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ABSTRACT

ANDRADE, Matheus Sant’Anna, M.Sc., Universidade Federal de Vicosa, October, 2021.
Experimental evaluation of the residual concrete-reinforcement bond after exposure to
elevated temperatures. Adviser: Jos¢ Carlos Lopes Ribeiro. Co-advisers: Diogo Silva de
Oliveira and Leonardo Gongalves Pedroti.

The composite behavior of reinforced concrete structures is directly related to the bond between
concrete and reinforcement. When a reinforced concrete structure is subjected to a fire event,
the bond is damaged and the force-transfer mechanism is compromised, as well as the resistant
capacity of the structure itself. This study consists of a review of post-fire concrete-
reinforcement bond relationship and an experimental assessment of the influence of exposure
to elevated temperatures on the bond between these materials. First, it was reviewed the state-
of-the-art research on post-fire bond properties, as well as the parameters influencing bond
relationship development after exposure to elevated temperatures. This work also presents an
experimental assessment of the influence of degradation of concrete and reinforcing steel,
induced by elevated temperatures, on the bond relationship between the materials and the
influence of concrete cover to bar diameter ratio on concrete-reinforcement bond failure
mechanism. The findings showed that bond degradation is directly related to the damage to the
concrete and that the reinforcing steel is negligibly affected by temperatures under 600 °C. It
was also observed that exposure at 200 °C had a positive effect both on the residual mechanical
properties of concrete and residual bond strength. Exposure to higher temperatures
progressively reduced the mechanical properties of concrete and the bond strength measured
after the fire situation. Moreover, the bond failure mechanism was observed to shift from pull-
out to splitting due to the concrete damage at elevated temperatures, although it could not be
easily distinguished. It was also concluded that, even though the data available on the literature
are extremely scattered, the bond strength prescribed by international standards for structures

design is safe both at room temperature and after exposure to elevated temperatures.

Keywords: Reinforced concrete. Bond strength. Elevated temperatures. Bond-slip relationship.

Bond failure mechanism.



RESUMO

ANDRADE, Matheus Sant’Anna, M.Sc., Universidade Federal de Vigosa, outubro de 2021.
Avaliacdo experimental da aderéncia entre concreto e armadura apés exposicio a
elevadas temperaturas. Orientador: José Carlos Lopes Ribeiro. Coorientadores: Didgo Silva
de Oliveira e Leonardo Gongalves Pedroti.

O comportamento misto de estruturas de concreto armado estd diretamente relacionado a
aderéncia entre os materiais. Quando uma estrutura de concreto armado ¢ submetida a situagao
de incéndio, a aderéncia entre os materiais ¢ prejudicada e o mecanismo de transferéncia de
forcas ¢ comprometido, assim como a capacidade resistente da estrutura em si. Este estudo
compreende uma revisao bibliografica sobre aderéncia pds-incéndio e a avaliacao experimental
do efeito da exposicao a elevadas temperaturas na aderéncia entre os materiais. Inicialmente,
foi feita uma revisdo de literatura do estado-da-arte sobre aderéncia pos-incéndio e sobre os
parametros que influenciam a relagdo aderéncia-deslizamento apoés exposi¢do a elevadas
temperaturas. Em seguida, fez-se a avaliagao experimental da influéncia da degradagao térmica
do concreto ¢ do aco na aderéncia entre os materiais e, também, do efeito da razao entre o
cobrimento de concreto e o didmetro da barra no mecanismo de ruptura da aderéncia ago-
concreto. Os resultados mostraram que a deterioragao da aderéncia esta relacionada diretamente
aos efeitos da temperatura sobre o concreto e que o ago pouco ¢ afetado para temperaturas
abaixo de 600 °C. Verificou-se também o efeito positivo de exposicao a 200 °C, tanto nas
propriedades mecanicas residuais do concreto quanto sobre a aderéncia residual. Conforme
aumentou-se a temperatura de exposi¢ao acima desse nivel, houve a redugdo progressiva tanto
das propriedades mecanicas do concreto quanto da resisténcia de aderéncia. Além disso, apesar
de o mecanismo de ruptura da aderéncia nao ser facilmente identificado, observou-se a mudanca
de arrancamento para fendilhamento devido a fissuracdo térmica sofrida pelo concreto.
Conclui-se também que, apesar de os dados disponiveis na literatura serem muito dispersos, a
tensdo de aderéncia obtida pelas prescrigdes normativas para o projeto de estruturas ¢ segura

tanto a temperatura ambiente quanto apos exposicao a elevadas temperaturas.

Palavras-chave: Concreto armado. Aderéncia. Elevadas temperaturas. Diagrama tensdo-

deslizamento. Mecanismos de ruptura da aderéncia.
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CHAPTER 1:

General Introduction

Abstract
Chapter 1 presents a general introduction to this work, which includes a basic presentation
of the concepts further explored throughout this dissertation, the objectives of this research, the

justification of the research theme and an explanation of the structure chosen for this work.



10

1.1. Introduction

When a reinforced concrete building is subjected to a fire incident, depending on how
extensive the damage is, it could lead to a partial or total collapse of the structure. In the case
of structures that did not collapse, a structural analysis is required to determine whether it is
still structurally stable and capable to resist the loads to which it was designed.

In Brazil, the fire design of concrete structures is regulated by ABNT NBR 15200 [1].
This provision describes the deterioration laws for concrete and reinforcement mechanical
properties at elevated temperatures; however, there is no information concerning the materials’
residual mechanical properties, which are the mechanical properties of concrete and
reinforcement after being exposed to elevated temperatures and cooled down to room
temperature.

For the analysis of a structure in a post-fire situation, the residual mechanical properties
become more critical than the same properties at high temperatures because the cooling process
introduces new stresses into the materials, causing further deterioration and strength loss [2,3].
Therefore, the effects of exposing a concrete structure to elevated temperatures is not only
influenced by the maximum temperature reached during a fire but also by how the fire is
extinguished.

When a reinforced concrete structure is subjected to a fire event, both concrete and
reinforcing steel are damaged by suffering physical changes and mechanical properties
degradation. Due to its heterogeneous nature and to the wide variety of materials used for
production, concrete may present different behavior trends when exposed to elevated
temperatures [2—8]. On the other hand, reinforcing steel seems to be affected by elevated
temperatures only above 600 °C [9-16].

Reinforced concrete is a composite material capable of bearing both compressive and
tensile stresses. This unique composite behavior is only possible due to the force-transfer
mechanism between the materials; hence, to the bond between them. When a structure is
affected by fire, not only the materials are damaged, but also the bond at their interface. In this
situation, the force-transfer mechanisms are compromised, as well as the resistant capacity of
the structure itself.

This study aimed to experimentally assess the influence of exposure to elevated
temperatures on concrete-reinforcement bond development and on the bond failure
mechanisms. First, a literature review was carried out on the state-of-the-art of research on post-

fire bond properties and the parameters that influence bond development after exposure to
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elevated temperatures. Second, the influence of degradation, due to exposure to elevated
temperatures, of concrete and reinforcing steel on the bond relationship between these materials
was analyzed. Then, it was evaluated the influence of concrete cover to bar diameter ratio on
concrete-reinforcement bond failure mechanism. Each of the aforementioned residual analyses
was carried out after exposure to elevated temperatures (after fire situation) and compared to

that of room temperature (before fire situation).

1.2. Objectives

The general objective of this work was to experimentally assess how elevated temperature
exposure affects the concrete-reinforcement bond provided the minimum concrete cover
allowed by the Brazilian Standards.

Therefore, the following specific objectives have been proposed:

e analysis of the influence of elevated temperatures exposure on the materials’ residual
mechanical properties and their interface;

e analysis of the influence of the maximum temperature on bond development and bond
failure mechanism;

e analysis of the influence of both concrete and reinforcing steel residual mechanical
properties on bond development and bond failure mechanism; and

e analysis of the influence of concrete cover to bar diameter ratio on bond development

and bond failure mechanism after exposure to elevated temperatures.

1.3. Research significance

After exposure to a fire event, a reinforced concrete structure may be highly damaged.
Much concern has been reported on the materials’ deterioration and the overall strength loss.
However, a key concept of reinforced concrete composite behavior, that is commonly
overlooked, is the importance of the existence and integrity of the bond between the materials.
The analysis of post-fire stability of a structure and its residual bearing capacity must include a
force-transfer-mechanism point of view since this property allows reinforced concrete to work
as a composite material.

Based on existing research data it is clear that, as the temperature increases, concrete and

reinforcement show different mechanical responses. As a result, not only do both materials
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deteriorate but their interface is damaged as well. Therefore, the force-transfer mechanisms
between the materials are compromised.

Surely, the effect of temperature exposure on bond properties is more complex than the
effects on each material individually. Based on that, both the ultimate residual bond strength
and the residual bond-slip relationship become critical when assessing the residual capacity of
a fire-exposed structure. Hence, the post-fire bond development and bond failure mechanisms
should be further studied in order to understand at what level bond damage can become critical
and contribute to a structural collapse.

Thus, this work aims to collaborate with the knowledge about the structures behavior in

a post-fire situation, aiming to support actions of structural recovery of buildings.

1.4. Dissertation structure

This dissertation has been structured in chapters. This chapter, the first one, contains a
general introduction to the concepts that will be further explored throughout this dissertation,
the objectives of this research, the research theme justification and an explanation of the
structure chosen for this work.

Chapter 2 presents a comprehensive literature review on experimental analysis of
concrete-reinforcement bond after exposure to elevated temperatures. This review includes the
understanding of the bond mechanism at room temperature, how the materials and their
interface are influenced by elevated temperature exposure and, finally, the state-of-the-art of
research on residual bond properties.

Chapters 3 and 4 were conceived as articles, which means they are independent works
that have abstract, introduction, materials and methods, results and discussion, conclusions, and
bibliographic reference. Chapter 3 is a study on how elevated temperatures influence the
physical and mechanical properties of the materials and how the changes in these properties
may influence the bond behavior and the failure mechanism. Chapter 4 is a study on how bond
parameters, as the concrete cover to bar diameter ratio, influences bond development at room
temperature and how elevated temperature exposure may change the bond failure mechanism.

The final chapter is a general conclusion of the work presented in the previous chapters.

Chapter 5 includes the final considerations and proposals for future research.
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CHAPTER 2:

A review on experimental analysis of concrete-reinforcement bond

after exposure to elevated temperatures

Abstract

The composite behavior of reinforced concrete structures is directly related to the bond between
concrete and reinforcement. When a reinforced concrete structure is subjected to a fire event,
the bond is damaged, the force-transfer mechanism is compromised, as well as the resistant
capacity of the structure itself. Over the years, the local bond mechanism that governs the load
transfer between the materials at room temperature has been extensively studied and it is well
established how each materials’ properties influence the bond development. Additionally, the
effect of elevated temperature exposure on the materials’ properties is also well known. Hence,
this study reviewed both the conditions that influence bonding properties at room temperature
and the effect of elevated temperature exposure on the materials separately. It was done in order
to better understand how they influence each other when combined. The findings showed that
elevated temperature exposure progressively reduced the bond strength as the temperature
increases. Moreover, the bond failure mechanism can shift from pull-out to splitting due to the
damage to the concrete at elevated temperatures, although bond failure mechanisms may not be
easily distinguished. Further studies should be conducted to better understand the bond failure

mechanism of reinforced concrete after elevated temperature exposure.

Keywords: Bond strength. Elevated temperatures. Concrete. Reinforcement. Bond-slip

relationship. Bond failure mechanism.
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2.1. Introduction

Reinforced concrete is a composite material that brings together the best of the individual
materials’ capabilities. As a result, it is a material capable of bearing both compressive and
tensile stresses. However, the composite behavior of reinforced concrete structures is directly
related to the force-transfer mechanism between the materials; hence, to the bond between
them. When the bond is damaged, the force transfer is compromised, as well as the resistant
capacity of the structure itself.

If a reinforced concrete structure is subjected to a fire event, both concrete and reinforcing
steel are damaged by suffering physical changes and mechanical properties degradation. As the
temperature is increased, concrete and reinforcement show different thermal expansion, and
their interface is damaged as well; hence, the bond between the materials is compromised.

Surely, the effect of temperature on bond properties is more complex than the effects on
each material individually. In this way, this study presents a review on both the conditions that
influence bonding properties at room temperature and the effects observed after elevated
temperature exposure on the materials separately. This comprehensive review aims to getter
information to better understand how these phenomena influence each other when combined.
Finally, it is made a review of the existing research on bond properties after exposure to elevated
temperatures. The study of residual properties of reinforced concrete is necessary to support the

analysis and interventions for the recovery of structures after a fire situation.

2.2. Concrete-reinforcement bond

2.2.1. Local bond mechanisms

Bond can be described as the interaction between the steel bar and the surrounding
concrete that allows longitudinal forces to be transferred from one material to the other [1]. The
local bond mechanism is composed of three components: chemical adhesion, friction, and, for
ribbed bars, a mechanical interlock between the bar lugs and concrete, as shown in Fig. 1. For
plain bars, bond is composed mainly of chemical adhesion and friction, although there is some
mechanical interlocking due to the roughness of the bar surface [2—4].

For deformed bars, mechanical interlocking plays a major role, whereas chemical

adhesion and friction are secondary. Initially, chemical adhesion combined with mechanical
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interaction prevents any differential slip between the concrete and the bar. After adhesion is
destroyed, and slip occurs, the ribs of a bar restrain this movement by bearing against the
concrete between the ribs. The compressive bearing forces on the ribs increase the value of the
friction forces. As slip increases, friction on the cylindrical concrete surface between adjacent
transverse ribs is reduced, leaving the forces at the contact faces between the ribs and the

surrounding concrete as the principal mechanism of force transfer [3,4].

Fig. 1. Bond force-transfer mechanisms.

reinforcement transverse rib

bearing force on bar

friction force on bar

b aN

adhesion and friction forces
along the surface of the bar

Source: Adapted from ACI 408R-03 (2003) [4].

Bond action generates inclined forces, which radiate outwards in the concrete. The
inclined stress is often divided into a longitudinal component, denoted bond stress, and a radial
component denoted splitting stress [2,5].

For small embedment length to bar diameter ratios, in which stress can be assumed to be

uniformly distributed along the bar, stress resistance of maximum bond can be expressed by

Eq. (1):

Pmax

Ty M

where P,,,, 1s the maximum pull-out load; d is the diameter of the reinforcement and [ is the

embedment length.

Over the years, the parameters influencing bond have been widely studied and previous
works have confirmed that bond development is related to the mechanical properties of the

concrete [6-9]; the concrete cover around the rebar [7—10]; the presence of confinement
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[7,11,12]; bar type [11,13]; the bar diameter [6,10,14]; the embedment length [6,9]; and the
geometry of ribs of the reinforcement bar [9,15,16].

2.2.2. Bond failure mechanisms

After adhesion is broken, and slip occurs, the ribs of a bar restrain this movement by
bearing against the concrete between the ribs. The compressive stresses radiate from the ribs of
the deformed reinforcing bar out into the surrounding concrete, and the radial components of
bond forces are balanced by tensile ring stresses in the surrounding concrete. If the tensile stress
becomes larger than the tensile strength of the concrete, it may give rise to the formation of a

splitting crack along the bar, as shown in Fig. 2 [3-5,17-19].

Fig. 2. Formation of radial cracks.
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Source: ACI 408R-03 (2003) [4].

During the pull-out process, the concrete between the reinforcement ribs is gradually
compressed into powder and compacted in front of the steel ribs, where a new slip surface is
formed. It should be pointed out that it is not possible to produce extensive crushing and wedge
action in front of every rib without having transverse and longitudinal cracking, caused by the
forces produced by the ribs bearing on the concrete [1,3,5,19].

The force is transferred mainly by bearing against the reinforcement ribs, either exceeding
the concrete tensile or shearing strength causing the failure by tensile splitting or pull-out
(shearing of concrete), respectively. The shear cracking between the adjacent ribs is the upper

limit of the bond strength [5,13,20].
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To sum up, at room temperature, there are two main bond failure mechanisms, pull-out
and splitting. Pull-out failure is due mostly to the shearing-off of the concrete between the rebar
ribs and shows no visible splitting cracks. Splitting failure is due mostly to the longitudinal
splitting of the concrete surrounding the rebar and bond capacity vanishes once the radial cracks
get to the outer surface of the concrete. Generally, pull-out bond failure affects specimens well-
confined or with large concrete covers; conversely, splitting failure occurs when there is no
confinement or limited concrete cover [1,5,17,21].

However, actual anchorages and splices — which are usually long — exhibit more complex
failure modes and there could occur a third bond failure mechanism, a pull-out failure induced
by concrete splitting. This mechanism is identified when there are visible splitting cracks on
the concrete cover but the bond fails by the shearing-off of the concrete between the

reinforcement ribs [1].

2.2.3. Bond-slip relationship

According to the fib Model Code (2010) [21], the analytical bond stress-slip relationship

for monotonic loading at room temperature can be represented by the curves shown in Fig. 3.

Fig. 3. Analytical bond stress-slip relationship for monotonic loading at room temperature
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Source: fib Model Code (2010) [21].

