47* 3.05
Aiz 291 2.08 - - 1.93*
Ais 3.14 2.06 - 1.93* 2.61%
Aso 2.84 1.99 - - 2.14%*
Average  2.97 2.17 3.36 3.53 3.60

SFRC Bo. 3.31 4.60 5.89 5.14 4.25
Bos 3.36 6.56 7.70 6.83 6.03
Bos 3.44 4.76 4.73* 4.66 4.00
Bia 3.03 4.88 - 5.26 4.71
Bis 2.86 2.97 - - -
B2o 3.37 3.67 - - 3.01
Average 323 4.57 4.57 6.80 5.47

" Residual strength values achieved during the post-creep loading process.
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Appendix C:
NAEI1 creep experimental programme and results

The first experimental programme focused on assessing the neutral axis evolution (NAE)
used on specimen SFRC of the WP1 programme. Then, the concrete matrix of the tested
specimens is the same as that presented in Table B.1. To assess the NAE during both
monotonic and long-term tests, five LVDTs were mounted as defined in Figure 113.

Appendix C presents the main experimental results obtained on each creep test phase
(characterisation, pre-crack, creep and post-creep) of the NAEI experimental
programme.

C.1. FRC matrix characterisation tests results

The characterisation results of the SFRC mix correspond to the previously presented in
Figure B.1 (right) and Table B.3.

C.2. Pre-cracking stage

The specimen was pre-cracked in a 4-point bending test (4PBT) setup with a 450 mm
support span until 0.5 mm CTOD, and then unloaded. Crack mouth opening
deformations (CMOD) were monitored with an LVDT placed in the bottom face,
whereas the compressive strains with a 50 mm in length strain gauge in the top face of
the specimen. Four additional LVDTs were side mounted in the specimen to record crack
opening deformations at CTOD and 25 mm from the top face. Delayed recovery
deformations after the unloading process were not registered since this procedure was
later established.

Figure C.1 presents the pre-cracking test Stress-CTOD curves for the specimen.
Table C.1 collects the experimental residual strength obtained.
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Figure C.1. Stress-CTOD and Stress-Strains curves of NAE1 pre-cracking test.

Table C.1. NAE-1 pre-cracking tests experimental results.

Specimen  fi Sr CTOD, CMOD, CMOD,; CMODyy
(MPa) (MPa) (um) (um) (nm) (m)

NAE1-B2.2 325 331 504.1 612.5 366.9 -
" Delayed recovery assessment was not realised in this experimental programme

C.3. Creep stage
Single-specimen creep test was carried out in a 4PBT setup with a 450 mm support span
due to the presence of the strain gauge. The applied stress (frc) represented a creep index
of 50% of the residual strength at pre-cracking tests (frp). The specimen was unloaded
after 180 days, and delayed recovery deformations were recorded for 30 days. No
shrinkage specimen was used for this experimental programme. The evolution of
CMOD,; and compressive strains during the long-term test is presented in Figure C.2.
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Figure C.2. NAE1 delayed CMOD and compressive strain in creep tests.
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Table C.2 provides relevant data on the instantaneous deformation (CMODy;), total
deformations (CMODy/) at different j days and unloading process recovery (CMODi
and CMODyq/). Compressive strain deformations are also provided at the same steps
and time lapses.

Table C.2. NAE1 delayed deformations in creep tests of SYFRC specimens.

Parameter Frame 1 Parameter Frame 1
NAE1-B2.2 NAE1-B2.2
CMODq; 4223 CS.i 0.435
CMOD,!" 4243 CSa'” 0.436
CMOD*”  425.1 CS™” 0.437
CMOD,,' 380.8 CSe! 0.480
CMOD, 389.2 CSef 0.515
CMOD,¢ 3934 CSe? 0.538
CMOD,# 395.9 CSef 0.571
CMOD, 399.1 CSe’ 0.604
CMOD!* 408.9 CSe™ 0.703
CMOD,* 418.8 CSe? 0.826
CMOD,*® 433.8 CSe® 0.957
CMOD,,* 446.2 CSe? 1.041
CMOD'®  474.9 CSu'?° 1.115
CMOD!**  503.9 CSe!? 1.186
CMOD!% 5225 CS'%0 1.243
CMODyi 366.8 CSii 1.000
CMOD,4! 352.0 CSerd! 0.974
CMOD,.s* 347.9 CSerd? 0.970
CMOD,* 3452 CSeurd® 0.967
CMODq’ 341.0 CSed’ 0.965
CMOD,’ 340.1 CSerd’ 0.966
CMOD.¢'* 3523 CSerd® 0.960
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Appendix D:
RRT creep experimental programme and results

The RILEM Technical Committee organised an international Round-Robin Test on
creep. The RRT creep experimental programme is the contribution of my PhD to the
RRT. The goal of the RRT was to determine the variability of creep results obtained by
different procedures developed by international laboratories. The concrete matrix
composition is defined in Table D.1. Fibre properties are described in Table D.2.

Table D.1. RRT concrete matrix composition in kg/m?.

Component SyFRC SFRC
Cement CEM 142.5 R 350 350
Water, w/c = 0.50 175 175
Aggregate 1 (12/20) 118 118
Aggregate 2 (6/12) 591 591
Sand 1 482 482
Sand 2 482 482
Sand 3 168 168
Superplasticizer 3.75 2.50
Fibres 10 30

Table D.2. Fibre properties and dosage of RRT experimental programme.

Mix Series  Fibre Dosage
Brand Length  (kg/m?)
SyFRC  M-BI Unknown 40 10
M-B2
SFRC S-B1 50% 3D 65/60BG /50 % HE 90-60 60 30
S-B2
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D.1. FRC matrix characterisation tests results

RRT characterisation tests followed the EN 14651 standard in a 3-point bending test
(3PBT) with a 500 mm span. Although characterisation tests were performed for the
RRT programme at different ages, this appendix only presents results at 28 days. The
characterisation tests Stress-CMOD curves are shown in Figure D.1 and the residual
stress values are collected in Table D.3.
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Figure D.1. Stress-CMOD chart form characterisation test of RRT programme.

Table D.3. RRT flexure characterisation tests results.

