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Fire performance assessment of concrete with fly

ash as the supplemental cementitious material

Kunjie Fan

Abstract

Material properties of concrete at elevated temperatures are imperative to structural
fire safety assessment. However, fire performance of concrete at high temperature is
extremely complex since concrete is a heterogeneous material with considerable
variations. When it is subjected to thermal exposure, such as fire, concrete undergoes a
series of significant physicochemical changes. Its mechanical behaviour is not only
temperature dependent, but also loading history dependent, during the heating process.
Therefore, the characterization of concrete properties at elevated temperatures is very
challenging and the development of reliable and accurate constitutive models remains

an unaccomplished task.

The main aim of this thesis can be divided into two scopes: 1) to examine the effect of
using fly ash (FA) as the supplemental cementitious material (SCM) on the fire
performance of concrete; 2) to investigate the mechanical behaviour of concrete under
different thermomechanical conditions and obtain a better understanding of the
mechanism of how the pre-fire load affects the fire performance of concrete. Finally,

an advanced thermo-mechanical constitutive model for concrete under uniaxial
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compression at elevated temperatures is expected to be established, for applications in
structural fire engineering. The model has to capture the behaviour of structural
concrete with different heating-loading sequences accurately and consider the effect of
using FA as SCM on the variation of the properties of concrete during thermal

cexXposurc.

An apparatus is specially designed for testing “hot” mechanical properties of concrete
materials with different heating-loading regimes. Through the experimental research,
the mechanical properties, including compressive strength, peak strain, elastic
modulus, complete stress-strain relationship and transient thermal creep (TTC) of
concrete under uniaxial compression at elevated temperatures have been investigated.
In the experimental programme, both conventional ordinary Portland cement
(Karakurt & Topgu) based concrete and FA concrete specimens were tested to examine
the difference. In addition, a novel numerical method was proposed, to quantify the
effect of temperature gradient on TTC of stressed concrete in transient state tests, so

that an explicit TTC model could be formulated.

Through the experimental research and numerical analysis presented in this thesis, the
fire performance of FA concrete was examined. It was found that 25% replacement of
OPC with FA in the concrete, mitigated the deterioration of the compressive strength,
the development of TTC, and the nonlinearity of stress-strain response at elevated
temperatures, but hardly influenced the value of the elastic modulus and the peak

strain. The applicability of Eurocode EN1992-1-2 to normal strength concrete with



25% replacement of FA as SCM has been verified to be safe. In addition, the effect of
loading history during thermal exposure, on the mechanical properties of concrete at
the thermal steady state, has been investigated too. This thesis contributes to a better
understanding on the mechanism of how loading-heating sequences influence the fire

performance of concrete materials.

Finally, an advanced constitutive model for concrete at high temperature has been
proposed and verified. Compared with previous models, it has the following
advantages of: 1) incorporating a parameter n to consider the variation of the
nonlinearity of stress-strain curves with temperature, 2) formulating the elastic
modulus separately from the stress-strain curve, 3) distinguishing the stress-strain
response of the stressed condition from the unstressed condition and 4) calculating
TTC in a completely explicit way, by quantifying the interference caused by the
thermal gradient in transient state tests. The relevant parameters in the model have
been particularly calibrated for FA concrete as a recommendation for practical

engineering.
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Chapter 1 - Introduction

1.1 Background

Fire represents the most severe situation among all the environmental conditions
which structures may be subjected to. Generally, there are two types of thermal
exposure for structural concrete: intended exposure and unintentional exposure. The
former usually connects with constructions under its service conditions, while the
latter is always related to accidental conditions (catastrophes). Service conditions
normally involve long-term exposure to temperatures in the range 20°C-200°C and
moisture state of unsealed or sealed concrete (RILEM, 2007). Accidental conditions
normally involve short-term exposure to temperatures in the range 20°C-750°C or
above and transient moisture states, i.e. the concrete is allowed to dry during heating
(RILEM, 2007). Quite a lot of differences exist between them, however, no matter
what kind of thermal exposure it is, the structural member should be designed to fulfil
its aimed functions, without failure, for the specified time in a given

thermomechanical scenario, termed as fire resistance of the structure.