In this model, maximum bond strength for pull-out failure is valid for well-confined
concrete (concrete cover = 5d) and can be estimated as a function of the concrete compressive

strength itself, as shown in Eq. (2). On the other hand, splitting failure is described as a much
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more complex mechanism that can be estimated as a function of various parameters, according

to Eq. (3):

Thmax = 2.5 YV fcm (2)
£ 025 75\0251 . 033 /¢ 0.10
Tpu,split = 6.51, <%) <3) (%) (Cmc'lx) + kmKer | < Tomax 3)
min
where:

7, is a factor to consider whether the bar is anchored in good or bad conditions;

fem 18 the mean concrete compressive strength [MPa];

@ is the bar diameter [mm];

Cmax/ Cmin are the maximum and minimum concrete covers;

k. ks, are factors to consider the existence of confinement by transverse reinforcement;

Tpmax 1S the ultimate pull-out strength [MPa].

2.2.4. Bond testing

There are four main kinds of specimens used for bond testing, as shown in Fig. 4. The
pull-out specimen is the most commonly used because of its simplicity; however, this is the
least realistic of the four main test specimens, because as the bar is placed in tension, the
concrete is placed in compression, which is not an actual representation of a real structure. This
stress state differs markedly from most reinforced concrete members, in which both the bar and

the surrounding concrete are in tension.
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Fig. 4. Bond testing specimens: a) pull-out; b) beam-end specimen; ¢) beam anchorage specimen;
and d) splice specimen.
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Source: ACI 408R-03 (2003) [4].

Beam-end specimens provide more realistic measures of bond strength in actual
structures; the reinforcing steel and the surrounding concrete are simultaneously placed in
tension. Beam anchorage and splice specimens represent larger-scale specimens designed to
directly measure development and splice strengths in full-size members. The anchorage
specimen simulates a member with a flexural crack and a known bonded length. The splice
specimen, normally fabricated with the splice in a constant moment region, is easier to fabricate

and produces similar bond strengths to those obtained with the anchorage specimen. [4]

2.3. Reinforced concrete after elevated temperature exposure

2.3.1. Concrete

The behavior of concrete, as a material, when exposed to elevated temperatures, is a
complex process because it depends not only on its constitution (which is extremely adjustable)
but also on experimental factors (e.g. target temperature, time of exposure, and heating rate).
Generally, the higher the exposure temperature, the greater the reduction of concrete's residual
mechanical properties (e.g. modulus of elasticity, compressive and tensile strengths)
[22,23,32-38,24-31]. The heat exposure causes the deterioration of concrete due to physical

and chemical changes on its microstructure, to the thermal incompatibility between the cement
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paste and the aggregates, and to the testing parameters adopted in the heating and cooling

processes [22,23,39].

2.3.1.1.  Physicochemical changes in the cement paste

The main concrete deterioration mechanism for temperatures up to 105 °C is moisture
loss. At this temperature range, concrete loses its free, physically adsorbed, and interlayer water
[25,29,40—43]. When the temperature reaches the 100-200 °C range, concrete starts to lose its
chemically bound water as well due to the C-S-H dehydration [40,44]. At this temperature
range, the partial C-S-H dehydration is associated with weight loss and concrete porosity
increase [38,45,46] and the cement paste loses its stability due to physical and chemical
reactions caused by water evaporation.

The pore pressure created by the evaporable moisture affects the rate of hydrothermal
reactions and produces tensile stresses in the concrete. The temperature increase, combined
with the rising vapor pressure, creates an autoclave effect in the inner concrete, enabling the
thermal activation of un-hydrated cement grains. This phenomenon, which is especially verified
in high-strength concrete, is responsible for the strength maintenance observed in some
concretes for temperatures up to 300 °C [29,47].

As temperature increases, the cement paste shrinks due to moisture loss, whereas the
aggregates undergo a thermal-induced expansion. This thermal incompatibility produces high
tensile stresses at the interfacial transition zone [26,39,44,48,49]. For temperatures above
300 °C, the cement paste experiences the coarsening of its pore structure and a significant
increase in microcracking [44]. As temperature increases, the microcracks around calcium-
hydroxide (CH) crystals expand. When the temperature reaches 400 °C, it is also possible to
notice the formation of microcracks around the un-hydrated cement grains [39].

Chemical decomposition, moisture loss, and microcracking are responsible for major
changes in the cement paste microstructure. The main physical effect observed is the increase
in concrete porosity, which can be interpreted as the pore structure coarsening both in size and
distribution [33,40,49-52]. This can be verified especially for temperatures above 400 °C, due
to the dehydration of the CH [25,33,42,44,49,51,53].

CH dehydration is associated with major concrete weight loss [38,46]; however, it does
not result in immediate strength reduction at hot state. The critical issue of the CH
decomposition does not present itself during heating, but afterward in the cooling process. The

CH decomposition results in the presence of free limestone (CaO) in the concrete, which re-
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hydrates in the cooling process due to moisture absorption. The CaO re-hydration results in
concrete expansion, further cracking, and strength loss [44,49]. When the temperature exceeds
600 °C, the C-S-H decomposition becomes the main mechanism influencing concrete cracking
and strength loss [25,39,42,44,49,54]. This later stage of C-S-H decomposition starts around
560 °C, but is only above 600 °C that it becomes significant and, then, the dehydration rate
increases drastically as temperature rises [54].

For temperatures in the range 580-900 °C, concrete undergoes its third major weight loss,

due to the decomposition of CaCOs3 [38,39,46,49].

2.3.1.2. High-strength concrete

Mostly, concrete’s high strength is obtained by incorporating reactive products with
ultrafine particles into the mixture. These particles have a pore-filler effect, resulting in a denser
microstructure and lower porosity [26,47,48,50].

Although the denser microstructure is a major factor in enhancing the concrete’s strength,
it may also be destructive as it makes concrete more susceptible to spalling [23,26,28,35,48].
Due to its low permeability, high-strength concrete experiences the development of higher pore
pressures during heating. Also, the peak pressure build-up is located closer to the heated
surface [23].

Furthermore, the heating process creates a thermal gradient between the concrete surface
and its inner part, inducing the development of compressive stresses near the surface (due to
the restrained expansion) and tensile stresses in the inner part. As a result of the pore pressure
build-up and the stresses created by the thermal gradient, cracks appear parallel to the concrete
surface. The cracking can also be accompanied by a sudden energy release and violent failure

of the heated surface region [23].

2.3.1.3. Aggregates

Since thermal incompatibility between aggregates and the cement paste plays a major role
in microcracking, the concrete’s residual strength is highly influenced by the aggregate type
[25,40,44].

The properties of each aggregate type depend on its chemical composition. For instance,
lightweight aggregates, as expand clay, which is formed by incineration or vulcan eruption,
have low heat conductivity and high thermal stability. On the other hand, siliceous and

calcareous aggregates are less stable when exposed to elevated temperatures [44,48].
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Siliceous aggregates have higher expansion than calcareous aggregates and, as a result,
cause more damage to concrete at high temperatures. Around 573 °C the quartz crystal structure
present in siliceous aggregates experiences an endothermic crystalline o—fB phase
transformation, which is accompanied by an instantaneous increase in volume. This transition
is reversible, but the radial cracks around the quartz grains caused by the expansion can be
traced after cooling [49,55,56].

The effects of heat exposure on concrete are summarized in Table 1.

Table 1.
Summary of the physicochemical changes on concrete due to elevated temperature exposure.
Temperature Changes Effect on concrete
Up to 100 °C Loss of free, physically adsorbed,
and interlayer water Porosity increase [25,29,38,40-43,45,46]
100 °C - 200°C  C-S-H starts to dehydrate
300°C Autoclave effect in the inner region Thermal activation of un-hydrated cement grains
of concrete [29,47]

Increase in ITZ microcracking and

concrete porosity Strength loss [44]

480 °C - 550 °C Weight loss [25,49,51,53]
CH dehydration Extensive cracking and strength loss during the
cooling process [44,49]
573 °C Quartz transformation ) )
o - Aggregate expansion and concrete cracking
600 °C Decomposition ~ of  calcareous [2540.49.55.56]
aggregate e
600 °C-900°C  C-S-H complete decomposition Weight and strength loss
CaCO3 decomposition [25,38,39,42,44,46,49,54]

Source: Author (2021).

2.3.1.4.  Concrete residual mechanical properties

a) Compressive strength

Fig. 5 shows an overview of experimental results on the concrete residual compressive
strength after exposure to elevated temperatures. Also, Fig. 5 presents regression curve obtained
based on the available data among the references included. The regression curve shows an
overall declining trend for the residual compressive strength, even though some results around
200 °C show an increase of the residual compressive strength. The wide range of results is
directly related to the concrete constitution, pore structure density, and experimental

parameters.
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Fig. 5. Overview of experimental results for residual compressive strength after high-temperature exposure.
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Source: Author (2021). Data extracted from [26,27,59,33-38,57,58].

Generally, only a small part of the initial strength is changed and most concrete mixtures
maintain or even slightly increase their residual compressive strength up to 200 °C
[27,34,45,48]. After exposure to 400 °C, the residual compressive strength is around 80%. For
higher temperatures, concrete suffers a severe mechanical properties degradation due to the

microcracking and the decomposition of the hydrated products [25,33,42,44,49,51,53,56,60].

b) Tensile strength

Fig. 6 shows an overview of experimental results on the concrete residual tensile splitting
strength after exposure to elevated temperatures. As observed for the compressive strength,
there is a high variation among the results obtained by each reference. Nonetheless, there is a
clear deterioration trend as exposure temperature increases.

The concrete tensile strength reduction, both in bending and splitting, is sharper than the
compressive strength [22,28,30,31,61]. This could be related to the key role played by the bond
between the cement paste and the aggregates when analyzing the concrete tensile strength [29].

The interfacial transition zone (ITZ) microcracking reduces the valid area of concrete
cross-section whereas the presence of tensile stresses increases the length of the cracks.
Therefore, the effect of thermal cracking is more noticeable in the reduction of the tensile
strength than the compressive strength [22,28]. Additionally, for both bending and splitting, the
reduction of the concrete’s residual tensile strength shows an almost linear tendency for

temperatures above 200 °C [48].
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Fig. 6. Overview of experimental results for residual tensile splitting strength after high-temperature exposure.
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¢) Modulus of elasticity

The exposure to high temperatures seems to have a softening effect on the concrete, which
means that the higher the temperature, the flatter the tension-strain curve. Hence, it leads to
smaller peak tensions occurring to higher values of strains [45,48,56,60].

This behavior is similar to the concrete residual tensile strength, as both are more affected
by elevated temperature exposure than the concrete compressive strength [23]. The modulus of
elasticity reduction also shows an almost linear tendency [31,60,66], which could be related to
the gradual moisture loss, the ITZ microcracking and the decomposition of the hydrated
composites [67,68].

Fig. 7 shows an overview of experimental results on the concrete residual modulus of
elasticity after exposure to elevated temperatures. In contrast to the compressive and tensile
splitting strengths, commented before, the modulus of elasticity presents early signs of

deterioration and is extremely reduced at temperatures above 300 °C.
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Fig. 7. Overview of experimental results for residual modulus of elasticity after high-temperature exposure.
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2.3.1.5. Cooling method

The cooling process leads to further concrete damage, which causes an additional
reduction of its mechanical properties. This late deterioration is due to concrete cracking
induced by differential thermal deformations and the re-hydration of chemical compounds that
have dehydrated in the heating process [40,45].

Furthermore, the damage can be related to the duration of the cooling process. Specimens
quickly cooled (either by quenching water or immersion) present greater concrete deterioration
when compared to air-cooled specimens, which could be explained by the extra concrete

cracking produced by thermal shock [24,36,72,38,40,45,58,61,69-71].

2.3.2. Reinforcing steel bar

It has been reported by many researchers that heat exposure, up to 600 °C, does not
significantly affect the residual mechanical properties of both hot-rolled and cold-worked
reinforcement bars [73—80], as shown in Fig. 8. As the exposure temperature increases above
this temperature range, the steel’s mechanical properties progressively deteriorate, the yield
strength and ultimate strength decrease substantially due to pearlite in the rebar turned to
austenite at around 727 °C [73].

There is a decreasing trend of elastic modulus, yield strength and ultimate strength with

an increase in temperature; also, the reduction in yield strength is higher in comparison to
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ultimate strength [73,78]. Moreover, it seems the grade of the rebar also influences its residual
behavior, since researchers have observed that higher-grade rebars are more sensitive to heat
exposure than ordinary steel bars [74,79,80].

It seems as reinforcing steel bars can regain their nominal yield strength after being
exposed to temperatures below 600 °C, which is positive for the reuse of high strength steel

structures after a fire [80].

Fig. 8. Stress-strain curves for HBR 600 steel at various temperatures.
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Source: Qian et al. (2019) [79]

2.3.3. Elevated temperature effects on concrete-reinforcement interface

The concrete and the reinforcing bar have different thermal expansion coefficients. So,
when exposed to elevated temperatures, the rebar tends to expand more than the surrounding
concrete. As a result of this differential thermal expansion, compressive stresses arise in the
cement paste matrix acting perpendicular to the bar axis, as shown in Fig. 9. If the differential
expansion stresses are higher than the splitting resistance of the concrete cover, then radial

splitting cracks will be formed and the bond between the materials will be affected [17,81,82].
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Fig. 9. Differential thermal expansion of concrete and steel rebar: (a) cross-section of the reinforced concrete
cylinder at normal temperature; (b) expansion of the reinforcement bar and the concrete cover with the temperature
increment; (c) radial pressure caused by differential thermal expansion.

Source: Pothshiri and Panedpojaman (2012,2013) [81,82]

2.4. Bond behavior after elevated temperature exposure

After exposure to temperatures up to 600 °C, a limited effect on the mechanical properties
of reinforcing steel can be observed. Thus, changes in the bond-slip relationship and its
characteristics upon exposure to fire may be attributed mainly to physical and chemical changes
of the concrete [83].

Elevated temperature exposure affects bond behavior not only by thermal degradation of
concrete but also by the interfacial cracking induced by the differential thermal expansion,
which may limit the proportion of stress transfer from concrete to steel, triggering partial bond
loss [17,83,84]. The high temperature induced interfacial cracking reduces the depth of
uncracked concrete cover, hence reducing the confinement provided to the rebar. Furthermore,
the later enforcement of the pull-out load enlarges the pre-existing heat-induced cracks, as

shown in Fig. 10 [17,63,81,82,84].
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Fig. 10. Modeling of the pressure resistance of the concrete cover under the pull-out load and the thermal effect:
(a) residual concrete cover; (b) pressure resistance of the concrete cover.
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Source: Pothshiri and Panedpojaman (2012,2013) [81,82]

Zhao et al. [85] studied the effect of heat exposure on the concrete-reinforcement
interface. They assessed the damage to chemical adhesion due to different thermal expansion
between concrete and steel, and the coefficient of friction after elevated temperatures. The
results show that the chemical adhesion decreases with a linear function of experienced
temperatures within the range from 20 to 600 °C. After 800 °C, chemical adhesion is not
measurable. The friction coefficient increases negligibly with elevated temperatures.

Over the years, some studies have been developed on concrete-reinforcement bond after
exposure to elevated temperatures; however, as can be seen in Table 2, there is no standard test

or specimen to assess bond properties both at room temperature and after heat exposure.



Table 2.
Summary of references that experimentally assessed the bond properties of reinforced concretes exposed to elevated temperatures.