Batch Specimen f Jfri fra2 frs fra
(MPa) (MPa) (MPa) (MPa) (MPa)

M-B1 M-B1-048 -- -- -- -- --
M-B1-049 3.58 245 3.35 3.72 3.82
M-B1-098 3.72 2.30 3.08 3.42 3.50
Average 3.65 2.37 3.21 3.57 3.66
M-B2 M-B2-156 3.32 2.22 3.26 3.75 3.88
M-B2-157 3.52 1.93 2.61 2.87 2.94
M-B2-203 3.52 1.83 2.34 2.63 2.72
Average 3.45 1.99 2.74 3.08 3.18
S-B1 S-B1-270 3.55 2.74 2.93 2.99 3.02
S-B1-271 3.32 2.37 2.35 2.40 2.37
S-B1-318 3.44 3.28 3.59 3.60 3.45
Average 3.44 2.80 2.96 3.00 2.94
S-B2 S-B2-361 3.94 3.64 4.13 4.29 4.11
S-B2-362 4.06 3.46 3.90 3.72 3.58
S-B2-385 3.71 2.74 3.04 3.06 291
Average 3.90 3.28 3.69 3.69 3.53
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D.2. Pre-cracking stage

Specimens were pre-cracked in the 3PBT setup with a 500 mm support span until 0.5
mm CMOD,. and then unloaded, and delayed recovery deformations were registered for
10 minutes after the unloading process. Crack mouth opening deformations (CMOD)
were monitored with an LVDT placed in the bottom face of the specimen.

Figure D.2 presents the pre-cracking test Stress-CTOD curves for each specimen.
Table D.4 collects the residual strength experimentally obtained and the average values

for each mix.
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Figure D.2. Pre-cracking test Stress-CMOD chart of RRT experimental
programme.
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Table D.4. RRT pre-cracking tests experimental results.

Mix Batch Specimen f. fri CMOD, CMOD,; CMODyu
(MPa) (MPa) (um)  (um)  (um)
SyFRC M-B1- 050 4.19 2.36 514.4 276.4 221.6
051 3.98 2.51 511.4 287.1 242.0
052 3.75 2.19 523.1 3377 282.6
053 3.98 2.40 515.2 293.9 2494
054 4.13 2.39 509.8 292.3 248.7
Average 4.01 2.37 514.8 297.5 248.9
M-B2- 158 4.09 1.75 515.7 306.9 254.6
159 4.07 2.21 511.8 277.0 2334
160 4.25 1.77 509.9 311.8 261.1
161 4.09 2.13 511.1 2914 253.6
162 4.05 2.04 516.5 307.6 254.9
Average 4.11 1.98 513.0 298.9 251.5
SFRC  S-Bl- 272 3.94 2.39 516.5 357.1 340.1
273 4.26 1.96 511.2 375.2 365.9
274 4.04 2.24 5113 3452 3237
275 4.20 3.02 509.4 3383 324.8
276 4.04 3.50 514.4 326.8 307.1
Average 4.09 2.62 512.6 348.5 3323
S-B2- 363 4.24 2.26 506.7 341.8 3133
364 4.00 2.47 518.0 3443 322.8
365 3.63 1.89 580.7 437.7 412.7
366 423 2.23 512.2 344.6 3222
367 4.11 3.04 514.1 373.5 349.2

Average 4.04 2.38 526.3 368.4 344.1

D.3. Creep stage

Creep tests were carried out in a multi-specimen setup with three specimens per frame.
The 4PBT setup with a 450 mm support span was used to improve the stability of the
stacked specimens. One LVDT at the bottom face of the specimen recorded delayed
CMOD deformations during the test duration. Specimens were loaded to 45% of fr.1
creep index. After 360 days of sustained load, specimens were unloaded, and recovery
capacity was recorded for 30 days. Shrinkage flexure specimens were not used in the
RRT experimental programme. Table D.5 provides the relative position of each
specimen in the creep frame, as well as the applied load.
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Table D.5. RRT relative position of specimens on the creep frames.

Position Frame

F1 F2 F3 F4
Top M-B1-052 M-B2-160 S-B1-273 S-B2-366
Middle M-B1-053 M-B2-162 S-B1-274 S-B2-363
Bottom M-B1-051 M-B2-159 S-B1-272 S-B2-364
I (% of fr1) 45 45 45 45
Fr. (4PBT) 5.68 4.72 5.25 5.50

Delayed CMOD deformation curves for SyFRC and SFRC mixes are depicted in
Figure D.3. The long-term experimental results for SyFRC and SFRC mixes are
collected in Table D.6 and Table D.7, respectively.
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Figure D.3. RRT delayed deformations in creep tests of SyFRC specimens.
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Table D.6. RRT delayed experimental results of SyFRC specimens.

Parameter Frame 1 Frame 2
M-B1-052 M-B1-053 M-B1-051 M-B2-160 M-B2-162 M-B2-159

CMOD; 126.0 146.4 139.8 141.5 138.2 137.3
CMOD'” 150.9 176.4 172.6 160.9 159.2 161.1
CMOD*” 166.1 189.0 192.1 180.6 176.3 183.3
CMOD,! 200.3 221.6 225.5 2373 242.5 252.0
CMOD.¢ 270.2 292.3 311.0 285.1 288.7 301.1
CMOD.{ 283.0 307.7 327.3 299.7 300.7 315.7
CMOD.? 303.6 330.0 352.1 322.0 320.4 332.8
CMOD./ 320.1 349.9 368.5 337.6 333.5 347.5
CMOD!* 348.3 377.3 401.1 359.8 357.5 379.2
CMOD** 375.8 398.0 427.8 388.5 3743 405.6
CMOD* 415.6 437.0 463.2 4352 403.8 446.2
CMOD” 436.6 454.5 490.1 456.1 413.6 467.8
CMOD.'?  456.1 471.5 508.8 482.5 430.6 490.0
CMOD."®  479.0 485.8 530.3 508.2 446.8 512.5
CMOD.'%  494.6 497.9 545.7 520.7 454.1 526.5
CMOD " 504.7 505.5 553.7 528.9 458.8 532.5
CMOD 5203 521.1 568.9 545.6 468.6 544.4
CMOD" 529.7 530.4 579.4 557.7 478.2 554.2
CMOD®  540.2 540.9 588.6 569.3 490.5 564.4
CMOD®  546.2 5443 593.7 573.6 493.9 568.7
CMOD 5513 549.5 598.9 579.6 498.2 574.7
CMOD,; 416.0 440.7 502.9 445.1 401.4 486.4
CMOD,¢' 307.2 357.6 4344 338.0 331.2 417.1
CMOD¢ 297.8 349.0 430.1 330.3 327.8 411.1
CMOD¢ 291.8 342.2 4258 327.7 3243 406.8
CMOD¢ 286.0 335.5 420.8 321.9 321.1 402.6
CMOD.’ 280.7 331.0 418.1 318.3 317.5 399.9
CMODy¢'*  271.0 320.5 409.4 308.7 307.9 391.2
CMOD.®  260.3 309.0 3994 295.4 298.0 382.9
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Table D.7. RRT delayed experimental results of SFRC specimens.