Currently, performance-based design is gaining acceptance in structural fire
engineering. Performance-based design is about specifying performance requirements
and then developing solutions based on sound understanding of the underlying
scientific and engineering principles (Wang et al., 2012). Performance based fire

resistance design is generally achieved by performing numerical simulations.



Subjected to a defined thermal exposure, temperature distribution can be predicted in
the construction member by heat-transfer analysis. The results can then be applied into
thermal-mechanical analysis, where a general static numerical method can be applied
to assess the fire resistance performance of a structural member. In this way, specific
problems can be investigated and even some structural conditions that are very
difficult for fire tests, like collapse, can be simulated. Compared with standard fire
tests or prescriptive methods, the numerical simulation is more flexible, economical,
time-effective and environmentally friendly. To use numerical simulations to assess
the fire safety of a structure is a concept with respect to its structural members, instead
of its structural materials. However, the accuracy of the simulation is heavily
dependent on the constitutive equations at elevated temperatures employed for the

materials.

Structural concrete is widely used in civil engineering due to its many advantages. It
generally possesses the best properties for fire resistance over most other building
materials (Purkiss & Li, 2013; Wang et al., 2012). Its constituent materials (cement
and aggregates) are essentially non-combustible. The lower thermal conductivity,
higher specific heat, and less strength deterioration with temperature, mean a slower
rate of heat transfer and strength loss, which enables concrete to act effectively
protecting itself and the whole structure, from fire damage. The use of structural
concrete is thus common in applications where the fire resistance is an issue or in

applications where elevated temperatures can arise, such as in nuclear reactor vessels



(Schneider, Diederichs & Ehm, 1982). Clearly, the mechanical properties of concrete
at elevated temperatures play a key role in structural fire engineering. For the elastic
analysis used in practice, the variations of compressive strength and elastic modulus
with temperature are the basic required parameters, while in a more advanced analysis,
the variation of the plastic strain in compression should also be properly defined (Gao
et al., 2013; Ozbolt et al., 2014; Wang et al., 2018a; Wang et al., 2018b; Yin, Zha &

Li, 2006).

However, the properties and behaviour of concrete at high temperatures is extremely
complex, since it is a heterogeneous composite material with considerable variations.
In compression, concrete exhibits inelastic volumetric expansion. Its mechanical
behaviour is highly nonlinear and influenced by micro-cracking. When concrete is
subjected to sufficient heat, such as fire, it undergoes a series of significant
physicochemical changes, resulting in specific phenomena such as transient thermal
creep (TTC) (Khoury, 1983). These changes cause the properties to deteriorate at
elevated temperatures. Many of these deteriorations are not only temperature
dependent but also loading history dependent, which adds another dimension of

complexity to its high temperature behaviour.

For all these reasons, the characterization of concrete properties at elevated
temperatures is very challenging and has been the subject of much research for many
decades. The development of a reliable and accurate constitutive model, remains an

unaccomplished task.



1.2 Problems

The failure mode of structural concrete in fire varies according to the nature of the fire
(e.g. rate of temperature increase and maximum temperature); the loading system; and
the type of structure exposed to the fire (Khoury, 2000). Failure could occur due to:
the failure of reinforcement as the tensile strength of the steel is reduced on heating
(bending failure); the reduction of bond strength between the steel and concrete with
the increase in temperature (bond failure); loss of shear or torsional strength (shear-
torsion failure); loss of compressive strength (compressive failure); spalling.
Reinforced concrete members under compression (e.g. columns) usually fail in fire
due to concrete failure in the compression zone as its strength diminishes with heating
(Khoury, 2000), therefore, it is important to formulate a constitutive model for

concrete at high temperature.

Due to the needs of practical engineering, the effect of fire on the compressive
mechanical properties of concrete has been studied since early 1922 (Lea & Stradling,
1922). Later in the 1970s and 1980s, the development of nuclear reactor systems
added another impetus for research in this field (Bazant, 1972; Bazant, 1983; Gross,
1975; Harada et al., 1972; Schneider, Diederichs & Ehm, 1982; Thelandersson, 1983).
Until now considerable research has been performed to assess the fire performance of

concrete materials, however, further investigations are still needed for some issues.