Reference Materials' Temperature Specnn.en. 2 Embedmf nt Bond break Test
characteristics length
NSC, plain and deformed o Cylindrical _ .
Morley and Royles [86] bar 20-750 °C (h = 30, d changeable) Ibld=12.0 Not mentioned Pull-out
NSC, plain and deformed o Cylindrical _ .
Morley and Royles [87] bar 20-750 °C (h=30,d=12.6) Ib/d=2.0 Not mentioned Pull-out
Haddad and Shannis [83] HSC, deformed bar 600, and 800 °C ﬁiyl:ml%“;lal: 15) Full-length bond Pull-out
HSFRC (HS, BCS and PP Prismatic Both ends (plastic
Haddad et al. [63] fiber) 350, 500, 600, and 700 °C Ib/ld="1.5 p Double pull-out
. (10x10x40) sleeves)
Deformed and plain bars
I . 50 °C interval up to 500 °C, Cylindrical 6,10 and 16 .
Bingol and Giil [88] NSC, deformed bar 600, and 700 °C (d=10, 1=20) om Not mentioned Pull-out
Yin et al. [89] NSC, deformed bar 300, 500, and 700 °C Prismatic (15x15x16) 80 mm Loaded-end (PVC tube) Pull-out
NSFRC (Carbon Fibers) 150, 250, 350, 450, and _ .
Hassan [90] Ribber bar 550 °C Cube (15x15x15) Ibld=3.0 Both ends (plastic tube) Pull-out
Lubléy and Gyérgy [91] HSC, deformed bar 150, 300, 500, and 800 °C  Cylindrical (d =12, 4 =10) 40 mm 52232‘:) end (steel Pull-out
Arel and Yazici [92] NSC, deformed bar 300, and 500 °C Cube (15x15x15) Ib/d=5.0 Not mentioned Pull-out
Xiao et al. [73] HSC, deformed bar 200, 400, 500, and 600 °C ﬁ%inll;f?g;mns llbo/‘f): S0and g ok ends (PVC pipe) Beam bond test
Yang et al. [93] Eﬁsc’ deformed and plain 35 406 4nd 500 °C Cube (15x15x15) Ibld=5.0 Both ends (PVC pipe) Pull-out
.. NSC, deformed and plain 100, 200, 400, 600, and Cylindrical .
Ergiin et al. [94] bars 800 °C (=15, h=30) 250 mm Not mentioned Pull-out
Lietal. [95] NSFRC (PVA fiber) 200, 400, 600, and 800 °C  Cube (15x15x15) 40-100mm  Both ends (PVC tube) Pull-out
M 50, 150, 300, 500, 600, and Cylindrical Loaded-end (steel
Hlavcka [96] HSC, deformed bar 800 °C =12, h=10) 40 mm sleeves) Pull-out
Bosnjak et al. [97] NSC, deformed bar ISO 834 fire curve Prismatic (30x45x64) Ib/d=5.0 Both ends (plastic tube) iiilrinf;::in
Yang et al. [98] NSC, deformed bar 300, 400, and 500 °C Cube (20x20x20) Ibld =2.0 32;2:;‘15 (PVC Pull-out
. NSC o Beam-end _ Both ends (plastic
Shamseldein et al. [99] Deformed and plain bars 800 °C (20x30x60) Ib/d=5.0 tube) Beam-end
HSFRC (PP and steel o Cylindrical Loaded-end (paper
Varona et al. [100] fibers), deformed bar 450, 650, and 825 °C =125, h=12) 50 mm pipe.) Pull-out
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Specimen

Embedment

Reference Materials' Temperature characteristics? length® Bond break Test
Ghazaly et al. [101] NSC, deformed bar 600, and 800 °C g%i‘goi%do) Ibld=5.0 Both ends (PVC pipe) Beam-end
Zhang et al. [102] HSC, deformed bar 200, 400, 600, and 800 °C  Cube (20x20x20) 40 mm Both ends (PVC tube) Pull-out
Rashid et al. [103] NSC, deformed bar 150, 250, 350, and 500 °C E?dylzinl%iizalz 20) Full-length Loaded-end groove. Pull-out
Sharma et al. [104] NSC, deformed bar 300, 500, and 700 °C Prismatic (16x16x30) Ib/d=8.0 Both ends (glass tube) Elcll:tﬁltlrtic pull-out
Deshpande et al. [105] g};e(ig((sigglr;‘;i Il;;’rA 21388,%00, 400, 600, and glylzir;ldflcgfz) Ibld=3.0  Bothends (PVC pipe) Pull-out
Ba et al. [106] NSC, deformed bar ;88’%00’ 400,600,and - o (15x15x15) 60 mm ?1:3:5(18 (PVC Eccentric pull-out
Zou et al. [107] oA and RCA deformed 0 400 4nd 600°C  Cube (15x15x15) Ibld=50  Loaded-end (glass tube) Pull-out
Fakoor and Nematzadeh HSFRC (steel fiber) Cube (16x16x16) Ib/d=5.0 Loaded-end (plastic

[108]

Deformed bars

200, 400, and 600 °C

sleeve)

Pull-out

' NSC is normal strength concrete, HSC is high strength concrete, NSFRC is normal strength fiber reinforced concrete, HSFRC is high strength fiber reinforced concrete,
RAC is recycled aggregate concrete, RCA is recycled coarse aggregate, NCA is natural coarse aggregate, NWC is normal weight concrete and FRCC is fiber-reinforced

cementitious composite.

2 All the given dimensions are in cm (/4 is height, d is diameter, a x b x ¢ are dimensions of the parallelepiped specimen)

3 Ib is bar embedded length and d is bar diameter.

Source: Author (2021).
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2.4.1. Effect of elevated temperature exposure on bond strength and bar slip

Mostly, residual bond strength behavior with increasing temperatures is governed by
concrete degradation (Fig. 11). Hence, for temperatures up to 200 °C, maintenance or a slight
decrease of bond strength has been observed. At 300 °C, residual bond+ strength is around 80%
of its value at room temperature. For temperatures above 400 °C, a distinct fall in maximum

residual bond strength is observed [63,73,99,101,109,110,83,86,88,89,92,94-96].

Fig. 11. Bond strength degradation after exposure to elevated temperatures as a function of concrete strength.
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Apparently, no additional bond-strength-deterioration trend can be identified compared
to the residual compressive strength of concrete. Some researchers have identified that it
follows a trend similar to the concrete residual compressive strength deterioration
[86,104,108,109,111]; in contrast, there are also reports on the bond strength been more affected
than the compressive strength [91,96,110]. Similar conflicting results have been reported for
the bar slip at maximum bond strength. In some experiments, a higher slip was observed
[63,73,83,86,99], whereas others exhibited a reduction of the slip at bond failure [89,101,110].

Although most references do not make a distinction between pull-out and splitting bond
failure, this could be directly related to the bond failure mechanism. Bosnjak et al. [97] observed
that heat exposure can lead to a change in the failure mode from pure bond failure to a combined
bond/splitting failure and even to a splitting failure. Royles and Morley [86] and Sharma et al.

[104] observed that the bond strength follows a similar trend as the compressive strength and
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presents higher slippage when the specimen fails by pull-out of the rebar. On the other hand, if
a splitting failure takes place, the bond strength seems to follow a degradation trend closer to
the concrete splitting tensile strength and the slip would be smaller.

Haddad and Shannis [83] observed that at relatively low to medium pullout loads, the
cracks formed due to heating tended to close, allowing high slippage. Once the cracks were
closed, resistance against slip increased, and so was pullout load needed to cause further
slippage. Prior to failure, local crushing of concrete at the tips of rebars ribs accompanied with
induced hoop stresses weakened resistance to slippage. This resulted in a significant slippage
followed by a splitting sudden failure of concrete along the rebars.

Further studies should be carried out to evaluate the change in bond failure mechanism
observed by Bosnjak et al. [97] and the degradation trend observed by Royles and Morley [86]
and Sharma et al. [104]. Additionally, more tests should be conducted for providing data to
build a better understanding of the effect of heat exposure on bond failure mechanism and bond-

slip relationship.

2.4.2. Effect of elevated temperature exposure on the bond-slip curves

The shape of force-slip curves also changes after exposure to elevated temperatures. Once
again, the temperatures above 400 °C seem to be more harmful to the bond properties due to
the advanced deterioration of concrete [86,87,109,111].

After elevated temperatures, the degradation of the bond strength can be verified also by
the softening of the bond-slip relationship. The stiffness of the bond strength-slip curve reduces
as the exposure temperature is increased. The slope of ascending portion of the bond-slip curves
gradually declined with increasing temperature and the descending portion of the curves tended
to flatten [81,93,99,104,107,109].

Moreover, the reduction of the bond stiffness does not seem to be affected by the bond
failure mechanism. Sharma et al. [104] observed that irrespective of the failure mode or
concrete cover, the bond stiffness after exposure to relatively high temperatures
(500 °C and 700 °C) was found to be quite low and of a similar order for all the specimens.

Based on the information observed by previous researchers, it was created a schematic
diagram that illustrates the effect of elevated temperatures on the bond-slip curve, as shown in
Fig. 12. In general, above 400 °C, it is observed that the initial stiffness decreases, the value of
maximum adhesion decreases and the maximum stress level tends to present greater

displacements.
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Fig. 12. Schematic representation of the effect of elevated temperature exposure on the bond-slip curves.
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2.4.3. Parametric analysis

Table 3 presents a summary of the parameters analyzed by researchers over the years
concerning concrete-reinforcement bond properties after heat exposure. The effect of elevated

temperatures in each of these parameters will be analyzed in the section.



Table 3.
Summary of parameters analyzed experimentally by the references on bond properties of reinforced concretes after exposed to elevated temperatures.

Year Reference Concrete Rebar Embedment Concrete Confinement Cooling Fiber Corrosion Empirical Numerical
properties properties length cover method Model Model

1983  Royles and Morley [86,87] v v

2004 Haddad [83] v v v

2008 Haddad et al. [63] v v v

2009 Bingol and Giil [88] v v v

2011  Yinetal. [89] v v

2012  Hassan [90] N4

2014 Lubldoy and Gyorgy [91] v v v

2014  Arel and Yazici [92] v v v

2014  Xiao et al.[73] v v v v v v

2016  Yanget al. [93] v v v

2016  Ergiin et al. [94] v v v

2016 Khalafetal. [112] v

2016  Sharma et al. [84] v N

2017 Lietal. [95] v v v v

2017  Hlav¢ka [96] v v v v

2018  Yang et al. [98] V4 v v

2018 Bosnjak et al. [97] v v

2018 Shamseldein et al. [99] v v v

2018 Raouffard and Nishiyama [111] V4 v

2018  Varona et al. [100] v v v

2018  Ghazaly et al. [101] v v v v

2019  Zhang etal. [102] v

2019  Rashid et al. [103] v

2019  Sharma et al. [104] N4 v v

2020  Deshpande et al. [105] v

2020 Baetal. [106] v v v

2020 Zouetal. [107] v v

2021  Fakoor and Nematzadeh [113] V4 v v v

Source: Author (2021).
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Bar diameter and embedment length
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The experimental results of residual bond strength after exposure to elevated temperatures

as a function of the embedment length to bar diameter ratio are shown in Fig. 13.

Relative bond strength

Fig. 13. Bond strength degradation after exposure to elevated temperatures as a function of /b/d ratio.
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Bingdl and Giil [88] tested 8.0 mm rebars embedded into concrete blocks with three
embedment lengths: 6, 10, and 16 cm. It was observed that an increase in the embedment length
— hence, an increase in embedment length to bar diameter ratio — caused an increase in residual
bond strength.

Ergiin et al. [94] studied the post-heating bond strengths of 12, 16, and 20 mm rebars
with 250 mm embedment length. As the diameter of the bar increased — and the embedment
length to bar diameter ratio decreased — the residual bond strength decreased. According to the
authors, this would be explained by the fact that increasing the bar diameter, reduces the ratio
of perimeter to area; hence, the bond strength is reduced as well.

Li et al. [95] studied the bond strength of steel bars embedded in high-performance fiber-
reinforced cementitious composite before and after exposure to elevated temperatures. The
authors analyzed three bar diameters and 40, 60, 80, and 100 mm embedment length. The results
show that increasing the embedment length from 40 to 100 mm reduced the bond strength by
up to 41% at room temperature, 46% at 400 °C, and 55% at 800 °C.
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Ghazaly et al. [101] evaluated the bond strength for heat-damaged and repaired beam-end
specimens. The authors observed a slight decrease in bond strength with the increase of the
bonded length from 5d to 8d.

Shamseldein et al. [99] studied the restoration of heat-damaged reinforced concrete
members. They observed that for the same embedment length to bar diameter ratio, the original,
residual, and restored bond strengths decreased with the increase of the bar diameter from 16
to 22 mm.

Undoubtedly, the data analyzed do not show a clear tendency; hence, further studies
should be conducted to clarify the relationship between the bar diameter and the embedment

length in bond strength degradation after exposure to elevated temperatures.

2.4.3.2.  Concrete cover and bar diameter

Increasing the bar diameter seems to have a negative effect on the bond strength
[94,95,99]. Nevertheless, this parameter should not be singly analyzed, since its influence is
highly connected to that of the concrete cover depth and embedment length. As listed in
Table 3, some references have chosen to study the influence of bar diameter, whereas others
have chosen to analyze the effect of concrete cover; however, since there are no standards for
the shape or size of the specimens used in those studies, to compare the results based on absolute
values of concrete cover does not seem ideal. Hence, this section was conceived around the
relative variable that combines both factors into one single parameter, the concrete cover to bar
diameter ratio (c/d).

It is important to point out that all the effects of concrete cover investigated in this section
were analyzed from a residual-bond-strength perspective, which means that the absolute values
of bond strength were not considered, since it depends on each specimen configuration. The
experimental results of residual bond strength after exposure to elevated temperatures, as a
function of the concrete cover to bar diameter ratio, are shown in Fig. 14.

The c/d ratio is directly related to the bond failure mechanism, as the confinement
provided by the concrete cover may define the extent of the pull-out splitting cracks. As the
exposure temperature increases and the c/d ratio declines, the failure of the specimen tends
toward the splitting failure mode [106,108].

Reinforced concrete with lower concrete cover values is more sensitive to bond strength
degradation at elevated temperatures, particularly when concrete with lower compressive

strength is used. This could be explained by the fact that a thicker concrete cover is able to act
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better as a thermal barrier and causes fewer thermal cracks [82]. Generally, the thicker the
concrete cover, the higher the bond strength and the ultimate slip at failure
[81,82,86,87,92,101,104].

Specimens with larger ¢/d usually fail by pull-out of the bar and, the reduction of bond
strength with increasing temperatures is comparable to the concrete compressive strength
reduction. On the other hand, specimens with smaller c/d generally fail by splitting of the
concrete cover and are comparable to the pattern of the tensile strength reduction. Furthermore,
there is a substantial reduction in absolute peak bond strength when bond failure mode changes
from bar pull-out to splitting [86,104,108].

For exposure temperatures below 500 °C, the concrete cover has a major effect on bond
strength. However, for temperatures above 500 °C, the concrete cover thickness has a limited
effect on the bond strength. This can be explained by the fact that, after exposure to this range
of temperature, both the strength and the stiffness of concrete are drastically lowered, and
therefore, the concrete cover cannot provide a similar level of confinement to the rebar as

present in the case of ambient temperatures [104,106].

Fig. 14. Bond strength degradation after exposure to elevated temperatures as a function of the c/d ratio.
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2.4.3.3. Confinement

Generally, higher confinement leads to higher residual bond strengths and bar slips. The
results observed over the years suggest that the confinement provided by stirrups prevent early

concrete cracking and contributes to avoiding or delaying splitting bond failure.
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Yang et al. [93] analyzed the bond performance between deformed bars and recycled
aggregate concrete (RAC) after exposure to elevated temperatures. The authors observed that
specimens with stirrups exhibit higher values of bond strength and peak slip than those of
specimens without stirrups. However, as the temperature elevates, the deviations of the bond
strength and the peak slip between the specimens with stirrups and the specimens without
stirrups continually grow small.

Sharma et al. [104] tested the influence of concrete cover on residual bond strength. They
observed that the presence of a stirrup in the mid-length of the bonded zone could not limit the
splitting crack width as compared to the case without stirrup. However, a stronger increase in
the splitting crack width was observed in the post-peak region for the specimen without the
stirrup in the bonded zone. Hence, the presence of stirrups would collaborate to a ductile
behavior of bond failure by limiting the crack opening and, as a result, the degradation in bond
strength would be relatively gradual.

Shamseldein et al. [99] studied the assessment and restoration of the bond of heat-
damaged reinforced concrete elements. They tested beam-end specimens and positioned the
pull-out rebar inside and outside the stirrups. The results showed that ultimate bond strength
slightly increased while the bar slip significantly increased for the bar located inside the

transverse reinforcement.

2.4.3.4. Cooling method

Since elevated temperatures induced concrete degradation is the key reason for bond
strength degradation after elevated temperatures exposure, it is clear that the cooling method
used in pull-out specimens would affect bond strength similarly.

Bingo6l and Giil [88] observed that the cooling process does not affect bond strength for
small embedment lengths. However, specimens with greater embedment lengths seem to be
affected by the thermal shock caused by rapid cooling.

Yin et al. [89] tested the residual bond strength of two concrete mixes after exposure to
elevated temperatures and being cooled naturally or in water. They observed that the cooling
method has a great influence on the bonding strength and that on water-cooled specimens bond
strength reduces much more than natural-cooled specimens.

Li et al. [95] observed that water cooling further reduced bond strength. This is likely
because water-cooling caused a sudden change of temperature gradient, resulting in more

thermal cracks and thus reduced bond strength.
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2.4.4. Residual bond of fiber-reinforced concrete

Generally, fibers are used in concrete because of their contribution to controlling crack
formation and propagation [63,115,116]. Moreover, for elevated temperature exposed
concretes, fibers may limit spalling and improve residual mechanical properties.

The incorporation of polypropylene (PP) fibers results in the reduction of spalling
effects after elevated temperature exposure. The PP fibers melt around 170 °C and, the melted
fiber beds create a porous network that enables the water to be vaporized and expelled at a
lower temperature. Therefore, the use of fibers leads to a large decrease in the extent of the
pressure fields that build up in the concrete during heating, hence reducing internal pressure
damage and spalling effects [57,95,116—118]. At the same time, the significant increase in void
proportion may also lead to strength reduction and material softening after exposure to elevated
temperature [50,108,117,119].

On the other hand, steel fibers do not melt, and they act as a bridging component,
preventing the formation and propagation of cracks. Hence, the incorporation of steel fiber leads
to an improvement in mechanical properties and a better resistance to high temperature effects
[50,57,108,119-121].

Steel fiber addition to normal and high strength concretes is capable of improving not
only the concrete’s mechanical properties but also the post-heating residual bond strength and
the stiffness of the bonding law [63,121]. Furthermore, due to its crack-limiting properties, steel
fibers seem to be able to control the splitting failure of the concrete cover [100].

Although the effect of fiber addition on concrete’s residual mechanical properties has
been extensively studied, data on its effect on bond behavior is still limited. Some of the results
observed in available works are summarized in Fig. 15. Generally, fiber addition contributes
positively to the bond properties after exposure to elevated temperature when compared to plain
concrete; however, it could also be destructive depending on factors as the type of fiber and

fiber content [63,96,105,108,118].