Parameter Frame 3 Frame 4
S-B1-273! S-B1-274 S-B1-2722% S-B2-366 S-B2-363 S-B2-364

CMODg 110.1 146.7 - 129.2 143.2 129.8
CMOD'" 1113 149.0 - 134.3 146.7 134.9
CMOD 1159 151.7 - 137.9 149.3 137.6
CMOD, 126.4 156.1 - 148.2 156.2 150.5
CMOD,2 135.5 161.5 - 159.6 164.7 163.3
CMOD? 136.4 162.3 - 159.6 164.7 164.1
CMOD.# 143.2 164.0 - 165.6 169.0 171.8
CMOD./ 152.0 166.7 - 170.8 170.8 180.6
CMOD.* 1674 175.3 - 176.8 175.1 191.7
CMOD.»*  167.0 175.0 - 174.1 174.5 192.2
CMOD.»*  177.8 180.4 - 183.8 180.7 208.9
CMOD.*  182.6 180.6 - 184.9 186.9 214.4
CMOD'?®  192.6 184.8 - 195.9 191.9 229.6
CMOD4'*  209.3 189.3 - 207.3 202.6 2493
CMOD.'%  218.6 193.2 - 210.1 204.1 255.0
CMOD 2" 220.3 194.0 - 207.6 203.9 253.7
CMOD 2 2297 197.5 - 2144 209.3 262.7
CMOD"  233.6 198.6 - 218.9 218.2 268.6
CMOD % - 200.4 - 223.3 221.9 270.9
CMOD 3 - 201.3 - 223.3 221.1 272.6
CMOD 3% - 202.0 - 223.3 221.9 272.6
CMODy; - 108.8 - 107.6 122.6 170.7
CMOD.q' - 100.2 - 974 1114 155.3
CMOD.s - 100.2 - 97.4 111.4 155.3
CMOD.s - 100.2 - 96.5 111.4 156.1
CMOD.s - 99.5 - 96.6 110.7 155.5
CMOD.d - 98.5 - 96.5 111.4 155.3
CMOD.¢" - 98.4 - 93.0 108.8 154.2
CMOD.* - 96.9 - 89.8 105.5 150.3

! Transducer failed at 270 days of test; 2 transducer corrupted

The temperature (in °C) and relative humidity (in %) recorded in the climate room
where the RRT long-term tests were conducted are depicted in Figure D.4.
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Figure D.4. Environmental conditions during RRT long-term test.

D.4. Post-creep stage

Post-creep flexure tests followed the same flexure setup as pre-cracking tests. The
assembled complete creep test curves are presented in Figure D.5. The post-creep
residual strengths are collected in Table D.8.

SyFRC

6IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIII

W
III|III

[ .
SETA // 3
I ) —0— MBI-051-BOT |4
5 Zj_'— %ﬁ% —9— MBI-052-TOP |
w2 :.} —A— MBI-053-MID |

£ o —<— MB2-159-BOT |

1{\_— 1 7 MB2-160-TOP [

: A/ MB2-162-MID |J

= ‘L:{/ﬂlllIIII|IIII|IIII|IIII|IIIIIIIII_

0 0.5 1 1.5 2 2.5 3 35 4

CMOD (mm)
SFRC

6||||||||||||||||||||||||||||||||||||_

—O— MBI-050 =

5 —0— MBI-051-BOT

—9— MBI-052-TOP (4]

=4 —b>— MB2-158 =

—<— MB2-159-BOT [

% O MB2-161 —

2 3 > —
O

e

&2 3

1 —

0 o Lo oo oo boav oo b Lo a3

0 0.5 1 1.5 2 2.5 3 3.5 4

CMOD (mm)
Figure D.5. RRT post-creep test results.
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Table D.8. RRT post-creep performance.

Mix Batch Specimen fo Sra SrostcreepR2  fPost-creepR3  fPost-creep.R 4
(MPa) (MPa) (MPa) (MPa) (MPa)
SyFRC M-Bl- 051 3.98 2.51 3.98 2.51 3.55
052 3.75 2.19 3.75 2.19 291
053 3.98 2.40 3.98 2.40 3.32
Average 3.90 2.37 3.26 3.86 3.93
M-B2- 159 4.07 2.21 3.34 4.05 4.18
160 4.25 1.77 2.44 2.83 3.02
162 4.05 2.04 3.06 3.63 3.79
Average 4.12 2.01 2.95 3.50 3.66
SFRC  S-Bl- 272 3.94 2.39 - - -
273 4.26 1.96 - - -
274 4.04 2.24 2.86 2.86 2.79
Average 4.08 2.20 2.86 2.86 2.79
S-B2- 363 4.24 2.26 3.01 3.02 2.97
364 4.00 2.47 3.31 3.42 3.09
366 4.23 223 2.60 2.38 2.34
Average 4.16 2.32 2.97 2.94 2.80
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WP2 creep experimental programme and results

The WP2 experimental programme continues the WP1 programme, where the CMOD,,
is assessed. However, this experimental programme includes the influence of the creep
index (Ic) assessment with 25, 35 and 35% applied creep index. Regarding the pre-
cracking level (CMODy), this experimental programme considers low pre-cracking
levels: 0.05, 0.1, 0.2, 0.3 and 0.5 mm. For this purpose, two batches from one SFRC
series reinforced with 50 kg/m? of steel fibres were cast with the same concrete matrix
presented in Table E.1. The fibre properties are shown in Table E.2.

Table E.1. WP2 concrete matrix composition in kg/m?.