1.2.1 Stress-strain relationships of unstressed concrete

The structural concrete heated without applied load except for its self-weight is called
unstressed concrete. The mechanical properties of unstressed concrete at elevated
temperatures have been studied extensively in previous research. However, there are
two problems with the existing uniaxial compressive constitutive models. To begin
with, the elastic modulus is generally defined as the initial tangent modulus or the
secant modulus of the stress-strain curve (Anderberg & Thelandersson, 1976;
EN1992-1-2, 2004), which is not reasonable due to the development of thermal cracks
at elevated temperatures. Additional strain would be caused by compressing the
thermal cracks when unstressed concrete is tested at elevated temperatures. This
additional strain should be included in the stress-strain curve since it is part of the
plastic deformation, but it should be excluded from the elastic modulus because it is
irrecoverable. Therefore, the elastic modulus for unstressed concrete at elevated
temperatures should be formulated individually instead of being defined from the
stress-strain curve directly. In addition, at present, the available uniaxial compressive
constitutive models for unstressed concrete at the thermal steady state, assume the
nonlinearities of the stress-strain relationships remain unchanged when the
temperature increases, which is in contradiction to practical experimental

observations.



1.2.2 Stress-strain relationships of stressed concrete at high temperature

Concrete structures are generally mechanically loaded prior to any temperature attack,
indicating that the structural concrete exposed to thermal exposure, is always heated
under applied load in practical engineering situations. Meanwhile, previous studies
have demonstrated that the behaviour of concrete loaded thermomechanically, relies
on the sequences in which the heating and loading are applied (Gernay, Millard &
Franssen, 2013; Torelli et al., 2017; Torelli et al., 2018). Therefore, it is desirable to
simulate the stressed concrete at high temperature experimentally and determine the
corresponding stress-strain relationships of the stressed concrete specimens. However,
there are only a few experimental studies in which the concrete was loaded during

heating and then tested under the thermal steady state.

In some previous experiments, it was found that both the compressive strength and the
elastic modulus of specimens that were loaded when they were heated were higher
than those of unstressed specimens, while the peak strain at compressive strength was
reduced by the applied stress during the heating process. One assumption for the
increase in compressive strength and the decrease in peak strain of stressed specimens
proposed by some authors, is that the cement paste is densified by the applied stress
(Khoury, 1983; Naus, 2006; Pimienta, McNamee & Mindeguia, 2018). On the
contrary, there are some experimental results that differ from the above observations
(Petkovski, 2010; Sullivan & Sharshar, 1992), in which the applied stress during the

heating process has little impact on the mechanical properties of the concrete under



uniaxial compression. Until now, the essential mechanism of how the sustained load
during the heating process affects the mechanical behaviour of concrete is still not

clear and there is lack of a comprehensive constitutive model considering this effect.

1.2.3 Explicit TTC model

Under thermal exposure, the mechanical properties of concrete subjected to repeated
cycles of heating-cooling and loading-unloading is very complicated. The main
challenge in analysing this kind of problem is how to accurately simulate TTC caused

by the pre-fire load on the virgin heating.

Existing research shows that the thermal strain of concrete is significantly reduced
when a constant compressive load is applied while heating (Torelli ef al., 2016). Such
a reduction has been commonly seen as an additional thermal strain component due to
the presence of a constant stress occurring in the loaded direction, termed as transient
thermal creep (Schneider, Schneider & Franssen, 2008; Thienel & Rostasy, 1996;
Vlahini¢ et al., 2012), which is a key property unique to concrete among structural
materials. It has been demonstrated that any mechanical analysis of stressed and
heated concrete structures, which ignores TTC, would bring erroneous results (Alogla
& Kodur, 2018; Kodur & Alogla, 2017; Lu ef al., 2015; Sadaoui & Khennane, 2009;
Wei et al., 2017). Therefore, how to precisely simulate TTC is significant for the

assessment of a heated and stressed concrete structure.