Fig. 15. Bond strength degradation of fiber reinforced concrete after exposure to elevated temperatures.
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2.4.5. Residual bond of corroded reinforcement

For deformed bars at ambient temperature, the influence of corrosion in bond strength is
directly related to the existence of confinement provided by stirrups. Generally, without
confinement, the corrosion products tend to expand which, for low levels of corrosion, is
beneficial for both concrete strength and bond strength [122—125]. This effect may be amplified
by temperatures up to 200 °C with relatively low corrosion loss [98].

However, as the level of corrosion increases, the expansion of the corrosion products
induces concrete cracking, and the integrity of the concrete cover is destroyed, which lowers
the confinement and accelerates the deterioration of bond even at ambient temperature
[122—125]. The rate and severity of bond performance degradation after temperatures exposure
for corroded specimens with corrosion-induced cracks generally increases with temperature,
which means that highly corroded specimens are more sensitive to temperature exposure than
uncorroded specimens [102].

When the rebar is severely corroded, the deformed ribs are damaged and the mechanical
interlocking is lessened, hence the bond failure mechanism is more prone to pull-out both at
room temperature and after heat exposure [106,125].

On the other hand, when there is proper confinement, corrosion-induced concrete
cracking is limited or inexistent, and the bond strength is not substantially affected at ambient
temperature [122,123]. In this case, high-temperature exposure reduces both the concrete

strength and the cohesion between concrete and steel bar as micro-cracks propagate in the
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concrete matrix. Thus, the bond failure mechanism is dependent on the ultimate temperature
reached, under 600 °C specimens are prone to pull-out failure and, for 700 °C or higher,
specimens tend to exhibit splitting failure [106].

For smooth bars, a similar behavior can be observed. For low levels of corrosion, there is
a beneficial effect on bond strength. However, as soon as the corrosion-induced cracks appear,
bond strength decreases rapidly. Nevertheless, there is an important difference in bond
mechanism when compared to deformed bars. As bond to plain bars is made up only of chemical
adhesion and friction, the expansion of the corrosion products and the increase in friction may
have a greater impact than that of deformed bars [122].

The experimental results of residual bond strength after exposure to elevated temperatures

as a function of the corrosion level is shown in Fig. 16.

Fig. 16. Bond strength degradation after exposure to elevated temperatures as a function of the corrosion

level (CL).
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2.5. Conclusions

This work conducted a review on bond mechanism at room temperature, the elevated
temperature exposure effects on concrete and reinforcement, and, finally, the bond properties
after exposure to elevated temperatures. According to the studies analyzed in this paper, the

following conclusions are drawn:
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The high temperature induced physical-chemical changes in concrete’s microstructure are
the critical issue affecting the concrete-reinforcement bond degradation after exposure to
elevated temperatures. The steel suffers negligible damage for temperatures up to 600 °C.
The ultimate bond strength and the associated bar slip are highly affected by elevated
temperatures. As exposure temperature increases, the ultimate bond strength reduces. For
temperatures above 400 °C, bond strength is considerably damaged.

As temperature increases, the bond stiffness reduces. The slope of ascending portion of
the bond-slip curves gradually declined with increasing temperature and the descending
portion of the curves tended to flatten.

The concrete cover to bar diameter ratio becomes especially important in post-heating
situations because the elevated temperature induced cracks make concrete susceptible to
a splitting bond failure.

The cooling process is also a critical stage for post-heating situations because the use of
quenching water accelerates the free limestone rehydration process, which results in
further damage both to the concrete’s compressive strength and to the bond.
Incorporation of fibers in pullout specimens enhanced post-heating residual bond strength
between reinforcing steel and concrete. Furthermore, the fibers contributed to increasing
bond ductility and the stiffness of the bonding law.

For low levels of corrosion and temperatures up to 200 °C, the expansion of corrosion
products has a beneficial effect on bond properties. However, as corrosion level increases,
the concrete cover cracks and the specimen becomes more vulnerable to high temperature
damage.

Further studies should be conducted to better understand the bond failure mechanism of

reinforced concrete after elevated temperature exposure.
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CHAPTER 3:

Experimental evaluation of heat-induced degradation on

concrete-reinforcement bond after exposure to elevated temperatures

Abstract

This work presents an experimental assessment of the influence of heat-induced degradation of
concrete and reinforcing steel on the bond relationship between these materials. Two concrete
mixes were analyzed, with 30 and 50 MPa compressive strength, and three bar diameters. Bond
tests were performed using pull-out specimens. In the case of tests after exposure to elevated
temperatures, the specimens were first heated in a furnace and kept until they reached thermal
equilibrium. Second, they were cooled to room temperature and after then were tested. The
reinforcing bars did not show evidence of being affected by heat exposure for temperatures up to
400 °C, but the CA60 grade rebar showed extensive deterioration at 600 °C. The physicochemical
changes in concrete’s microstructure after exposure to elevated temperatures were verified
through SEM and XRD. It was observed that both concretes mechanical properties were
positively affected by heat exposure up to 200 °C, with exception of Young’s Modulus. This is
reflected in the bond strength, which increased up to 73% for C30 concrete at this temperature
level. Higher temperature exposures progressively deteriorated the concretes mechanical
properties and the bond between the materials. Besides the materials’ deterioration, their
differential thermal expansion induced interfacial cracking, which showed to be an important

factor of bond degradation after heat exposure.

Keywords: Bond strength. Elevated temperatures. Pull-out test. Materials Properties. Bond-slip

relationship. Bond failure mechanism.



51

3.1. Introduction

Reinforced concrete is a composite material that brings together the best of the individual
materials’ capabilities. As a result, there is a material capable of bearing both compressive and
tensile stresses. However, the composite behavior of reinforced concrete structures is directly
related to the force-transfer mechanism between the materials; hence, to the bond between them.
When the bond is damaged, the force transfer is compromised and so is the workability of the
structure itself.

At room temperature, there are two main bond failure mechanisms for short specimens
(I /d <10), pull-out and splitting. Pull-out failure is due mostly to the shearing-off of the concrete
between the rebar transversal ribs and shows no visible splitting cracks. Splitting failure is due
mostly to the longitudinal splitting of the concrete surrounding the rebar and bond capacity
vanishes once the radial cracks get to the outer surface of the specimen. Generally, pull-out bond
failure affects specimens well-confined or with large concrete covers; conversely, splitting
failure occurs when there is no confinement or limited concrete cover [1]. The bond-slip

relationship for each bond failure mechanism is shown in Fig. 1.

Fig. 1. Bond-slip relationship and bond failure mechanisms at room temperature.
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Source: FIB Model Code (2013) [2]

During its lifespan, a reinforced concrete structure may be subjected to a fire situation. At
elevated temperatures, concrete undergoes a series of physical and chemical changes due to water
evaporation. For elevated temperatures up to 105 °C, concrete loses its free, physically adsorbed,
and interlayer water [3—8]. As temperature increases, the cement paste shrinks due to moisture
loss, whereas the aggregates undergo a thermal-induced expansion. This thermal incompatibility

produces high tensile stresses at the interfacial transition zone [9—-13]. For temperatures above
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300 °C, the cement paste experiences the coarsening of its pore structure and a significant
increase in microcracking around calcium-hydroxide (CH) crystals [10].

When the temperature is further increased, the microstructure of concrete suffers major
changes due to chemical decomposition, moisture loss, and microcracking. The main physical
effect observed is the increase in concrete porosity, which can be interpreted as the pore structure
coarsening in both size and distribution [8,9,14—-17]. This can be verified especially for
temperatures above 400 °C, due to the dehydration of the CH [6,7,9,10,14,16,18].

When the temperature exceeds 600 °C, the hydrated calcium silicates (C-S-H)
decomposition becomes the main mechanism influencing concrete cracking and strength loss
[6,7,9-11,19]. For temperatures in the range of 580-900 °C, concrete undergoes its third major
weight loss, due to the decomposition of CaCOs [9,11,20,21].

Concrete’s mechanical properties response to heat exposure has been studied by many
researchers over the years. It has been established that, depending on its constitution, concrete
may present insignificant compressive strength loss, or even a slight increase for elevated
temperatures up to 300 °C. [13,22-24]. However, for temperatures above 400 °C, concrete is
highly damaged and a drastic reduction of the compressive strength is observed
[6,7,9,10,14,16,18].

On the other hand, the reinforcing steel residual mechanical properties do not seem to be
affected by temperature exposure up to 600 °C, either for hot-rolled and cold-worked
reinforcement bars [25-32]. As the exposure temperature increases above this temperature range,
steel progressively deteriorates, and its yield strength and ultimate strength decrease substantially
due to pearlite transformation to austenite at around 727 °C [25].

Based on the existing data, it is clear that concrete and reinforcement have different
responses to heat exposure; surely, this differential behavior affects their interface and the bond
between the materials. The present study experimentally investigates the influence of the
materials’ mechanical properties on concrete-reinforcement bond after exposure to elevated
temperatures. Two different concrete mixes are tested to assess how the concrete deterioration
process takes place as the temperature increases. Moreover, the reinforcing steel bar response to
elevated temperatures is also analyzed. Finally, pull-out tests are performed and the effect of heat

exposure on bond-slip relationship and bond failure mechanisms are analyzed.
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3.2. [Experimental procedure

3.2.1. Design of experiments (DOE)

This work proposed to study the effect of exposure to elevated temperatures on residual
properties of concrete and reinforcing steel and to evaluate its influence on the bond between
these materials. For each material, a series of physical and mechanical properties were analyzed.
The residual properties analyzed for the reinforcing steel were its yield and ultimate strength and
the Young’s Modulus.

Since concrete is a heterogeneous material, a more comprehensive analysis was carried
out. The concrete’s mechanical properties analyzed in this work are the compressive strength,
splitting strength, shear strength, and Young’s Modulus. In addition, complementary scanning
electron microscopy (SEM) and X-Ray diffraction (XRD) analyses were carried out to enlighten
the physical and chemical changes that concrete undergoes as exposure temperature increases.

The analysis of the effect of exposure to elevated temperatures on bond strength was
designed as a factorial experiment with two factors: the concrete mix and the exposure
temperature. Despite the analysis of heat-induced deterioration on three different bar diameters,
only one bar was used for the pull-out tests, the 12.5 mm diameter bar. This parameter was kept
constant because the concrete cover to bar diameter ratio also influences the bond behavior, and
the goal of this work was to analyze exclusively the effect of the heat-induced deterioration of
the materials on bond behavior.

Each of the aforementioned residual properties was measured after exposure to elevated
temperature and compared to that of room temperature. The target temperatures examined in this
work are 200 °C, 400 °C, and 600 °C. All the parameters analyzed and the tests performed in this

work are summarized in Table 1.

Table 1.
Tests performed in this experimental program.

Component Properties Tests

Compressive strength
Splitting strength

Concrete 28 ﬁg: Shear strength
Young’s Modulus
XRD, SEM
5.0 mm Yielding strength
Reinforcing bars 8.0 mm Ultimate strength

12.5 mm Young’s Modulus
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3.2.2. Test program and materials

The experimental program consisted of testing the residual mechanical properties of two
concrete mixes with initial compressive strengths of 30 and 50 MPa, which proportions are
detailed in Table 2. The concrete mixes were prepared with Portland cement CP II-E-32, which
is a slag-modified Portland cement that complies with the type I (SM) cement of ASTM C595
[33]. The aggregates used in this work were river natural sand and granite gravel. The physical
and mechanical properties of the materials used in the concrete mixes are given in

Table 3 and Table 4.

Table 2.
Concrete mixes used for the tests.
Quantity (kg/m?®)
Component Mix 1 - C30 Mix 2 — C50
Cement 330 690
River quartz sand 841 432
Granite gravel 1051 1051
Water 190 228
Source: Author (2021).
Table 3.
Properties of the Portland cement.
Property Value Standards
. ABNT NBR NM 23[34]
3
Density [g/en’] 2.965 equivalent to ASTM C188 — 17 [35]
. . ABNT NBR 16372 [36]
2
Specific surface area (Blaine) [m*kg] 460 equivalent to ASTM C204 -18¢l - [37]
ABNT NBR NM 43[38]
(V)
Water for standard cement paste [%] 31 equivalent to ASTM C187 — 16 -[39]
iy o . ABNT NBR 16607 [40]
Initial setting time, min. 190 equivalent to ASTM C191-19 - [41]
Final setting time, min. 251 ABNT NBR 16607 [40]

equivalent to ASTM C191-19- [41]
ABNT NBR 7215 [42]

Compressive strength (3/ 7/ 28 days) [MPa] (12.3/25.2/39.2) equivalent to ASTM C109M — 21 [43]

Source: Author (2021).

Table 4.
Properties of the aggregates.

Property River sand Granite gravel NORMA
ABNT NBR NM 45 [44]

) . 3
Specific gravity [g/em’] 2.594 2.794 equivalent to ASTM C29M — 17a [45]

. ABNT NBR NM 30 [46]

0
Water absorption [] 1.21 0.48 equivalent to ASTM C128 — 15 [47]

. ABNT NBR NM 248 [48]
Fineness modulus 271 697 equivalent to ASTM C136M — 19 [49]

Maximum dimension [mm] 4.80 19.0 ABNT NBR NM 248 [48]

equivalent to ASTM C136M — 19 [49]

Source: Author (2021).
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For each concrete mix and temperature, three 100 mm diameter and 200 mm height
cylindrical specimens were prepared to analyze the effect of heat exposure on the concrete’s
residual mechanical properties. The exception was the shear strength analysis, which required a

particular specimen, as shown in Fig. 2.

Fig. 2. Details of the shear strength specimen in a) front view and b) top view.
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Source: Adapted from [50].

The effect of exposure to elevated temperatures on the reinforcing steel was analyzed for
three different bar diameters, 8.0 and 12.5 mm deformed CA50 grade rebars and 5.0 mm plain
CA60 grade steel. For each bar diameter, three specimens were tested after being subjected to
elevated temperatures. The rebar chosen to be embedded into the concrete block for the pull-out

tests was the 12.5 mm deformed bar, which properties are detailed in Table 5.

Table S.
Reinforcing bar properties at room temperature.
Property 5.0 mm 8.0 mm 12.5 mm
Transversal rib spacing (mm) - 532* 6.95 *
Transversal rib height (mm) - 0.52 0.77
Yield strength (MPa) 642.5 589 587
Ultimate strength (MPa) 690.6 699 695
Young’s Modulus (GPa) 191 214 211

*Note: the transversal rib spacing is 0.66d for 8.0 mm bar and 0.56d for 12.5 mm bar.

Source: Author (2021).
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3.2.3. Pull-out specimens

The pull-out specimens were prismatic with a 150x150 mm cross-section and 200 mm
long, as shown in Fig. 3. The test rebars were embedded into the concrete block providing the
minimum top and side concrete cover allowed by the Brazilian Standards
(ABNT NBR 6118 [51]), which is 25 mm.

The test rebar was installed with a 5d embedment length placed in the mid-length of the
specimen, and both the loading-end and the free-end were debonded. The pull-out rebar loading-
end was prolonged by 150 mm to be attached to the testing machine and the free-end was
prolonged by 50 mm to facilitate the bar slip measurements. The debonded length was provided
by paper rolled [52] around the rebar and covered in oil to avoid any bond to the concrete. Due
to risks during the heat exposure, it was chosen not to work with PVC bond-break, as usual in
other bond testing programs.

Three 5.0 mm diameter stirrups were used to provide confinement to the rebar. The center
stirrup was placed at the mid-length of the specimens, which was also the mid-length of the
embedment length. The other two stirrups were placed symmetrically inside the specimen, at a
50 mm distance in each direction.

For each target temperature and each compressive strength, three pull-out specimens using

the 12.5 mm diameter rebar were tested.

Fig. 3. Details of the pull-out specimen (units are in centimeters)
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Source: Author (2021).

3.2.4. Specimen preparation and heating procedure

The pull-out specimens were cast with the test rebar oriented horizontally near the top of
the mold. Both the pull-out and the shear strength specimens were kept in the mold for 72 hours,

as shown in Fig. 4, then the specimens were demolded and taken to a water tank where they were
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cured immersed in water for 28 days. Before the specimens were subjected to the target
temperature, they were taken out of the water tank and let dry out at room temperature for a few
hours. Then, specimens were kept at 100 °C for 24 hours to remove the free water and avoid

spalling during the heating procedure, and subsequently cooled down to room temperature.

Fig. 4. Specimen preparation: a) shear strength; b) pull-out.

Source: Author (2021).

Finally, the specimens were put in an electric furnace and heated at a rate of approximately
4 °C/min. A thermocouple (TC1) was used to measure the temperature inside the furnace, and a
control specimen was used to determine when the specimen had reached the target temperature.
Two thermocouples were cast inside the control specimen, one at the pull-out bar position (TC2)

and the other at the center of the specimen’s cross-section (TC3), as represented in Fig. 5.

Fig. 5. Position of the: a) thermocouples; b) LVDT.
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Source: Author (2021).



58

The furnace was turned off only when TC3 ensured that the whole specimen’s cross-section
had reached the target temperature, as exemplified by Fig. 6. At that point, the furnace door was
opened, and the specimens were allowed to cool down to room temperature overnight. All the

time-temperature curves are available in Appendix A.

Fig. 6. Time-temperature curves for C50 specimens and 600 °C.
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Source: Author (2021).