Component Dosage
Cement CEM 142.5R 410
Water, w/c = 0.41 170
Coarse aggregate (6/12) 825
Sand 935
Superplasticizer 34
Fibres 50

Table E.2. Fibre properties of the WP2 experimental programme.

Mix Fibre Dosage
Material ~ Length Diameter (kg/m®)
SFRC Steel 50 1.0 50

This Appendix presents the main experimental results obtained on each creep test
phase (characterisation, pre-crack, creep and post-creep) of the WP2 experimental
programme.
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E.1. FRC matrix characterisation tests results

Characterisation flexure tests were conducted in a 3-point bending test (3PBT) setup
with a 500 mm support span until 3.5 mm CMOD to obtain the residual stresses defined

in EN 14651. The characterisation tests Stress-CMOD curves are presented in Figure E.1
and the residual stress values are collected in Table E.3.

Stress (MPa)
S

0 05 10 15 20 25 3.0 35 40
CMOD (mm)

Figure E.1 WP2 characterisation tests experimental curves.

Table E.3. WP2 characterisation test results.

Batch  fi Specimen fi fra fr2 fr3 fra
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

A 41.7 3.5a 3.74 4.56 4.72 4.53 4.62

B 39.2 3.5b 3.60 5.70 6.57 5.86 5.39

Average 3.67 5.13 5.65 5.20 5.01

E.2. Pre-cracking stage

Specimens were pre-cracked in a 3PBT setup with a 500 mm support span until 0.05,
0.1, 0.2, 0.3 and 0.5 mm CMOD, and then unloaded. Crack opening deformations were
monitored during the pre-cracking test with one clip gauge at the crack mouth opening
displacement (CMOD) level crossing the notch. Delayed recovery deformations after the
unloading process were not registered since this procedure was later established.

Figure E.2 presents the pre-cracking test Stress-CTOD curves for each specimen.

Table E.4 collects the residual strength experimentally obtained and the average values
for each mix.
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Figure E.2 WP2 pre-cracking tests experimental curves.
Table E.4. WP2 pre-cracking tests experimental results.
Specimen  f;, frp CMOD, CMODy;
0.05 0.1 0.2 0.3 0.5 (um) (um)
0.05a-25 4.24 478 52 28
0.05b-35 390 4.79 51 15
0.05a-45 3.58 5.27 56 21
0.1a-25 4.00 4.04 106 61
0.1b-35 3.54 5.15 102 40
0.1b-45 4.66 4.35 100 45
0.2b-25 3.96 4.69" 137* -
0.2b-35 3.88 5.02 205 113
0.2a-45 3.72 4.39 205 114
0.2b-45 4.16 4.96 195 112
0.3a-25 4.20 4.94 300 191
0.3b-35 3.25 4.25 306 113
0.3b-45 4.27 5.75 308 195
0.5a-25 3.99 6.44 501 347
0.5a-35 4.41 442 512 340
0.5b-45 5.35 5.85 503 341
Average 4.03 495 451 477 498 539 - --
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E.3. Creep stage

Creep tests were carried out in a multi-specimen setup with two or three specimens per
frame. Table E.5 provides the relative position of each specimen in the creep frame, as
well as the applied load. The 4-point bending test (4PBT) setup with 450 mm support
span was used to improve the stability of the stacked specimens. Dial gauges at the
CMOD level were used to register crack opening deformations of each specimen during
creep tests. Three creep indexes referred to the residual strength at pre-cracking tests
(frp) were applied: 25, 35 and 45%. Two creep frames were destined per creep index.
One shrinkage flexure specimen per mix was tested simultaneously. The long-term test
duration was 180 days. Specimens were unloaded and delayed recovery deformations
recorded for 30 days.

Table E.5. WP2 relative position of specimens on the creep frames.

Position Frame

F1 F2 F3 F4 F5 Fé6
Top 0.05a-25 0.3b-35  0.2b-25  0.05b-35 0.05a-45 0.3b-45
Middle - - 0.3a-25 0.5a-35 0.1b-45  0.5b-45
Bottom 0la-25 0.2b-35  0.5a-25 0.1b-35  0.2b-45  0.2a-45
L (% offr1) 25 35 25 35 45 45
Fr.(4PBT) 6.3 8.9 6.3 8.9 11.3 10.6

Delayed CMOD deformation curves are depicted in Figure E.3 and experimental

results are collected in Table E.6, Table E.7 and Table E.8.
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Figure E.3 WP2 delayed CMOD in the creep test.
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Table E.6. WP2 long-term experimental results from specimens subjected to 25% creep

index.
Parameter Specimen
0.05a-25 0.1a-25  0.2b-25  0.3a-25 0.5a-25

Tre 1.3 1.35 1.31 1.35 1.38
I (% of fr.1) 24.1 25.0 243 25.0 25.6
L (% of frp) 27.2 333 27.7 27.3 21.4
CMODy; 21.0 31.0 35.0 32.0 32.0
CMOD"* 52.2 60.4 67.5 55.1 89.5
CMOD,*° 62.0 66.3 81.2 65.9 97.6
CMOD% 73.6 75.8 91.0 72.8 102.6
CMOD,”° 79.2 80.1 100.9 78.3 105.3
CMOD'?° 80.2 81.6 103.3 79.5 106.5
CMODg;*° 80.7 83.1 105.0 81.5 107.0
CMOD'*° 81.1 84.6 106.2 82.5 107.8
CMODvis 59.1 53.6 71.7 51.5 42.8
CMODyy4s>° 49.1 48.6 66.7 46.5 39.8

Table E.7. WP2 long-term experimental results from specimens subjected to 35% creep

index.