3.2.5. Pull-out test setup

The pull-out tests were conducted in a universal testing machine, EMIC DL60000, that
provides a maximum force of 600 kN. The specimen was placed in a load-transfer apparatus, as
shown in Fig. 7. The load-transfer apparatus consisted of two 20 mm thick steel plates, connected
by four 16 mm diameter threaded bars, one in each corner of the steel plate. A 150 mm long, 20
mm diameter bar is placed at the center of the top plate to attach the apparatus to the top gripper
of the testing machine. The specimen is positioned into the apparatus with the pull-out bar faced
down through a hole in the center of the bottom plate and grabbed by the moveable gripper of
the testing machine.

The pull-out load was applied by displacement control with a loading speed of 0.6 mm/min
until the machine moveable beam reached a maximum of 15 mm. The pull-out force

corresponding applied in each step of displacement was measured by four strain gauges, placed

one in each threaded bar of the apparatus.
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Fig. 7. Pull-out test setup.

Source: Author (2021).

The bar displacement was measured by LVDT 1, and the concrete displacement was
measured by LVDT 2 and LVDT 3, positioned as shown in Fig. 5 and Fig. 7. Based on the values
measured by LVDT 2 and LVDT 3, it was estimated the concrete displacement at the bar location,
by using a linear equation, Eq. (1). A differential displacement was obtained at that point, here

on denominated as the bar slip.

5 =28, — 63 (1)

where § is the calculated concrete displacement at the rebar position; §, and &5 are the concrete
displacement measured by LVDT 2 and LVDT 3, respectively.

The LVDTs used to measure the displacements were HBM WA20 e HBM WASO0. The data
acquisition systems (DAS) used were the HBM MX1615 for the strain gauges and the HBM
840A for the displacement transducers.

The bond strength obtained by the pull-out test can be defined as the force being transferred
between the materials by unit of surface area along the rebar embedment length. For small
embedment length to bar diameter ratios (I, /d), in which the shear stress can be assumed to be

uniformly distributed along the bar, the shear stress of maximum bond can be expressed by

Eq. (2):
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Pmax
— _max 2
v i, @
where P, 1s the maximum pull-out load; d is the diameter of the reinforcement and [, is the

embedment length.

3.3. Results and discussion

The results of the present study are reported and discussed in the following sequence. First,
the effects of heat exposure on the concrete’s physical and mechanical properties are analyzed.
Second, the reinforcing bars and the interface of the materials are analyzed for increasing
temperatures. Finally, the effects of heat exposure on bond-slip curves and bond failure

mechanism are discussed based on the previously analyzed results of the materials’ properties.

3.3.1. Effects of elevated temperature exposure on the concrete

3.3.1.1.  Effect of elevated temperature exposure on the concrete’s residual mechanical

properties

The evolution of concrete’s residual mechanical properties with increasing the exposure
temperature are given in Fig. 8 and Fig. 9. Based on the results obtained in this work, elevated
temperature exposure have a positive effect for both concretes compressive and shear strengths
after exposure to 200 °C, which results in a 23% compressive strength increase for C30 and 12%
for C50. For the shear strength, the increase was 38% and 36% for C30 and C50, respectively.

The tensile strength was only slightly affected for both concrete mixes after exposure to 200 °C.

Fig. 8. C30 residual mechanical properties.

1,60
= = Compressive strength
1,40 .
------- Splitting strength
£ 1,20
5 > = = =Young's Modulus
g- 1,00 T € eeveecniniaininan.,, Shear strength
g | SSITTee
Sos0t 0 S~o o e
g ........
0,60 S~ e ~N
."g ~ N < Tt ~
) J S L TP
[~ 0,40 S o -
020 + T~ o
0,00 } } } } } }
0 100 200 300 400 500 600 700

Temperature [°C]

Source: Author (2021).



61

Fig. 9. C50 residual mechanical properties.
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Although these properties are enhanced after exposure to 200° C, the Young’s modulus
shows a significant reduction for both concretes, retaining 72% and 59% of its original values
for C30 and C50 respectively, which indicates that, despite the apparent strengthening of the
concrete, it has been damaged on a microstructural level.

C30 and C50 show evidence of being affected differently by heat exposure at 400 °C. At
this level of temperature, the residual compressive strength of C30 is slightly affected, retaining
94% of its original value, while C50 retains only 68% of its strength at room temperature. On the
other hand, the shear and splitting strengths show an opposite trend. C50 retains 81% of its
splitting strength and 98% of the shear strength, against 72% and 89% respectively for C30. The
Young’s modulus seems to be equally affected for both concrete mixes, with relative residual
values of 33% and 27%.

When the temperature reaches 600 °C, concrete is severely damaged and all the analyzed
residual mechanical properties decrease drastically irrespective of the mix. C30 concrete retained
51% of its compressive strength, while C50 was even more damaged, and retained only 33% of
its strength. Among the analyzed mechanical properties, the Young’s modulus was the most
damaged by heat exposure at 600 °C, retaining only 12% of its value at room temperature for
C30, and 9% for C50.

The greater damage to the C50 compressive strength observed by the data in Fig. 9 is
directly related to the denser microstructure and the heat-induced cracking, as shown in Fig. 10.
Due to its low permeability, high-strength concrete experiences the development of higher pore
pressures during heating [53]. The pressure increase results in more extensive cracking and could

lead to spalling, which was not observed in any specimen in this work.
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Fig. 10. Crack pattern at 400 °C and 600 °C for: a) C30; b) C50.

Source: Author (2021).

The results for residual compressive strength of concrete observed in this work agree with

the observation of previous researchers, as shown in Fig. 11.

Fig. 11. Evolution of residual compressive strength of concrete with increasing temperatures.
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3.3.1.2.  Effect of elevated temperature exposure on the concrete’s microstructure

The microstructures of both concrete mixes were analyzed by scanning electron

microscopic images (SEM). They are shown in Fig. 12 to Fig. 19.
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At room temperature, the scanning electron microscopic images (SEM) for C30 concrete
show a clear presence of ettringite, the needle shaped structures shown in Fig. 12, on the cement
grain surface. When exposed to elevated temperatures, ettringite starts to decompose for
temperatures above 70 °C and is completely decomposed at 90 °C [62,63]; hence, it was not found

in concrete exposed to any other temperature (200 °C, 400 °C and 600 °C).

Fig. 12. Ettringite in C30 concrete at room temperature.
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Fig. 13 shows C50 concrete at room temperature. The orange dashed rectangles indicate
what seems to be some unhydrated cement grains, similar to the observation of
Lim and Mondal [64]. The area marked in yellow resembles C-S-H observations shown in
technical literature [6,63].

Fig. 14 and Fig. 15 show the microstructure of concrete exposed to 200 °C. The red dashed
rectangles observed in these figures mark structures similar to the CH observed by Annerel and
Taerwe [63]. Noticeably, CH can be more easily found in C50 concrete and is the one of the

reasons why C50 has higher compressive strength.
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Fig. 13. Unhydrated cement grains (UCG) in C50 concrete at room temperature.
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Fig. 14. C30 concrete after exposure to 200 °C.
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Additionally, both in Fig. 14 and Fig. 15, the C-S-H structures show early signs of
dehydration, which is expected to start when concrete is exposed to 100-200 °C range [8,10].
Both C30 and C50 samples show the presence of microcracks (indicated by red arrows), which

could be the reason for the early deterioration of the concrete residual Young’s modulus.
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Fig. 15. C50 concrete after exposure to 200 °C.
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As temperature increases, it is possible to see the microcracking around the aggregate
particle, as indicated by the red arrow in Fig. 16. Additionally, after exposure to 400 °C,
porlandite shows signs of delamination that indicate the beginning of the deterioration process,

as marked by the red dashed rectangle in Fig. 16 and can be observed more closely in Fig. 17.

Fig. 16. Cracks in C30 after exposure to 400 °C.

el g fvis
10 pm EHT = 15.00 kV Mag= 1.00KX |Probe= 45pA Date :31 Aug 2021
WD= 16 mm Signal A= SE1 Photo No. = 9326 Time :16:17:42
ZEISS - LEO 1430 VP

Source: Author (2021).



66

Fig. 17. Portlandite particle in C50 after exposure to 400 °C.
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After exposure to 600 °C, C30 shows a major crack at the interfacial transition zone
between the aggregate and the cement paste, as shown in Fig. 18. Moreover, it was observed a
clear dehydration of the CH structure, as shown in Fig. 19, similar to the observed by
Kim et al. [6]. Additionally, it is possible to notice the coarsening of the concrete microstructure

both for C30 and C50, which is a result from the dehydration process.
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Fig. 19. Portlandite decomposition in C50 after exposure to 600 °C.
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3.3.1.3.  XRD (X-ray diffraction)

Fig. 20 shows the X-ray diffraction for C30 and C50 concrete after exposure to elevated
temperatures. All the XRD curves presented in Fig. 20 were trimmed on the y-axis to reduce to
influence of the quartz peaks and better visualize the smaller peaks, which are more important
for this analysis.

The main difference between the X-ray diffraction for C30 and C50 concrete, at room
temperature, is the higher number of alite (C3S) and larnite (C.S) peaks identified for C50
concrete. This could be related to the mix proportions, because C50 concrete requires a higher
amount of cement and has a smaller water-cement ratio, which could result in more unhydrated
cement grains in the cement paste, as observed in the SEM images (Fig. 13).

As temperature increases, these unhydrated cement grains react with moisture that migrates
through the cracked cement matrix after exposure to elevated temperatures. After exposure to

200 °C, the alite and larnite peaks reduces significantly in the XRD.
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Fig. 20. X-ray diffraction for: a) C30; b) C50.
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After exposure to 600 °C, due to the dehydration of porlandite and partial C-S-H
dehydration, alite and larnite peaks are identified in the concrete samples again. Both C30 and
C50 showed the presence of marked alite peaks at 23.5° and 27,5° and a larnite peak around 58°.
Moreover, C50 shows many other larnite peaks on the analyzed 20 interval.

Fig. 21 shows the evolution the 18° peak of porlandite in concrete samples obtained by X-
ray diffraction. It is possible to notice the clear deterioration of porlandite after exposure to
600 °C, both for C30 and C50 concrete, similar to what was observed in the SEM images
(Fig. 19).
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Fig. 21. Decomposition of portlandite after exposure to elevated temperatures for: a) C30; b) C50.
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3.3.2. Effects of elevated temperature exposure on the rebar

The evolution of steel’s residual mechanical properties with increasing the exposure
temperature are given in Fig. 22 to Fig. 24. The results show that all the analyzed mechanical
properties are only slightly affected by temperature exposure up to 400 °C, which is in agreement
with the results previously observed by other researchers [25-32].

Although the damage to the reinforcing steel mechanical properties is limited up to 400 °C,
when the temperature is raised to 600 °C the 5.0 mm diameter bar shows a drastic reduction of
the yield and the ultimate strengths. On the other hand, the Young’s Module slightly increases

for all the analyzed elevated temperatures, as shown in Fig. 24.

Fig. 22. Rebar relative ultimate strength after exposure to elevated temperature.
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Fig. 23. Rebar relative yield strength after exposure to elevated temperature.
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Fig. 24. Rebar relative Young’s Module after exposure to elevated temperature.
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3.3.3. Effects of elevated temperature exposure at the materials interface

Even though the thermal incompatibility between the cement paste and the aggregates is
responsible for the concrete microcracking, which is responsible for a of the concrete strength
loss, the differential thermal expansions between the concrete and the reinforcement must also
be considered, mainly in the analysis of the bond between the materials.

Fig. 25 and Fig. 26 show the effect of the differential thermal expansion on the materials
interface for C30 and C50 concrete, respectively. For specimens subjected to 200 °C, there are

evidence of cement paste dehydration, but the materials interface remains uncracked for both
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concrete mixes. At 400 °C, C30 concrete shows a small radial crack and C50 interface is cracked

around the rebar, which means that the bond between the materials is already compromised.

Fig. 25. The C30 concrete-reinforcement interface at: a) room temperature; b) 200 °C; ¢) 400 °C; d) 600 °C

T

Source: Author (2021)

When the temperature reaches 600 °C, the interface shows a progressive degradation of the
bond at the interface and the advanced cracking of concrete both radially and around the rebar
diameter. However, there is an important difference in the cracking pattern at 600 °C: C50 shows
well-defined radial cracks and C30 shows craze cracks. This could mean that interface of C50
cracks primarily due to the differential thermal expansion, while C30 crack pattern suggests that
the concrete microcracking was the main deterioration mechanism. Nevertheless, both concretes
seem to have lost contact at the interface.

After exposure to 600 °C, the effect of both concrete microcracking and differential thermal
expansion at the interface drastically reduces the confinement of concrete around the rebar. This

effect influences not only the maximum bond strength, but also the bond failure mechanism.
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Fig. 26. The C50 concrete reinforcement interface at: a) room temperature; b) 200 °C; c¢) 400 °C; d) 600 °C

Source: Author (2021).
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3.3.4. Effects of elevated temperature exposure on bond strength and failure mechanism

The results obtained from the pull-out tests in this experimental analysis are summarized

in Table 6. The bar slip measurements correspond to the slip at the ultimate bond strength. All

values presented in Table 6 are the average of three tests performed for each situation.

Table 6.
Bond strength and bar slip for the tested specimens.
Concrete Temperature [°C] Ultimate bond strength [MPa] Bar slip [mm]
20 7.55 1.45
200 13.08 0.58
c30 400 6.17 1.50
600 4.64 1.03
20 15.47 0.99
200 14.97 0.76
¢S50 400 10.19 0.85
600 6.36 0.97

Source: Author (2021).
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Based on the results observed in this work, elevated temperature exposure seems to have a
highly positive effect on the maximum bond strength for C30 at 200 °C. After being heated to
that temperature, the specimens analyzed exhibited an increase in bond strength, with an
enhancement up to 73% of its value at room temperature. Moreover, the specimens also showed
a reduction of the bar slip, which means that after exposure to 200 °C the specimens developed
higher bond strengths with smaller deformations.

The bond-slip relationships are represented by curves that are plotted in Fig. 27 and
Fig. 28. The bond-slip curves are the mean curves of three specimens for each temperature and
were obtained by the mean bond strength value for each specific bar slip. Hence, the maximum
bond strength represented in the mean curve is not necessarily equal to the ultimate bond strength
obtained by statistical analysis, since each individual maximum strength may occur at a different
slip value. All the individual bond-slip curves and the corresponding mean curve for each
situation are available in Appendix B.

As well as observed for the compressive and shear strengths, there is an improvement of
the bond strength when C30 concrete is subjected to 200 °C. Moreover, after exposure to 200 °C
the curve shows a high initial stiffness that ends on a marked peak and then, it is followed by a
drastic degradation in bond strength, which suggests a splitting bond failure. At 400 °C and
600 °C, the curves show smaller initial stiffness and a clear plateau at maximum bond strength,
which is characteristic of pull-out bond failure. The shape of the bond-slip curves suggests a
more ductile bond failure at 400 °C and 600 °C, while at 200 °C the curve indicates a sudden
bond failure.

Although the bond-slip curve at 600 °C show a typical pull-out failure mechanism, the
tested specimen present concrete cracking along the rebar axis, as shown in Fig. 29. This could
be an indication that even though the radial cracks reached the entire concrete cover, bond failed
by the bar pull-out, which means this would be a splitting-induced pull-out bond failure.

Fig. 28 shows the bond-slip curves for specimens with C50 concrete. In contrast to C30
specimens, no significant bond strength enhancement was observed at 200 °C. All the specimens
that were subjected to elevated temperatures show bond-slip curves marked by a peak
characteristic of splitting failure. The exposure to elevated temperatures clearly makes C50
specimens more prone to splitting failure, which can be observed both on the bond-slip curves

and on the crack pattern of the tested specimens, shown in Fig. 29.



Fig. 27. Bond-slip curves for C30 concrete after exposure to elevated temperatures.
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Fig. 28. Bond-slip curves for C50 concrete after exposure to elevated temperatures.
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Fig. 29. Tested pull-out specimens for: a) C30; b) C50.
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In addition, the difference in the interfacial cracking between C30 and C50, shown in
Fig. 25 and Fig. 26, could contribute to explain the dissimilarity in the bond failure mechanism.
The crack pattern observed for C30 could allow higher bar slips, which results in a more ductile
bond failure, whereas the pre-existing radial cracks in C50 would be enlarged by the pull-out
force, causing a splitting bond failure.

The degradation of the maximum bond strength for C30 and C50 after elevated temperature
exposure is exhibited in Fig. 30 and Fig. 31, respectively. In addition, the degradation trends of
the concrete’s residual mechanical properties are plotted in the same figures for comparison

purposes.

Fig. 30. Degradation of bond strength and C30 residual mechanical properties of concrete.
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Fig. 31. Degradation of bond strength and C50 residual mechanical properties of concrete.
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By analyzing the comparison graph of the proportional degradation of bond strength and
residual mechanical properties of concrete after elevated temperature exposure, it is noticeable
that, as the exposure temperature reaches 200 °C, there is an enhancement in both concrete’s
compressive and shear strengths, whereas the splitting tensile strength suffers negligible
variations. It is plausible that the enhancement of the compressive and shear strengths for C30
made it possible for the concrete in front of the bar ribs to bear higher stresses before crushing,
hence transferring higher tensile stresses to the surrounding concrete. As the splitting tensile
strength did not follow a similar enhancement trend, the concrete cover cracked, which
negatively affected the adhesion between the materials at the interface and led to bond failure.
Therefore, there was a change of the bond failure mechanism at 200 °C, as can be seen in the

bond-slip curve and by the splitting of the concrete cover of the tested specimen.

3.4. Conclusions

An experimental investigation of the effects of materials properties on bond strength and
bond failure mechanism was developed in this work. Based on the results obtained, the following
conclusions can be drawn:

e The CAS5O0 reinforcing steel is only slightly affected by temperature exposure and
maintained 90% of its yield strength at 600 °C. On the other hand, the CA60 rebar
does not show meaningful strength loss up to 400 °C, but it is drastically damaged at
600 °C.

e FElevated temperature exposure have different effects on each residual mechanical
property of concrete and at each temperature level. After the exposure to 200 °C, the
compressive and shear strengths are positively affected, while the splitting tensile
strength is slightly affected. For higher exposure temperatures, all the analyzed
mechanical properties progressively deteriorated.

e Both concrete mixes showed early signs of deterioration of the Young’s modulus,
which was extremely weakened at 600 °C, retaining only 12% and 9% of its original
value for C30 and C50, respectively.

e (50 concrete showed a denser crack pattern after exposure to 400 °C and 600 °C.
Furthermore, C50 showed well-defined radial cracks at the interface, while C30

presented craze cracking.
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Portlandite dehydration was verified through SEM and XRD analyses and it is
directly related to the concrete residual compressive strength degradation. The pore
structure coarsening was also observed after exposure to elevated temperatures.

The effects of elevated temperature exposure on the concrete’s residual mechanical
properties showed to be crucial to the bond failure mechanism. The effects
combination on the residual mechanical properties determines the bond failure
mechanism.

The increase in compressive and shear strengths is responsible for the bond failure
mechanism change observed for C30 concrete after exposure to 200 °C.
High-temperature exposure did not affect the bar slip at ultimate bond strength,

although C30 showed a higher bond failure ductility.
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CHAPTER 4:

Experimental evaluation of the influence of concrete cover to bar
diameter ratio on concrete-reinforcement bond failure mechanism

after exposure to elevated temperatures

Abstract

This work presents an experimental assessment of the influence of concrete cover to bar
diameter ratio on concrete-reinforcement bond failure mechanism. Pull-out tests were used to
evaluate the bond behavior. Two concrete mixes were analyzed, with 30 and 50 MPa
compressive strength, and three different configurations of concrete cover to bar diameter ratio
were subjected to 200 °C, 400 °C, and 600 °C. For these cases, the specimens were first heated
in an electric furnace and kept until they reached thermal equilibrium. Thus, they were cooled
to room temperature and after then were tested. Exposure to 200 °C has been shown to positively
affect bond strength; however, as the temperature increases above this range, the bond strength
progressively deteriorates. Elevated temperature exposure did not seem to influence the bar slip
for any of the analyzed configurations. The bar slip was affected only by the bond failure
mechanism change between C30 concrete and deformed rebars at 200 °C. Moreover, the results
of this work show that bond failure mechanisms cannot be easily distinguished after exposure
to elevated temperatures. Finally, there is no clear relationship between the residual
compressive strength of concrete and residual bond strength after exposure to elevated
temperatures; however, the fib Model Code account for bond strength in structures design can
represent safely both the bond strength at room temperature and the residual bond strength after

exposure to elevated temperatures.

Keywords: Reinforced Concrete. Bond strength. Elevated temperatures. Concrete cover to bar

diameter ratio. Bond-slip relationship. Bond failure mechanism.
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4.1. Introduction

Reinforced concrete is a composite material capable of bearing both compressive and
tensile stresses. This unique composite behavior is only possible due to the force-transfer
mechanism between the materials; hence, to the bond between them. When a structure is
affected by fire, not only the materials are damaged, but also the bond at their interface. In this
situation, the force-transfer mechanisms are compromised, as well as the bearing capacity of
the structure itself.

Bond strength can be defined as the force being transferred between the materials by unit
of surface area along the rebar embedment length. For small embedment length to bar diameter
ratios (I /d), in which the shear stress can be assumed to be uniformly distributed along the

bar, the shear stress of maximum bond can be expressed by Eq. (1):

Pmax
= _max 1
T= A (1)

where P, 1s the maximum pull-out load; d is the diameter of the reinforcement and [, is the
embedment length.

At room temperature, short specimens (l,/d <10) exhibit mainly two bond failure
mechanisms, pull-out and splitting. Pull-out failure is due mostly to the shearing-off of the
concrete between the rebar transversal ribs, while splitting failure is due mostly to the
longitudinal splitting of the concrete surrounding the rebar. Splitting failure is characterized by
the concrete cover cracking and bond capacity vanishes once the radial cracks get to the outer
surface of the specimen. On the other hand, pull-out failure does not show any visible
cracks [1].

According to the fib Model Code (2010) [2], the analytical bond stress-slip relationship
for monotonic loading at room temperature can be represented by the curves shown in Fig. 1.
In this model, maximum bond strength for pull-out failure is valid for well-confined concrete
(concrete cover = 5d) and can be estimated as a function of the concrete compressive strength
itself, as shown in Eq. (2). On the other hand, splitting failure is described as a much more
complex mechanism that can be estimated as a function of various geometric parameters,

according to Eq. (3).



Fig. 1. Bond-slip relationship and bond failure mechanisms at room temperature
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Source: fib Model Code (2010) [2].

Thmax = 2.5 \/fcm

f 0.25 25 0.25 c 033 /¢ 0.10
= o5m () (2" [l ()" e

Cmin
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where:

7, is the factor to consider whether the bar is anchored in good or bad conditions;
fem 18 the mean concrete compressive strength [MPa];

@ is the bar diameter [mm];

Cmax/Cmin are the maximum and minimum concrete covers;

k., k¢, are factors to consider the existence of confinement by transverse reinforcement;

Tpmax 1S the ultimate pull-out strength [MPa].
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2
3)

Although short specimens usually fail by pull-out or splitting, long specimens

(I,/d > 10 — 20), may present a third bond failure mechanism, which is the combination of

the other two, a pull-out failure induced by concrete splitting. This mechanism is identified

when there are visible splitting cracks on the concrete cover but the bond fails by the concrete

shear between the rebar transversal ribs [1].

The Brazilian Standard [3] and the fib Model Code [2] account for the bond strength in

structures design through Eq. (4) and Eq. (5), respectively.

foa = MM20304(fer/25)%°

(4)
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foa = Mmnan3(0.211 %) (5)

where:

7, is the factor to consider the bar surface condition (plain, deformed);

7, is the factor to consider whether the bar is anchored in good or bad conditions;
73 is the factor to consider the influence of the bar diameter;

74 1s the factor to consider the reinforcing bar yield strength;

fek 1s the concrete compressive strength [MPa].

During its lifespan, a reinforced concrete structure may be subjected to a fire condition.
Generally, when exposed to elevated temperatures, the higher the temperature, the greater the
reduction of the residual mechanical properties of concrete (e.g. modulus of elasticity,
compressive and tensile strengths) [4,5,14-20,6—13].

Elevated temperature exposure causes the deterioration of concrete due to physical and
chemical changes in its microstructure, to the thermal incompatibility between the cement paste
and the aggregates, and to the conditions to which the structure is subject in the heating and
cooling processes [4,5,21]. Variation in residual mechanical properties of concrete due to
exposure to elevated temperature has been studied by many researchers over the years. It has
been established that, depending on its constitution, concrete may present insignificant
compressive strength loss, or even a slight increase for elevated temperatures up to 300 °C
[9,16,22,23]. However, for temperatures above 400 °C, concrete is highly damaged and a
drastic reduction of the compressive strength is observed [7,15,24-28].

Since heating seems to have a limited effect on the mechanical properties of reinforcing
steel for temperatures up to 600 °C [29-36], changes in the bond-slip relationship and in its
characteristics upon fire exposure may be attributed mainly to physical and chemical changes
of the concrete. Mostly, bond strength behavior with increasing temperatures is governed by
concrete degradation in the heating and cooling phases. Hence, for exposition to elevated
temperatures up to 200 °C, maintenance or a slight increase of bond strength has been observed.
At 300 °C, residual bond strength is around 80% of its value at room temperature. For
temperatures above 400 °C, a distinct fall in maximum mean bond strength occurs
[29,37,46—49,38—45].

Over the years, researchers have tried to relate the residual compressive strength of
concrete to the residual bond strength; however, no clear relationship was identified. Some

researchers have observed that the residual bond strength follows a similar trend than the
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concrete compressive strength [37,49-52]; in contrast, there are also reports that the bond
strength was more affected than the compressive strength [38,40,53]. Similar conflicting results
have been reported for the bar slip at maximum bond strength as well. In some experiments, a
higher slip was observed [29,44,47—49], whereas others exhibited a reduction of the slip at bond
failure [39,40,46].

The present study experimentally investigates the influence of the concrete cover to bar
diameter ratio on concrete-reinforcement bond after exposure to elevated temperatures,
especially focusing on the elevated temperature exposure effect on the change of bond failure
mechanism. In addition, this study aims to evaluate whether the concrete strength could be a
major factor affecting bond properties. The analysis of bond properties is made both by the

mean values of maximum bond strength and bar slip and by the shape of bond-slip curves.

4.2. Experimental procedure

4.2.1. Design of experiments (DOE)

This experimental program proposed to study the influence of elevated temperature
exposure and concrete cover to bar diameter ratio on bond properties, including the ultimate
bond strength, the associated bar slip, the development of the bond-slip curve, and the bond
failure mechanism.

The concrete cover to bar diameter ratio was analyzed by maintaining the concrete cover
depth constant and changing the bar diameter. Three different bar diameters were tested, two
deformed bars and one plain bar. In addition, to evaluate the concrete strength influence, two
concrete mixes with compressive strength of 30 and 50 MPa were tested.

Hence, this research was designed as a factorial experiment with three factors, the
concrete strength, the bar diameter, and the exposure temperature. The residual bond properties
were measured after exposure to elevated temperatures and compared to that of room

temperature. The target temperatures examined in this work are 200 °C, 400 °C and 600 °C.

4.2.2. Test program and materials

The test program consisted of testing seventy-two pull-out specimens to analyze the effect

of elevated temperature exposure on bond properties and bond failure mechanism. Two
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different concrete mixes were tested, with initial compressive strengths of 30 MPa (named C30)

and 50 MPa (named C50), which proportions are detailed in Table 1.

Table 1.
Concrete mixes used for the tests.
Quantity (kg/m?®)
Component Mix 1 — C30 Mix 2 — C50
Cement 330 690
River quartz sand 841 432
Gravel 1051 1051
Water 190 228

Source: Author (2021)

The concrete mixes were prepared with Portland cement CP II-E-32, which is a slag-
modified Portland cement that complies with the type I (SM) cement of ASTM C595 [54]. The
aggregates used in this work were river natural sand and granite gravel, which properties are

shown in Table 2.

Table 2.
Properties of the aggregates.
Property River sand Granite gravel Standards
. . ABNT NBR NM 45 [55]
3
Specific gravity [g/om’] 2.594 2.794 equivalent to ASTM C29M — 17a [56]
. ABNT NBR NM 30 [57]
0

Water absorption [%] 121 0.48 equivalent to ASTM C128 — 15 [58]
Fineness modulus 2.71 6.97 ABNT NBR NM 248 [39]

equivalent to ASTM C136M — 19 [60]
. . . ABNT NBR NM 248 [59]
Maximum dimension [mm] 4.80 19.0 equivalent to ASTM C136M — 19 [60]

Source: Author (2021)

In order to determine the residual properties of concrete after exposure to elevated
temperatures, three 100 mm diameter and 200 mm height cylindrical specimens were casted for
each combination of: concrete strength class (C30 and C50) and maximum exposure
temperature (room temperature, 200 °C, 400 °C and 600 °C). Tests of compressive strength
(ABNT NBR 5739[61] /ASTM C39M-14 [62]), tensile strength (ABNT NBR 7222 [63]
/ASTM C496M-17 [64]) and modulus of elasticity (ABNT NBR 8522 [65] /ASTM C469M-
14[66]) were performed.

Likewise, three specific specimens described in Chapter 3 (3.2.2) were also casted for

each concrete strength and maximum exposure temperature to perform the shear test [67].
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All specimens were subjected to submerged curing for 28 days. After this period, they
were dried in an oven for 24 hours and then cooled for another 24 hours. For the elevated
temperature exposure step, the specimens were heated in an electric furnace until reaching the
reference temperature. The furnace was opened and the specimens cooled in natural air. In the
sequence, the specimens were submitted to the aforementioned mechanical tests. The residual

mechanical properties of concrete obtained are detailed in Table 3.

Table 3.
Concrete mechanical properties after exposure to elevated temperatures.
Concrete Property 20 °C 200 °C 400 °C 600 °C
C30 fo (MPa) 30.48 37.20 21.41 15.46
fer (MPa) 2.65 2.57 1.90 0.72
fes (MPa) 11.09 15.33 9.84 6.70
E. (GPa) 21.50 15.41 7.06 2.63
C50 fc MPa) 53.33 58.58 34.97 17.65
fer (MPa) 3.18 3.20 2.59 1.07
fes (MPa) 14.12 19.23 13.86 7.41
E. (GPa) 29.10 17.14 7.80 2.74

Note: f. is the compressive strength, £, is the splitting strength, f., is the shear strength and E. is the Young’s
modulus. The results presented herein are the mean values of three tests for each condition.

Source: Author (2021)

With respect to rebars, three different bar diameters were analyzed, 8.0 and 12.5 mm
deformed CAS50 grade rebars and 5.0 mm plain CA60 grade steel. Three specimens of each
rebar diameter were tested at room temperature (ABNT NBR ISO 6892 [68] / ASTM A370-20

[69]) and the properties are given in Table 4.

Table 4.
Reinforcing bar properties (at room temperature).
Property 5.0 mm 8.0 mm 12.5 mm
Transversal rib spacing (mm) - 5.32 6.95
Transversal rib height (mm) - 0.52 0.77
Yield strength (MPa) 642.5 589.0 587.4
Ultimate strength (MPa) 690.6 699.3 694.5
Young’s Modulus (GPa) 191.6 214.7 211.1

Source: Author (2021)

In sequence, the reinforcing bars were heated in an electric furnace until reaching the
reference temperatures (200 °C, 400 °C and 600 °C). The furnace was opened and the specimens
cooled in natural air. The mechanical tests performed after elevated temperature exposure

obtained the residual mechanical properties detailed in Table 5.
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Table 5.
Reinforcing bar mechanical properties, measured at room temperature, after exposure to elevated temperatures.
Bar diameter Property 200 °C 400 °C 600 °C
5.0 fy (MPa) 648.1 632.5 328.5
fu (MPa) 717.5 691.0 426.1
E; (GPa) 202.2 203.5 227.6
8.0 fy (MPa) 592.5 572.1 532.7
fu (MPa) 702.9 676.9 618.8
E; (GPa) 218.9 216.1 221.8
12.5 fy (MPa) 592.0 591.9 544.2
fu (MPa) 696.7 696.7 633.1
E; (GPa) 209.8 215.1 215.2

Note: f, is the yield strength, f; is the ultimate strength and E; is the Young’s modulus. The results presented
herein are the mean values of three tests for each condition.

Source: Author (2021)

4.2.3. Pull-out test specimens

The pull-out specimens used in this work are the same described in Chapter 3 (item 3.2.3)
and are shown in Fig. 2. The only difference between the specimens used in this chapter and
the last one is the variable diameter of the rebar. None of the geometric parameters of specimens

have been changed further.

Fig. 2. Details of the pull-out specimen (units are in centimeters).
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Source: Author (2021)

4.2.4. Specimen preparation and heating procedure

The specimens were cast in batches defined according to the electric furnace capacity. In
each batch were cast the specimens that would be exposed to elevated temperatures at the same

time, as shown in Fig. 3. Each batch produced nine pull-out specimens (3 repeats for each bar
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diameter) and three cylindrical specimens, which were used to ensure all batches had the same
compressive strength before exposure to elevated temperatures.

As shown in Fig. 3, the pull-out test specimens were cast with the test rebar oriented
horizontally near the top of the mold. The specimens were kept in the molds for three days and
then demolded and taken to a water tank, where they were cured immersed in water for 28 days.
After the curing period, the specimens were taken out of the water tank and let dry out at room
temperature for a few hours. After that, the specimens were kept at 100 °C for 24 hours and
subsequently cooled down to room temperature. This 24 h period at 100 °C was used to remove

the free water and avoid spalling during the heating procedure.

Fig. 3. Specimens produced in one batch.

Source: Author (2021)

Finally, the specimens were put in an electric furnace and heated at a rate of
approximately 4 °C/min. The heating of the specimens inside the furnace was measured using
thermocouples. One thermocouple (TC1) was used to measure the temperature inside the
furnace and two thermocouples were cast inside a control specimen (TC2 and TC3). The control
specimen was used to monitor the temperature increase inside the specimen and to determine
whether the specimen had reached thermal equilibrium. TC2 was placed at the pull-out bar

position and TC3 at the center of the specimen’s cross-section (TC3), as represented in Fig. 4.
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Fig. 4. Position of the: a) thermocouples; b) LVDT.
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The furnace was turned off only when TC3 ensured that the whole specimen’s cross-
section had reached the target temperature, as exemplified by Fig. 5. At that point, the oven
door was opened, and the specimens were allowed to cool down to room temperature overnight.