Parameter Specimen

0.05b-35 0.1b-35  0.2b-35  0.3b-35  0.52-35
Sre 1.8 1.9 1.9 1.8 2.0
L (% of fr)  33.7 35.0 34.9 33.7 36.2
L (% offrp)  38.0 36.7 37.5 42.8 44.1
CMOD; 17.0 22.0 30.0 98.0 90.0
CMOD" 53.0 44.1 70.6 135.4 134.6
CMOD,* 60.7 55.9 71.7 155.3 151.4
CMOD,® 69.0 60.8 91.9 169.3 170.3
CMOD,” 71.4 62.3 97.6 183.6 174.8
CMOD'*  71.7 63.1 102.0 191.1 179.7
CMODy"*"  72.0 64.2 105.1 195.8 183.8
CMOD"* 722 64.9 107.0 199.6 186.0
CMOD s 45.7 49.5 86.0 123.6 96.5
CMOD.¢*  38.7 44.5 76.0 90.6 82.5
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Table E.8. WP2 long-term experimental results from specimens subjected to 45% creep

index.
Parameter Specimen
0.05a-45 0.1b-45  0.2a-45 0.2b-45  0.3b-45  0.5b-45

re 23 23 23 2.5 2.3 2.5
L (%offr) 421 43.4 43.4 47.1 43.4 45.6
L (% of frp)  42.7 53.5 533 51.1 40.7 42.1
CMODg; 25.0 25.0 49.0 65.0 51.0 71.0
CMODg! 54.9 68.3 74.9 116.3 83.6 99.9
CMOD,* 68.4 80.1 98.3 133.1 104.9 119.8
CMOD% 79.5 95.2 115.8 149.7 125.1 143.8
CMOD,”° 84.7 103.9 125.6 164.9 133.2 156.6
CMOD,!?° 85.8 107.5 129.5 171.0 138.1 161.0
CMODg!*° 86.4 110.0 133.0 174.0 141.2 164.5
CMOD'*° 88.4 112.3 135.5 176.3 143.2 167.0
CMODyis 67.4 83.8 95.0 114.3 101.7 97.5
CMOD,*° 61.4 67.8 78.0 933 86.7 82.5

The temperature and relative humidity in the climate room where the WP2 long-
term tests were conducted are depicted in Figure E.4.

Figure E.4 Environmental conditions during WP2 long-term test.
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E.4. Post-creep stage

Post-creep flexure tests were carried out following the same flexure setup as the pre-
cracking tests. The post-creep residual strengths are collected in Table E.9. The
assembled complete creep test curves are presented in Figure E.5.

Table E.9. WP2 post-creep performance.

Specimen  fi Trp fra SostcreepR.1 fPostcreepR2  fPostcreepR3 fPost-creep.R 4
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0.05a-25 424 478 - 4.66 5.72 5.1 4.59
0.05b-35 390 479 - 6.28 6.98 7.18 6.71
0.05a-45 3.58 527 - 7.99 9.08 8.36 7.68
0.1a-25  4.00 4.04 - 4.13 4.83 4.99 4.81
0.1b-35 354 515 - 6.13 6.94 6.89 6.61
0.1b-45 466 435 - 4.54 4.54 4.89 4.19
0.2b-25 396 469" - 5.11 5.81 5.55 4.85
0.2b-35 3.88 502 - 6.02 7.23 7.59 7.24
0.2a-45 372 439 - 5.62 6.31 6.10 5.84
0.2b-45 416 496 - 4.95 6.41 6.61 6.15
0.3a-25 420 494 - 4.94 5.77 5.54 4.88
0.3b-35 325 425 - 4.63 5.41 5.58 4.88
0.3b-45 427 575 - 6.4 7.96 8.44 8.01
0.5a-25 399 - 6.44 - 8.51 8.22 7.57
0.5a-35 441 - 442 - 5.12 5.45 5.28
0.5b-45 535 - 585 - 7.38 8.05 7.29
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Figure E.5 WP2 post-creep test results.



Appendix F:
OC2 creep experimental programme and results

The OC2 experimental programme consists of three series of concrete: plain concrete
(series A), GFRC with 10 kg /m? (Series B) and GFRC with 20 kg /m? (Series C). The
concrete matrix composition is given in Table F.1. This experimental programme aimed
to assess the long-term behaviour of GFRC. The shrinkage procedure was defined, and
one shrinkage flexure specimen per mix was used for the first time. Fibre properties are
described in Table F.2.

Table F.1. OC2 concrete matrix composition in kg/m?.

Component Series
A B C

Cement CEM 142.5 R 400 400 400
Water, w/c = 0.50 200 200 200
Aggregate 1 (7/12) 500 500 500
Aggregate 2 (4/6) 250 250 250
Sand 900 900 900
Filler 70 70 70
Superplasticizer 2.2 2.8 2.8
Fibres 0 10 20

Table F.2. Fibre properties and dosage of OC2 experimental programme.

Series Mix Fibre Dosage
Material Length  (kg/m?)

B GFRC Glass 43 10

C GFRC Glass 43 20
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F.1. FRC matrix characterisation tests results

FRC matrix characterisation tests followed the EN 14651 standard in a 3-point bending
test (3PBT) with a 500 mm span. The characterisation tests Stress-CMOD curves are
presented in Figure F.1, and the residual stress values are collected in Table F.3.

Series B (10 kg/nt’) Series C (20 kg/nt')
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Figure F.1. Stress-CMOD chart form characterisation specimens of OC2
experimental programme.

Table F.3. OC2 characterization test results.

Series  f« Specimen fi fra fr2 fr3 fra
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

A 65.4 Al-F1 5.09 -- -- -- --
Al-F2 5.55 -- -- -- --
Al-F3 5.10 -- -- -- --
Average 5.25 - - -- -

B 60.6 BI-F1 4.73 2.19 2.60 2.07 1.55
B2-F1 4.62 2.83 3.07 2.25 1.71
B3-F1 4.94 3.47 3.72 2.54 1.61
Average 4.76 2.83 3.13 2.29 1.62

C 61.2 C2-F1 431 5.38 6.80 4.89 3.58
C3-F1 4.31 6.64 7.84 6.45 4.81
C4-F1 4.99 5.98 6.70 5.11 3.68

Average 4.54 6.00 7.11 5.48 4.02
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F.2. Pre-cracking stage

Specimens were pre-cracked in a 3PBT setup with a 500 mm support span until 0.5 mm
CMOD,. and then unloaded and delayed recovery deformation after the unloading
process was registered for 10 minutes. Crack mouth opening deformations (CMOD)
were monitored using an LVDT placed in the bottom face of the specimen. Figure F.2
presents the pre-cracking test Stress-CTOD curves for each specimen. Table F.4 collects
the residual strength experimentally obtained and the average values for each mix.