All the time-temperature curves are available in Appendix A.

Fig. 5. Time-temperature curve for C50 concrete specimens.
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Due to a thermocouple malfunction, the time-temperature curve for C50 specimens
subjected to 600 °C shows an unusual behavior for Thermocouple 3. Apparently, the
malfunction influenced only the initial part of the time-temperature curve, since the final branch

of the curve seems compatible with the observed for the other specimens and temperatures.
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4.2.5. Pull-out test setup

The pull-out tests were conducted in a universal testing machine (UTM) using a load-
transfer apparatus, as shown in Fig. 6. The load-transfer apparatus was made up of two 20 mm
thick steel plates, connected by four 16 mm diameter threaded bars, one at each corner of the
steel plate. Both steel plates have a centered hole used to connect the apparatus to the UTM.
The specimen is positioned into the apparatus with the pull-out bar faced down through the hole
in the bottom plate and grabbed by the moveable gripper of the testing machine. Through the
hole in top plate, a 150 mm long, 20 mm diameter bar is placed to attach the apparatus to the
top gripper of the testing machine.

The pull-out load was applied to the specimen by moving down the bottom gripper of the
UTM, at the constant displacement rate of 0.6 mm/min. It was chosen to work with a constant
loading speed in order to avoid sudden bond failure and to collect data on the descending branch
of the bond-slip relationship. Load was applied until the machine moveable gripper reached a

maximum displacement of 15 mm.

Fig. 6. Pull-out test setup.

Source: Author (2021).

The corresponding pull-out force applied in each step of displacement was measured by
four strain gauges, placed one in each bar of the apparatus. The strain gauges were calibrated

to match the force measurements of the UTM load cell. This additional force-measurement
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system was used to match the data acquisition rate of the LVDT system; hence, to each step of
displacement applied there is a corresponding pull-out load.

The bar slip was extrapolated from the displacement measurement obtained by three
LVDT, positioned as shown in Fig. 4 and Fig. 6. LVDT 1 measured the displacement of the
rebar, while LVDT 2 and LVDT 3 measured the concrete displacement. Based on the values of
LVDT 2 and LVDT 3, it was estimated the concrete displacement at the bar location by using
the linear equation, Eq. (6). A differential displacement was obtained at that point, here on

denominated as the bar slip.

6 =28, — 63 (6)

where § is the calculated concrete displacement at the rebar position; &, and §5 are the concrete
displacement measured by LVDT 2 and LVDT 3, respectively.

The UTM used in the tests was an EMIC DL60000, that provides a maximum force of
600kN. The LVDTs used to measure the displacements were HBM WA20 and HBM WAS5O0.
The data acquisition systems used were the HBM MX1615 for the strain gauges and the HBM

840A for the displacement transducers.

4.3. Results and discussion

4.3.1. Overview of test results

The results obtained from the pull-out specimens in this experimental program are
summarized in Table 6, in which the bar slip measurements correspond to the slip at the residual
ultimate bond strength. All values presented in Table 6 are the average of three tests performed

in each situation.
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Table 6.
Residual bond strength and bar slip for the tested specimens.
Concrete Bar diameter = Temperature Residual ultimate bond Bar slip

[mm] [°C] strength [MPa] [mm]
C30 5.0 20 2.98 1.32
C30 5.0 200 3.10 1.29
C30 5.0 400 1.55 1.09
C30 5.0 600 221 1.57
C30 8.0 20 6.63 1.17
C30 8.0 200 8.71 0.94
C30 8.0 400 5.71 1.07
C30 8.0 600 4.32 1.31
C30 12.5 20 7.55 1.45
C30 12.5 200 13.08 0.58
C30 12.5 400 6.17 1.50
C30 12.5 600 4.64 1.03
C50 5.0 20 6.94 1.29
C50 5.0 200 8.71 1.41
C50 5.0 400 3.67 2.01
C50 5.0 600 2.05 1.64
C50 8.0 20 14.73 0.74
C50 8.0 200 16.03 0.91
C50 8.0 400 10.45 0.91
C50 8.0 600 7.13 1.03
C50 12.5 20 14.01 0.99
C50 12.5 200 14.97 0.76
C50 12.5 400 10.19 1.04
C50 12.5 600 6.48 0.97

Source: Author (2021).

Based on the results observed in this work, heat exposure seems to have a highly positive
effect on the residual maximum bond strength for specimens with deformed rebar and C30
concrete at 200 °C. At this temperature, all the bar diameters analyzed exhibited an increase in
residual bond strength, with an enhancement of 56% and 73% of the values at room temperature
for 8.0 mm and 12.5 mm bars, respectively. Moreover, the deformed bars also showed a
reduction of the bar slip, which means that after exposure to 200 °C, the specimens sustained
higher residual bond strengths with smaller deformations.

Alternatively, C50 concrete specimens showed slightly different behavior. Although
residual bond strength was also enhanced for 5.0 and 8.0 mm rebars, the increase in bond
strength was only 11% for the 8.0 mm deformed bars. Bond strength of 5.0 mm plain bars
seemed to be more affected than the deformed bars, with a 25% enhancement. On the other
hand, 12.5 mm bars did not show improvement of residual bond properties, retaining its room
temperature strength without significant differences.

For 400 °C, the residual bond strength of plain bars is highly damaged, retaining less than

60% of its value at room temperature for both concrete mixes. For the deformed bars, concrete
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strength seems to be significant at this temperature level, as 8.0 mm bars showed an 86%
residual bond strength for C30, against 71% for C50. Bond of 12.5 mm rebars was more
damaged for C50 as well, with 82% and 73% residual bond strengths. A similar trend is
observed at 600 °C.

4.3.2. Crack pattern

The 12.5 mm tested pull-out specimens are shown in Fig. 7 and the 8.0 mm in Fig. 8. The
red marked lines on the specimens represent the heat-induced cracking and the thicker black
lines show the cracking of the specimen during the pull-out test. Plain bar crack patterns are not

presented because none of the specimens exhibited pull-out-induced cracking.

Fig. 7. Tested specimens with 12.5 mm for: a) C30; b) C50.
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Flg 8. Tested specimens with 8.0 mm for: a) C30; b) C50.

18

e 1) "C. 200 °C i 400 °C 600 °C 600 °C

L;!i'
| B

Source: Author (2021).

Specimens with C50 concrete are more damaged by elevated temperature exposure itself,
as can be seen by the denser crack pattern, both for 8.0 mm and for 12.5 mm. The C30 concrete
remains uncracked up to 200 °C and exhibits scarce cracks at 400 °C; only at 600 °C it is

possible to notice the damage in concrete due to exposure to elevated temperatures.
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4.3.3. Bond-slip curves

The bond-slip curves resulting from the pull-out tests performed are plotted in Fig. 9 to
Fig. 14. The bond-slip curves are the mean curves of three specimens for the same condition of
temperature, concrete strength and bar diameter. These curves were obtained by the mean value
of residual bond strength for each specific bar slip. Hence, the maximum residual bond strength
represented by the mean curve is not necessarily equal to the ultimate residual bond strength
showed in Table 6, since each individual maximum strength may occur at a different slip value.
All the individual bond-slip curves and the corresponding mean curve for each situation are
available in Appendix B.

Due to the elastic deformation of the rubber pad in the pull-out test setup, for very small
displacement values, the method used to determine differential slip at the bar location may
result in negative values for the bar slip. Once the settling of the rubber pad is over, this
phenomenon is surpassed and the differential slip measure does not show any further external
factor interference.

Moreover, the bond-slip curves for different bar diameters are plotted in graphs with
different maximum slips, which were chosen based on the values corresponding to the rib
spacing for each bar diameter (approximately 0.66 d for 8.0 mm and 0.56 d for 12.5 mm).
Although the graphs are trimmed at different values, all specimens were tested to a maximum
bar slip value of 10 mm (test setup). Based on the results, a tendency was observed, specifically
for the 5.0 mm bar: to regain some of the residual bond strength after the slip was higher than

the rib spacing value.

4.3.3.1.  Specimen with c/d = 2.4 (12.5 mm bars)

The bond-slip curves for C30 concrete and 12.5 mm bars are shown in Fig. 9. At room
temperature, the bond-slip curves for C30 show a high initial stiffness, with minor bar slip up
to a stress of 4 MPa, followed by an increase in residual bond strength with a reduced stiffness
until maximum residual bond strength is reached.

Furthermore, after exposed to 200 °C the resulting curve shows an even higher initial
stiffness with no significant slip up to 8 MPa, which winds up on a marked peak and then is
followed by a drastic degradation in residual bond strength, that clearly suggests a splitting
bond failure. At 400 °C and 600 °C, the curves exhibit the effect of elevated temperature
exposure on the degradation of the initial stiffness and present a clear plateau at maximum bond

strength, which is characteristic of pull-out bond failure.
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Although the bond-slip curve at 600 °C shows a typical pull-out failure mechanism, the
tested specimens exhibit concrete cracking along the rebar axis, as shown in Fig. 7. This could
be an indication that even though the radial cracks reached the entire concrete cover, bond failed
by the bar pull-out, which means this would be a splitting-induced pull-out bond failure.

The high initial stiffness and the reduced bar slip values at 200 °C suggest a sudden bond
failure, while the reduced bond stiffness associated with higher slips and a plateau at maximum
residual bond strength could be an indication of a more ductile bond failure at 400 °C and
600 °C. The apparent change in bond failure mechanism seems to be the key factor influencing
the bar slip at maximum residual bond strength after exposure to elevated temperatures.

Fig. 10 presents the bond-slip curves for C50 concrete. At room temperature, the bond-
slip behavior of C50 seems to be similar to C30, only reaching higher residual bond strengths
due to the higher mechanical properties. In contrast to C30, which seems to suffer a change in
bond failure mechanism after elevated temperature exposure, C50 exhibits evidence to be
afflicted by splitting bond failure in all the analyzed high temperatures. Specimens subjected to
200 °C, 400 °C, and 600 °C show a marked peak in the bond-slip curves, and visible concrete

cover cracking along the rebar axis, as shown in Fig. 7.

Fig. 9. Bond-slip curves for C30 concrete and 12.5 mm bar.
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Fig. 10. Bond-slip curves for C50 concrete and 12.5 mm bar.
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Furthermore, Fig. 10 shows no evidence that exposure to elevated temperatures
influences bar slip at maximum residual bond strength, which could also be related to the
sustained splitting bond failure. As well as observed for C30, the change in bond failure
mechanism could be the most important point influencing the bar slip. In this case, since there
is no change in bond failure mechanism, bar slip would not be affected by elevated

temperatures.

4.3.3.2.  Specimens with c¢/d = 3.75 (8.0 mm bars)

The results of the pull-out tests performed on the specimens with C30 concrete and
8.0 mm rebar are shown in Fig. 11. For all the examined temperatures, specimens seem to
behave very similarly to C30 specimens with 2.4 ¢/d. The main difference is the bond-slip curve
after exposure to 400 °C, which seems to have a marked peak characteristic of splitting bond
failure; however, no splitting of the concrete cover was observed in the tested specimens, as
shown in Fig. 8.

Fig. 12 shows the bond-slip curves for C50 concrete and 8.0 mm rebar. Once again, the
bond failure mechanism and bar slip does not seem to be affected by elevated temperature
exposure. As shown in Fig. 8, C50 present a more extensive cracking pattern induced by the
elevated temperature exposure when compared to C30. This denser crack pattern results in a
noticeable tendency of C50 being more affected by splitting and maintaining this bond failure

mechanism irrespective of the temperature level; however, no visible cracks were observed in
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the specimens after the pull-out test, as shown in Fig. 8. This could be an indication that even

though there were no visible cracks on the concrete cover, there was an internal cracking

process that did not reach the external surface of the specimen due to the greater ¢/d ratio.

Nevertheless, it seems like the greater ¢/d ratio did not prevent splitting failure.
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Fig. 11. Bond-slip curves for C30 concrete and 8.0 mm bar.
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Fig. 12. Bond-slip curves for C50 concrete and 8.0 mm bar.
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The bond-slip curves for specimens with 5.0 mm rebar with C30 and C50 concrete are

shown in Fig. 13 and Fig. 14, respectively. For this rebar, the bond-slip behavior differs

significantly from the previously analyzed bars, mostly because the 5.0 mm rebar is a plain bar,
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which means the bond develops mainly by adhesion and friction, in spite of the mechanical
interlocking for deformed rebars [70—72].

Generally, plain bars fail by pull-out of the rebar, since the splitting of concrete cover is
directly related to the tensile stresses transferred to the surrounding concrete due to the crushing
of concrete in front of the bar’s transversal ribs. The pull-out failure mechanism can be easily

observed in both Fig. 13 and Fig. 14 for all the temperature levels.

Fig. 13. Bond-slip curves for C30 concrete and 5.0 mm bar.
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Fig. 14. Bond-slip curves for C50 concrete and 5.0 mm bar.
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An unusual behavior was observed for C30 specimens subjected to 400 °C, in which the
residual bond strength decreased substantially compared to that of 200 °C and was smaller than
the values after exposure to 600 °C, as shown in Fig. 13. Considering that all C30 specimens
exposed to 400 °C were produced in the same batch and taken to the furnace at the same time,
it seems plausible to assume that this unusual behavior is not related to problems in these phases
of the experimental program. This could indicate that the specimens were affected by some
external factor during the other stages of specimen preparation (mishandling) or during the pull-
out test (universal testing machine malfunction or excessive pre-load for example).

Moreover, it should be pointed out that specimens with 5.0 mm rebar were the less precise
among all results obtained. It means that bond in these specimens could have been easily
damaged during all the phases of the experimental program, especially the C30 concrete
specimens.

The specimens produced with C50 concrete reproduce the same pattern of bond-slip
relationship degradation as 8.0 and 12.5 mm rebar, in which there is an enhancement of residual
bond strength at 200 °C, followed by progressive deterioration as temperature increase above
this level. The bond failure mechanism is clearly pull-out failure for all the analyzed

temperatures.

4.3.4. The influence of residual mechanical properties of concrete on bond failure

mechanism

Fig. 15 and Fig. 16 show the relative residual bond strengths (RBS) for the tests performed
in this work. Also, the residual mechanical properties of concrete corresponding to each
temperature level are shown in these figures according to the work developed in Chapter 3.

The relative bond strength of C30 specimens showed to be highly affected by temperature
exposure of 200 °C, especially for the deformed rebars. The plain rebar was not significantly
affected, retaining its relative bond strength at room temperature. On the other hand, for the
deformed rebars, it is conceivable that the enhancement of the compressive and shear strengths
made it possible for the concrete in front of the bar transversal ribs to bear higher stresses before
crushing, hence transferring higher tensile stresses to the surrounding concrete. As the splitting
tensile strength did not follow a similar enhancement trend, the concrete cover cracked, which
negatively affected the adhesion between the materials at the interface and led to bond failure.

Therefore, there is a clear distinction in bond failure mechanism for C30 concrete after

exposure to 200 °C and at room temperature. At room temperature, the confinement provided
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by the concrete cover and the stirrups was enough to avoid splitting of the concrete cover;
however, the higher tensile stresses transferred to the concrete were bigger than its splitting

strength, which led to the concrete cover cracking, as can be seen in Fig. 7.

Fig. 15. Degradation of residual bond strength (RBS) and concrete mechanical properties for C30.
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For the specimens exposed to 400 °C, as observed in Chapter 3, both concrete’s
microstructure and the materials interface exhibit signs of cracking, which makes the
confinement provided by the concrete cover essential to prevent splitting bond failure. Hence,
specimens with smaller concrete cover to bar diameter ratio were more affected by elevated
temperature exposure, since both specimens seemed to have failed by splitting-induce pull-out
bond failure.

The plain bars curve (blue) is represented by a continuous line only up to 400 °C and a
dotted line between 400 °C and 600 °C. This representation was used due to the unexpected
behavior of the plain bars at this temperature range. Moreover, it is noticeable that the plain bar
behavior up to 400 °C is well-matched with the deformed bars, while the later branch of the
curve seems to be incompatible with both the deformed bars in Fig. 15 and the plain bars in
Fig. 16.

Fig. 16 shows the deterioration trends for C50 specimens. C50 behaves a little differently
than C30. The denser microstructure, which is responsible for the higher compressive strength,
at this point seems to be a weakness. Upon high-temperature exposure, C50 concrete

microstructure is more damaged, as can be seen by the deterioration of the modulus of elasticity.
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After exposure to 200 °C, C50 concrete residual Young’s modulus retains only 60% of its value
at room temperature, against 75% of C30 concrete.

The more extensive microstructural damage can be interpreted as a more denser
microcracking pattern, which made C50 more prone to splitting failure. Hence, even though
C50 concrete also experienced an enhancement of the mechanical properties of concrete, the
cracked concrete surrounding the rebar could not bear higher tensile stresses as C30 did.
Instead, the tensile stresses increased the microcracking leading to a thorough concrete cover
splitting. Although C50 did not experience a comparable residual bond strength increase as
C30, both of them were affected by a change of bond failure mechanism.