Series B (10 kg/nt) Series C (20 kg/nt)
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Figure F.2. Pre-cracking test Stress-CMOD chart of OC2 programme.
Table F.4. OC2 pre-cracking test results.
Series  Specimen  fi Sri CMOD, CMOD,; CMOD,q'"
(MPa)  (MPa)  (um) (nm) (nm)
B BI-F2 4.67 1.85 5104 332.5 3124
BI1-F3 421 2.22 497.6 3134 276.0
B2-F2 4.32 2.52 510.1 300.0 273.0
B2-F3 4.16 2.71 512.9 333.8 308.4
B3-F2 4.44 391 514.6 316.7 291.8
B3-F3 4.08 2.10 514.8 341.9 3132
Average 431 2.55 510.1 323.0 295.8
C C2-F2 4.36 6.38 507.2 292.3 266.5
C2-F3 4.18 - - - -
C3-F2 4.33 6.32 503.3 296.8 266.9
C3-F3 4.19 5.72 506.4 319.8 291.3
C4-F2 428 5.45 503.6 2943 266.3
C4-F3 4.14 5.23 504.9 300.4 266.8
Average 4.25 5.82 505.1 300.7 271.6
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F.3. Creep stage

Creep tests were carried out in a multi-specimen setup with three specimens per frame.
Table F.5 provides the relative position of each specimen in the creep frame, as well as
the applied load. The 4-point bending test (4PBT) setup with 450 mm support span was
used to improve the stability of the stacked specimens. One LVDT was used to record
delayed deformations during the creep test. A creep index of 50% of frp at 0.5 mm
CMOD, was applied. One shrinkage flexure specimen per mix was tested
simultaneously. The long-term test duration was 390 days and then specimens were
unloaded, and delayed recovery deformations recorded for 30 days.

Table F.5. OC2 relative position of specimens on the creep frames.

Position Frame

F1 F2
Top B3-F3 C4-F2
Middle B1-F3 C3-F3
Bottom B2-F2 C2-F2
L (% offr1) 50 50
Frc (4PBT) 5.51 15.06

Delayed CMOD deformation curves for SyFRC and SFRC mixes are depicted in
Figure F.3. The long-term experimental results for SyFRC and SFRC mixes are collected
in Table F.6 and Table F.7, respectively.
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Figure F.3. OC2 delayed deformations in creep tests.
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Table F.6. OC2 delayed experimental results of Series B.

Parameter Serie B

B3-F3 B1-F3 B2-F2 Mean (CV)
CMOD; 118.2 134.1 153.1 135.1 (13.0)
CMOD'* 249.1 252.0 285.2 262.1(7.6)
CMOD* 281.7 281.8 310.2 291.2 (5.6)
CMOD* 314.3 313.9 336.8 322.7 (4.1)
CMOD” 3314 331.1 352.5 338.3 (3.6)

CMOD2° 3516 3522 3665  357.8(2.4)
CMOD%° 357.1 3575 3718 3622(2.3)
CMOD,'* 3658  366.6 3834  372.0(2.7)
CMOD2° 3728 3745 3897  379.0 (2.4)
CMOD 24 3759 3792 3928  383.6(2.3)
CMOD,2 383.6  388.6 4006  391.0(22)
CMOD, 3 3949 4000  411.1  402.0 (2.1)
CMOD,* 4117 4145 4247  417.0(1.6)
CMOD,3® 4154 4215 4273 4214 (1.4)
CMOD,** 4210 4252 4302  4255(L.0)

Table F.7. OC2 delayed experimental results of Series C.

Parameter Serie C
C4-F2 C3-F3 C2-F2 Mean (CV)
CMOD,; 171.3 178.5 140.6 163.4 (12.3)

CMODu* 3213 3315 2561  303.0(13.5)
CMOD.® 3533  373.0  281.1  335.8(14.4)
CMOD. 3969  413.6 3163  375.6(13.8)
CMOD. 4194 4325 3321  394.7(13.8)
CMOD.'® 4420 4559 3504  416.1(13.8)
CMOD.,'* 4498 4674 3589  4254(13.7)
CMOD.'® 4615 4812 3689  437.2(13.7)
CMOD. 20 4685  489.8 3750 4444 (13.7)
CMOD. 2 473.1 4976  378.0  449.6 (14.0)
CMOD.2™ 4848 5125 3885 4619 (14.1)
CMOD.™ 5035 5326 4002 4788 (14.5)
CMOD.® 5237 5581 4120  497.9(15.3)
CMOD.* 5370  569.6 4233  510.0 (15.1)
CMOD.* 5448 5764 4289  516.7(15.0)
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The shrinkage flexure test results are presented in Figure F.4.
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Figure F.4. OC2 shrinkage flexure specimens.

The temperature and relative humidity in the climate room where the OC2 long-term
tests were conducted are depicted in Figure F.5.
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Figure F.5. Environmental conditions during OC2 long-term test.

F.3. Post-creep stage

Post-creep flexure tests followed the same flexure setup as pre-cracking tests. The
assembled complete creep test curves are presented in Figure F.6. The post-creep
residual strengths are collected in Table F.8.
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Figure F.6. OC2 post-creep test results.

Table F.8. OC2 post-creep performance.

Series Specimen f fri SrostcreepR2 fPost-creepR3  fPost-creep,R 4
(MPa) (MPa) (MPa) (MPa) (MPa)

B B3-F3 4.08 2.10 2.00 1.52 1.01
B1-F3 4.21 2.19 2.83 1.91 1.49
B2-F2 4.32 2.43 3.07 1.93 1.53
Average 4.20 2.24 2.63 1.79 1.34

C C4-F2 4.28 5.45 5.82 4.30 3.21
C3-F3 4.19 5.72 5.90 3.50 242
C2-F2 4.36 6.35 6.82 4.55 3.15
Average 4.28 5.84 6.18 4.12 2.92
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Appendix G:
NAE2 creep experimental programme and results

The NAE2 experimental programme is focused on assessing the neutral axis evolution
(NAE) considering one SyFRC and one SFRC matrix. Five LVDTs and one strain gauge
were mounted, as defined in Figure 113, to determine the NAE during both monotonic
and long-term test. The concrete matrix composition is presented in Table G.1.

Table G.1. NAE2 concrete matrix composition in kg/m?.