The fact that 5.0 mm rebar presented the greatest strength improvement among C50
specimens at 200 °C suggests that the increase in compressive and shear strength improved the
adhesion between the materials. For the deformed rebars, the specimen with 12.5 mm rebar
showed to be more affected by the splitting of concrete cover than 8.0 mm. Despite the evidence
that both failed by splitting, the smaller c/d ratio induced a complete splitting of the concrete
cover, while the specimens with 8.0 mm apparently were only internally cracked, which could

be an explanation for the smaller benefits of concrete’s mechanical properties to the 12.5 mm

rebar.
Fig. 16. Degradation of residual bond strength (RBS) and concrete mechanical properties for C50.
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Up to 400 °C, C50 specimens with 3.75 ¢/d show an extremely close relation with residual

compressive strength of concrete at the same temperature. A similar trend can be observed for

2.4 c/d specimens, although apparently less affected by the elevated temperature effects on
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concrete, which can be observed by a smaller bond strength increase at 200 °C and a comparable
reduction at 400 °C.

Between 400 °C and 600 °C, the behavior of all specimens seems to be extremely similar,
which suggests that the damage to the concrete is so extensive that the c¢/d ratio does not
significantly affect the bond strength. With exception of the C30 5.0mm bar, which behaved
unusually, this seems to be true for both C30 and C50, implying that the level of confinement

enforced by concrete is not significant at this level of temperature.

4.3.5. Comparison between fib Model Code analytical model and experimental results

Fig. 17 shows the experimental results obtained by many authors regarding the
relationship between the residual concrete compressive strength and the residual bond strength.
The data plotted on the graph represent the mean values of concrete compressive strength after
exposure to elevated temperature and the corresponding residual bond strength.

The black curve in Fig. 17 represents the relationship between the maximum bond
strength and the concrete compressive strength at room temperature for pull-out failure with
good bonding conditions, as described by Eq. (2). In another words, this curve represents what
could be described as the overall upper limit for bond strength, since it considers the upper limit
for bond failure mechanism (pull-out failure) and does not take into account the additional
damage to the concrete caused by elevated temperatures.

Fig. 17 also presents the curves for the Brazilian Standard [3] and the fib Model Code [2]
for the bond strength in structures design, given by Eq. (4) and Eq. (5), respectively. Both

standards are represented by two curves, one for plain and one for deformed rebars.
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Fig. 17. Relationship between residual compressive strength and residual bond strength.
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First, it should be pointed out that the observed data is extremely scattered and no clear
relationship can be observed between concrete compressive strength and bond strength after
exposure to elevated temperature. As suggested by Bosnjak et al. [73], exposure to elevated
temperatures could change the bond failure mechanism. Moreover, Royles and Morley [49] and
Sharma et al. [50] observed that the bond strength follows a similar trend as the compressive
strength when the specimen fails by pull-out of the rebar. On the other hand, if a splitting failure
takes place, the bond strength seems to follow a degradation trend closer to the concrete splitting
tensile strength.

This change in bond failure mechanism with increasing temperatures, coupled with the
different behavior associated with each bond failure mechanism could be an explanation for the
divergence in the plotted data. Additionally, it could also be associated to the heterogeneity of
concrete. As shown throughout this work, the behavior of concrete when exposed to elevated
temperatures is highly dependent on its constitution, which means that even concretes with the

same compressive strength could behave differently based on their composition.
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Even though the results available are extremely scattered, all the data observed by
previous researches are above the fib Model Code curves, both for plain and deformed bars.
Therefore, the fib Model Code account for bond strength in structures design can represent
safely both the bond strength at room temperature and the residual bond strength after exposure
to elevated temperatures.

On the other hand, the Brazilian Standard curve for deformed bars, which is less
conservative than the Model Code curve, does not cover all the data analyzed. Nevertheless,
approximately 90% of data on post-fire bond strength can be safely represented.

Moreover, Fig. 17 shows results for concrete exposed to elevated temperatures that are
above the upper limit defined by fib Model Code [2]. Due to the abundance of data above the
curve, it seems plausible to assume that the damage to the concrete, induced by elevated
temperatures, deeply affects bond behavior. Additionally, the prescribed relationship for room
temperature is not fit to describe the post-fire relationship simply using the residual compressive
strength of concrete in place of the compressive strength at room temperature in Eq. (2).

The experimental results observed in this work are entirely under the maximum bond
strength curve, which suggests that all the specimens were influenced by concrete cracking at
some level and could not be fully described by the pull-out failure model prescribed by the fib
Model Code [2], even at room temperature.

Nevertheless, the excessive divergence in the results plotted in Fig. 17 are an impediment
for the proposition of a new empirical model that could describe the relationship between these
properties in post-fire situation. Thus, this topic still present a great knowledge gap and should
be further studied to delimitate the influence of elevated temperatures on bond development

and, more importantly, on bond failure mechanism.

4.4. Conclusions

An experimental investigation of the effects of the concrete cover to bar diameter ratio
on bond strength and bond failure mechanism was developed in this work. Based on the results,
the following conclusions can be drawn:

e The effect of elevated temperature exposure on the residual bond strength seems to be
directly related to the concrete’s mechanical properties. Generally, for concretes
exposed to 200 °C, the residual bond strength is positively affected by the exposure;

however, as temperature increases above this level, bond progressively deteriorates.
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Elevated temperature exposure did not seem to influence the bar slip at maximum
residual bond strength for any of the analyzed configurations. The bar slip was affected
only by the bond failure mechanism change between C30 concrete and deformed
rebars after exposure to 200 °C.

The concrete cover to bar diameter ratio seems to affect especially C50 concrete;
however, for 600 °C, concrete seems to be excessively damaged and cannot provide
adequate confinement to the rebar, hence the c¢/d ratio does not seem to influence
maximum residual bond strength.

Bond failure mechanisms cannot be easily distinguished after exposure to elevated
temperatures. In most cases, the analysis of bond failure mechanism was only possible
by the coupled evaluation of the bond-slip diagrams and the crack pattern exhibited by
each specimen.

Even though elevated temperature exposed specimens may show splitting of the
concrete cover, it does not mean that the bond failed by splitting, especially at 600 °C,
when concrete is severely damaged and elevated temperature exposure alone causes
extensive concrete cracking.

The analytical model of the fib Model Code [2] for maximum bond strength
calculation at room temperature is not fit to describe the post-fire ultimate bond
strength.

There is no clear relationship between the residual compressive strength of concrete
and residual bond strength. The data observed in this work and previous researches
indicate the need for further studies on this subject.

The fib Model Code [2] account for bond strength in structures design can represent
safely both the bond strength at room temperature and the residual bond strength after

exposure to elevated temperatures.
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CHAPTER 5:

General conclusions

Abstract
Chapter 5 presents a general conclusion of this work, which includes the concluding
remarks involving the entire dissertation and some proposals for future work that were

identified during the research.
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5.1. Concluding remarks

The analysis of the bearing capacity of a structure that has survived a fire situation
requires knowledge of the behavior of materials after exposure to elevated temperatures.
Specifically in the case of reinforced concrete structures, the bond between the
reinforcement and the concrete plays an important role. Degradation of bond strength due
to high temperatures has been shown not to directly follow the behavior of each material
individually.

In this way, this study comprised a comprehensive literature review and an
experimental assessment of the effects of elevated temperature exposure on residual
concrete-reinforcement bond properties. The experimental program was divided into two
parts: the first part focused on evaluating the effect of elevated temperature exposure on
the physical and mechanical properties of materials and how this influenced the bond
strength between them. The second part focused on assessing the influence of the concrete
cover to bar diameter ratio (c¢/d) on bond development and bond failure mechanism after
exposure to elevated temperatures.

It was observed that, although elevated temperature exposure positively affects the
concrete residual compressive strength for temperatures up to 200 °C, there is still some
damage to its microstructure, which are perceptible by the SEM analysis and resulted in
the reduction of the Young Modulus. Moreover, for higher temperatures, the damage to
the microstructure of concrete and the decomposition of the hydrated products showed to
be detrimental to the mechanical properties of concrete.

Bond development and bond failure mechanism were highly affected by the
mechanical properties of concrete. The combination of effects of elevated temperature
exposure on the residual mechanical properties of concrete also influenced the change in
bond failure mechanism from pull-out to splitting.

Bond failure mechanisms could not be easily distinguished after exposure to
elevated temperatures. In most cases, the analysis of bond failure mechanism was only
possible by the coupled evaluation of the bond-slip diagrams and the crack pattern
exhibited by each specimen.

The influence of the c/d ratio is directly related to the confinement provided to the
rebar. For exposure to elevated temperatures up to 400 °C, ¢/d showed to be a parameter

of importance for bond properties. Conversely, for 600 °C, the damage to the concrete is
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too extensive and the concrete cover cannot provide enough confinement to the rebar;
hence, the c/d ratio does not seem to influence maximum bond strength.

As the level of confinement provided to the embedded rebar depends not only on
the properties of materials (concrete strength) but also on the specimen characteristics
(c/d ratio and the presence of stirrups), it seems problematic to create a general residual-
bond-degradation law. However, the change in residual bond failure mechanism needs
further clarification and supplementary research should be carried out on this topic.

Even though there is no clear relationship between the residual compressive
strength and residual bond strength, the account for bond strength in structures design
both from the Brazilian Standard [3] and the fib Model Code [2] showed to represent
safely both the bond strength at room temperature and the residual bond strength after
exposure to elevated temperatures.

The data observed in this work and previous researches indicate the need for further

studies on this subject.

5.2. Proposals for future work

Based on the data collected in this research and the observed bond-slip behavior, a

few questions were could not be answered. Some proposals for future work are:

o further explore the relationship between concrete residual compressive strength and
the residual bond strength;

o further explore the influence of ¢/d ratio on bond failure mechanisms by changing
the parameters adopted in this work;

e experimentally assess the residual bond strength degradation using a beam
specimen and the minimum steel reinforcement allowed by Standards, in order to
confirm the results obtained by pull-out tests;

e experimentally assess the residual bond strength using beam specimens and
minimum spacing between reinforcing bars (which is usually smaller than
minimum concrete cover), in order to observe how the bond loss due to the internal
concrete cracking may influence the global bond deterioration of the element; and

e analyze the effect of the use of crack-control mechanisms, such as fibers, in

enhancing bond ductility for specimens that suffered splitting bond failure.
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APPENDIX A:

Time-temperature curves
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Appendix A contains the time-temperature curves for all the specimens subjected
to elevated temperatures. The temperature increase was monitored inside the furnace
(thermocouple 1), at the pull-out bar location (thermocouple 2) and at the center of the
specimen’s cross-section (thermocouple 3).

When the specimens were subjected to 200 °C, the temperature inside the furnace
showed a high initial heating rate and surpassed the target temperature, then it slowed
reduced until reaching thermal stability at 200 °C. Although the furnace reached higher
temperatures, the inside of specimens was not affected, as shown in Fig. 1 and Fig. 2.
This phenomenon was not observed for the target temperatures of 400 °C and 600 °C.

For specimens heated to 200 °C and 400 °C, the C50 specimens took a larger amount
of time to reach the target temperature on its core than the C30 specimens did. When the
specimens were subjected to 600 °C, both concretes required a similar amount of time to
reach the target temperature.

Due to a thermocouple malfunction, the time-temperature curve for C50 specimens
subjected to 600 °C shows an unusual behavior for TC3 (the thermocouple located at the
center of the specimen’s cross-section). Apparently, the malfunction influenced only the
initial part of the time-temperature curve, since the final branch of the curve seems

compatible with the observed for the other specimens and temperatures.

Fig. 1. Time-temperature curves - C30 - 200 °C.
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Source: Author (2021).
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Fig. 2. Time-temperature curves — C50 - 200 °C.
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Fig. 3. Time-temperature curves - C30 - 400 °C.
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Fig. 4. Time-temperature curves — C50 - 400 °C.
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Fig. 5. Time-temperature curves - C30 - 600 °C.
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Fig. 6. Time-temperature curves — C50 - 600 °C.
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APPENDIX B:

Bond-slip curves
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Appendix B contains the bond-slip curves for all the specimens after exposure to elevated
temperatures. Three specimens were tested for each concrete mix, c¢/d ratio, and maximum
temperature combination; hence, a total of 72 specimens. Based on the three specimens tested
for each situation, a mean bond-slip curve was obtained, as described in items 3.3.4 and 4.3.3.

The pull-out specimens were identified by a four-number code. The first number stands
for the concrete strength (1 for C30 and 2 for C50); the second number represents the target
temperature (0 for room temperature, 1 for 200 °C, 2 for 400 °C and 3 for 600 °C); the third
number denotes the bar diameter (1 for 5.0 mm, 2 for 8.0 mm and 3 for 12.5 mm); the last
number indicates repetition for specimens with the same properties (three repeats for each
condition).

Table 1 summarizes the specimen identification codes and the corresponding properties.

Table 1. Specimen identification

Specimen code Concrete strength Temperature Bar diameter
[MPa] [*Cl [mm]
1.0.1.1-1.0.1.3 30 20 5.0
1.02.1-1.023 30 20 8.0
1.03.1-1.03.3 30 20 12.5
1.1.11-1.1.13 30 200 5.0
1.121-1.1.23 30 200 8.0
1.13.1-1.1.33 30 200 12.5
1.211-12.13 30 400 5.0
1.221-1223 30 400 8.0
1.23.1-1233 30 400 12.5
13.11-13.13 30 600 5.0
1.321-1323 30 600 8.0
1.33.1-1333 30 600 12.5
2.0.1.1-2.0.1.3 50 20 5.0
2.021-2.023 50 20 8.0
2.03.1-2.03.3 50 20 12.5
21.11-2.1.13 50 200 5.0
2121-2.123 50 200 8.0
2.13.1-2.133 50 200 12.5
2211-22.13 50 400 5.0
2221-2223 50 400 8.0
2231-2233 50 400 12.5
23.11-2313 50 600 5.0
2321-2323 50 600 8.0
233.1-2333 50 600 12.5

Source: Author (2021)

Among all tests, the results from three specimens could not be used for specific reasons.
For C30 concrete exposed to 400 °C, specimen 1.2.1.2 bond was broken before the beginning
of the pull-out test by a specimen mishandling. For C30 concrete exposed to 600 °C, the results

for 1.3.3.3 were lost by a software malfunction that erased the data collected during the pull-
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out test. For C50 concrete at room temperature, a testing machine malfunction interrupted the
pull-out test and the recorded data could not be used.

Generally, the three specimens tested in each situation presented very similar results;
however, a few results showed a distinct behavior. One of these differences occurred when two
specimens showed very similar results and the third presented a smaller ultimate residual bond
strength, as shown in Fig. 2, Fig. 5, Fig. 10 and Fig. 20. The opposite situation was also
observed, when one specimen showed higher ultimate residual bond strength, as shown in
Fig. 4 and Fig. 22.

Due to the reduced number of specimens tested in each situation (only three for reasons
of cost and infrastructure available), it was chosen not to exclude any result that could be

considered as an outlier for the purpose of obtaining the mean bond-slip curves.
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Fig. 1. Bond-slip curves for C30 concrete and 5.0 mm bars at room temperature.
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Fig. 2. Bond-slip curves for C30 concrete and 8.0 mm bars at room temperature.
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Fig. 3. Bond-slip curves for C30 concrete and 12.5 mm bars at room temperature.
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Fig. 4. Bond-slip curves for C30 concrete and 5.0 mm bars at 200°C.
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Fig. 5. Bond-slip curves for C30 concrete and 8.0 mm bars at 200°C.
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Fig. 6. Bond-slip curves for C30 concrete and 12.5 mm bars at 200°C.
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Fig. 7. Bond-slip curves for C30 concrete and 5.0 mm bars at 400°C.
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Fig. 8. Bond-slip curves for C30 concrete and 8.0 mm bars at 400°C.
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Fig. 9. Bond-slip curves for C30 concrete and 12.5 mm bars at 400°C.
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Fig. 10. Bond-slip curves for C30 concrete and 5.0 mm bars at 600°C.
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Fig. 11. Bond-slip curves for C30 concrete and 8.0 mm bars at 600°C.
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Fig. 12. Bond-slip curves for C30 concrete and 12.5 mm bars at 600°C.
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Fig. 13. Bond-slip curves for C50 concrete and 5.0 mm bars at room temperature.
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Fig. 14. Bond-slip curves for C50 concrete and 8.0 mm bars at room temperature.
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Fig. 15. Bond-slip curves for C50 concrete and 12.5 mm bars at room temperature.
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Fig. 16. Bond-slip curves for C50 concrete and 5.0 mm bars at 200°C.
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Fig. 17. Bond-slip curves for C50 concrete and 8.0 mm bars at 200°C.
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Fig. 18. Bond-slip curves for C50 concrete and 12.5 mm bars at 200°C.
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Fig. 19. Bond-slip curves for C50 concrete and 5.0 mm bars at 400°C.
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Fig. 20. Bond-slip curves for C50 concrete and 8.0 mm bars at 400°C.
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Fig. 21. Bond-slip curves for C50 concrete and 12.5 mm bars at 400°C.
12,0
——=-2.23.1
s 2232

X
S)

W
[=]

Bond strength [MPa]

——=2233
Mean

o
[

0,0 1,0 2,0 3,0 4,0 5,0 6,0
Bar slip [mm]
Source: Author (2021).



127

Fig. 22. Bond-slip curves for C50 concrete and 5.0 mm bars at 600°C.
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Fig. 23. Bond-slip curves for C50 concrete and 8.0 mm bars at 600°C.
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Fig. 24. Bond-slip curves for C50 concrete and 12.5 mm bars at 600°C.
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