Component SyFRC SFRC
Cement CEM 142.5 R 350 350
Water, w/c = 0.50 175 175
Aggregate 1 (12/20) 118 118
Aggregate 2 (6/12) 591 591
Sand 1 482 482
Sand 2 482 482
Sand 3 168 168
Superplasticizer 4.66 2.5
Fibres 10 30

G.1. FRC matrix characterisation tests results

Characterisation flexure tests were conducted in a 3-point bending test (3PBT) setup
with a 500 mm support span until 4.0 mm CMOD to obtain the residual stresses defined
in EN 14651. The characterisation tests Stress-CMOD curves are presented in Figure
G.1 and the residual stress values are collected in Table G.2.
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Figure G.1. NAE2 characterisation tests experimental curves.

Table G.2. NAE2 characterization test results.

Mix fex Specimen fi fro fr2 fr3 Tra
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

SyFRC 54.5 FN2-P1 4.00 2.61 3.67 4.15 4.26
FN2-P4 3.92 2.60 3.72 4.17 4.30
FN2-P5 4.12 3.67 5.28 593 6.17
Average 4.02 2.96 4.22 4.75 491

SFRC  50.7 FN2-S3 3.89 5.75 7.08 7.45 7.04
FN2-S4 3.70 3.29 3.61 3.56 3.52
FN2-S5 3.83 5.26 5.95 6.01 5.82
Average 3.81 4.77 5.55 5.67 5.46

G.2. Pre-cracking stage

Specimens were pre-cracked in a 4-point bending test (4PBT) setup with a 450 mm
support span until 0.5 mm CMOD,, and then unloaded. Five LVDTs and one strain gauge
were used to determine the NA position, as defined in Figure 113. Delayed recovery
deformations after the unloading process were recorded for 15 minutes. After the pre-
cracking tests, LVDTs were not removed, and specimens were moved to the creep frames

with the transducers.

Figure G.2 presents the pre-cracking test Stress-CTOD curves for each SyFRC
specimen, whereas Figure G.3 presents the SFRC specimens. Table G.3 collects the

residual strength experimentally obtained and the average values for each mix.
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Figure G.2. Stress-CMOD and Stress-strains curves of SyFRC specimens of
NAE2 pre-cracking tests.
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Figure G.3. Stress-CMOD and Stress-strains curves of SFRC specimens of
NAE2 pre-cracking tests.
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Table G.3. NAE2 pre-cracking tests experimental results.

Mix Specimen  fL fri CMOD, CMOD,; CMODpyq
(MPa)  (MPa)  (um) (um) (um)
SyFRC FN2-P2 3.89 2.94 511.1 308.8 302.6
FN2-P3 3.67 3.15 504.7 268.2 255.0
FN2-P6 4.18 4.57 506.9 275.7 271.0
Average 3.91 3.55 507.6 284.2 276.2
SFRC  FN2-S1 3.29 4.59 503.7 272.8 265.0
FN2-S2 3.88 4.69 503.4 301.7 297.9
FN2-S6 3.95 4.71 507.9 306.0 301.3
Average 3.71 4.66 505.0 293.5 288.1

G.3. Creep stage

Creep tests were carried out in a single-specimen setup using the 4PBT setup with a 450
mm support span due to the presence of a strain gauge centred in the top face of the
specimen. The same five LVDTs and the strain gauge used in the pre-cracking tests are
used now to determine the NA position during creep stage. The applied stress (fr.c)
represented a 50% creep index of the residual strength at pre-cracking tests (fr p). One
shrinkage flexure specimen per mix was tested simultaneously. The long-term test
duration was 540 days. Specimens were unloaded and delayed recovery deformations
were recorded for 20 days. The distribution of the specimens in the creep frames is
provided in Table G.4.

Table G.4. NAE-2 distribution of specimens on the creep frames.

Position Frame Shrinkage

Fl1 F2 F3 F4 S1 S2
Top FN2-P2  FN2-P3  FN2-S2  FN2-S6 FN2-P6  FN2-SI
L (% offr1) 50 50 50 50 0 0
Fr.(4PBT) 7.60 8.06 12.30 12.27 - -

Delayed CMOD and compressive strains deformation curves are depicted in Figure
G.4. Table G.5
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Figure G.4. Delayed CMOD of SyFRC specimens from NAE2.
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Table G.5. NAE3 long-term experimental results.

Parameter Specimen
FN2-P2  FN2-P3  FN2-S2  FN2-S6

CMOD.; 133.2 114.1 112.1 109.7
CMODg! 261.1 217.8 129.3 132.6
CMOD. 285.1 2322 1354 139.2
CMOD.’ 300.3 240.8 138.1 141.8
CMOD.’ 320.6 254.0 139.3 143.1
CMOD.’ 340.1 - 143.6 145.7
CMODg! - - - -
CMOD,* 4344 298.5 150.1 150.4
CMOD.* 484.2 328.1 159.8 154.4

CMOD”° 514.0 347.8 169.2 1583
CMOD,!?° 556.0 370.8 194.9 175.7
CMOD,!%° 576.0 378.6 205.5 180.3
CMOD'* 600.1 397.1 2212 196.2
CMOD*'° 608.5 405.5 2224 198.2
CMOD,** 616.3 411.5 230.2 203.7
CMOD,*™ 624.1 415.6 231.1 205.4
CMOD,* 629.9 417.8 2313 204.7
CMOD**° 636.9 420.9 230.5 205.5
CMOD,*% 646.5 426.4 236.2 208.2
CMOD,** 656.4 432.0 242.1 212.1
CMOD*'? 664.9 4359 246.0 216.0
CMOD*° - - - -

CMOD*° 677.2 440.4 249.7 217.4
CMOD*"° 683.5 444.3 254.6 220.6
CMOD,** 694.6 450.7 262.0 2274

CMODyg; 514.9 284.7 146.3 121.7
CMODy.' 485.6 257.8 142.0 118.9
CMOD.’ 467.5 241.8 138.5 114.7
CMOD.¢"* 461.3 235.2 135.8 112.1
CMOD, 459.7 2323 135.2 110.7

The shrinkage flexure test results are presented in Figure G.7.
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The temperature and relative humidity in the climate room where the NAE2 long-
term tests were conducted are depicted in Figure G.8.
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Figure G.8. Environmental conditions during NAE2 long-term test.
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Appendix H:

NAE3 creep experimental programme and results

The NAE3 experimental programme focused on assessing the neutral axis evolution
(NAE) considering one SyFRC and one SFRC matrix reinforced with 10 and 30 kg/m?
of fibres, respectively. Five LVDTs were mounted, as defined in Figure 113. The
concrete matrix composition is presented in Table H.1. Fibres properties are described

in Table H.2.

Table H.1. NAE3 concrete matrix composition in kg/m?.

Component SyFRC SFRC
Cement CEM 142.5 R 280 280
Water, w/c = 0.50 175 175
Aggregate 1 (16/20) 183 183
Aggregate 2 (8/16) 415 415
Aggregate 2 (4/8) 146 146
Sand 1 895 895
Sand 2 211 211
Superplasticizer 4.2 3.36
Fibres 10 30

Table H.2. Fibre properties and dosage of NAE3 experimental programme.

Mix Fibre Dosage
Brand Length  Diameter (kg/m®)

SyFRC Masterfiber 249 48 0.85 10

SFRC HE 90-60 60 0.90 30
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H.1. FRC matrix characterisation tests results

Characterisation flexure tests were conducted in a 3-point bending test (3PBT) setup
with a 500 mm clear support span until 4.0 mm CMOD. One LVDT was mounted at the
bottom face of the specimen to record CMOD deformations. Figure H.1 depicts the
characterisation Stress-CMOD curves and Table H.3 collects the residual stress values.
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;
6
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= =
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2855 ] $ ]
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Figure H.1. NAE3 characterisation tests experimental curves.
Table H.3. NAE3 characterization test results.
Mix fex Specimen f fri fr2 frs fra
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
SyFRC 42.6 FN3-P1 3.18 2.55 3.74 4.01 391
FN3-P2 3.56 2.06 291 3.27 3.27
FN3-P3 3.70 1.98 2.65 2.78 2.70
Average 3.48 2.20 3.10 3.35 3.30
SFRC 43.9 FN3-S1 3.78 4.67 5.72 - 5.21
FN3-S2 3.70 2.33 2.61 2.56 2.32
FN3-S3 4.03 4.53 5.47 5.11 4.96

Average 3.84 3.84 4.60 3.83 4.16

H.2. Pre-cracking stage

Specimens were pre-cracked using a 3PBT setup with a 500 mm support span until 0.5
mm CMOD,,. and then unloaded. The strain gauge was not used in pre-cracking tests to
allow the 3PBT setup. Five LVDTs were used to determine the NA position during
monotonic pre-cracking tests, as defined in Figure 113. Delayed recovery deformations
were recorded for 15 minutes. After the pre-cracking tests, LVDTs were not removed,
and specimens were moved to the creep frames with the transducers. Figure H.2 presents
the Stress-CMOD curves for each specimen and Table H.4 collects the residual strengths.
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Figure H.2. Stress-CMOD and Stress-strains curves of NAE3 pre-cracking tests:
SyFRC (left column) and SFRC (right column).
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Table H.4. NAE3 pre-cracking tests experimental results.

Mix Specimen  fL fri CMOD, CMOD,; CMOD;u
(MPa)  (MPa)  (um) (um) (um)
SyFRC FN3-P4 3.57 2.69 508.5 294.4 2772
FN3-P5 3.39 2.99 507.9 298.4 268.9
FN3-P6 3.37 227 520.6 289.9 271.3
Average 3.44 2.65 5123 294.2 272.4
SFRC  FN3-S4 3.26 1.88 500.9 3293 324.4
FN3-S5 3.68 3.46 499.4 313.1 306.9
FN3-S6 3.66 4.29 496.1 336.0 3325
Average 3.54 3.21 498.8 326.1 3213

H.3. Creep stage

After the pre-cracking tests, one strain gauge was mounted on the top face of each
specimen to monitor the compressive strain evolution during the creep tests. Creep tests
were carried out in a single-specimen setup using the 4-point bending test (4PBT) setup
with a 450 mm support span due to the strain gauge centred in the top face. The
distribution of the specimens in the creep frames is provided in Table H.5. The same five
LVDTs and the strain gauge used in the pre-cracking tests are used now to determine the
NA position during creep stage. The applied stress (fr,c) represented a creep index of
50% of the residual strength at pre-cracking tests (fr p). One shrinkage flexure specimen
per mix was tested simultaneously. The long-term tests of the NAE experimental
programme are still ongoing. The delayed results until 270 days are included in this PhD
thesis.

Table H.5. NAE-3 distribution of specimens on the creep frames.

Position Frame Shrinkage

Fl1 F2 F3 F4 S1 S2
Top FN3-P4  FN3-P5  FN3-S5 FN3-S6 FN3-P6 FN3-S4
L (% offr1) 50 50 50 50 0 0
Fr(4PBT) 7.48 8.27 9.55 11.49 - -

Delayed CMOD and compressive strain deformation curves are depicted in Figure
H.3.
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Figure H.3. NAE-3 delayed deformations in creep tests.
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Figure H.4. NAE-3 delayed deformations in creep tests.
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Table H.6. NAE3 long-term experimental results.

Parameter Specimen

FN3-P4  FN3-P5 FN3-S5 FN3-S6
CMODy; 123.1 87.9 113.6 111.8
CMODy! 278.2 211.0 123.7 126.6

CMOD,2 3003 2277 124.8 130.1
CMOD 3160 2356 125.7 131.8
CMODS 3426 2583 128.8 137.9
CMOD./ 3605 2753 131.8 141.0
CMOD,.*  408.1 306.6 140.5 156.0
CMOD. 4566 3458 153.0 175.6
CMOD.® 5014 3849 163.4 192.8
CMOD.» 5287 4106 167.3 198.3
CMOD.» 5543 4337 1727 2064
CMOD.® 5789 4570 169.1 205.5
CMOD.®  637.0 5893 1866  238.1
CMOD, 20 6467 5925 180.8 2333
CMOD.2%  655.1 597.0 182.1 2353
CMOD.2® 6652  604.1 1844 2387

The shrinkage flexure test results of both the crack opening and compressive strains
deformations are presented in Figure H.6.
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Figure H.6. Shrinkage experimental results of NAE3.
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The temperature and relative humidity in the climate room where the NAE3 long-
term tests were conducted are depicted in Figure H.7.
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Figure H.7. Environmental conditions during NAE3 long-term test.
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