To measure TTC in experiments and to evaluate the behaviour of concrete at high



temperatures, two types of uniaxial testing methods are often used, namely the
thermal-steady state test and the transient state test. The specimen in the steady state
test is heated uniformly to a pre-defined temperature before it is mechanically loaded,
which is a traditional experimental method for obtaining the stress-strain relationships
of concrete at a high temperature. For the transient state test the specimen is
mechanically loaded before it is heated. Although these two methods have the same
terminal state of external mechanical load and temperature, their yielded strains are
different due to the different historical heating-loading paths. This difference is

generally known as TTC.

As the definition, TTC is the difference between the strain measured in a transient
state test and the strain measured in a corresponding steady state test. Thus, it is
calculated from experimental results instead of being measured directly. However, it is
believed that part of this difference is the mechanical strain caused by the interaction
between the temperature gradient and the pre-fire load during transient state tests. This
mechanical strain could be substantial for concrete with a fast heating rate, but is
always neglected in the calculation. The previous TTC models, formulated without
excluding this potential interference, are termed as semi-implicit models. One purpose
of this thesis is to develop a numerical method to calculate the additional mechanical
strain caused by the temperature gradient in the transient state test and to develop an

explicit TTC model.



1.2.4 Fire performance of concrete with fly ash (FA) as the supplemental

cementitious material (SCM)

FA is fine waste particles generated from the combustion of pulverized coal in
electricity power generation plants. It has been widely used as a SCM in concrete for
several decades (Elahi et al., 2010; Juenger & Siddique, 2015; Khatri, Sirivivatnanon
& Gross, 1995; Lothenbach, Scrivener & Hooton, 2011; Malhotra, 1993). As an
industrial byproduct, FA is available in many countries and its recycling brings
significant economic and environmental benefits. These advantages have resulted in
the increased use of FA in concrete, especially in the ready-mixed concrete industry.
Nonetheless, there is some concern on whether or not FA would affect the fire safety

of concrete material.

Due to the difficulty in apparatus, available studies on hot tests are much more limited
than residual tests and only a few have managed measuring the complete stress-strain
relationships of both stressed and unstressed concrete specimens. In addition, the most
widely cited hot tests (Anderberg & Thelandersson, 1976; Anderberg &
Thelandersson, 1978; Gross, 1975; Harada et al., 1972; Schneider, 1988) were
performed from 1960s to 1990s and the corresponding constitutive models and/or
provisions were also established in that period. After that, it seems that the impetus to
perform hot tests on concrete has been decreased. However, many of the early studies
used primarily ordinary Portland cement (OPC) as binders, indicating the results

probably do not apply to FA concrete. Therefore, the effect of using FA as a SCM in



concrete on the TTC and stress-strain relationships of concrete at high temperatures

needs to be investigated.

1.3 Outline

Chapter 1 presents a general introduction into the research background and existing
problems in fire performance assessment of concrete materials. In addition, the

objectives of this thesis are listed in this Chapter.

Chapter 2 gives a literature review relevant to the research, including experimental
methods to assess the mechanical properties of concrete at elevated temperatures,
physicochemical changes of concrete at elevated temperatures, thermal properties of
concrete at elevated temperatures, mechanical properties of unstressed concrete at
elevated temperatures, mechanical properties of stressed concrete at elevated
temperatures, and the effect of using FA as SCM on concrete properties at elevated
temperatures. Based on the literature review, the knowledge gap of existing work is

identified and summarized.

Chapter 3 presents the experimental programme carried out to investigate the
mechanical behaviour of OPC concrete and FA concrete under different fire-loading
scenarios, as an effective way to formulate the advanced constitutive model. Full
details of the materials, test procedures and different phases for the conditioning and
testing of the concrete specimens are described, including the test rig designed for the

compressive tests at elevated temperatures.
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Chapter 4 presents the results obtained from a series of tests (series A), in which a
series of thermal steady state tests of OPC concrete and FA concrete were designed
and performed. Also presented is the comparison between the experimental results and
Eurocode EN1992-1-2 to examine the applicability of the current code to FA concrete.
Based on the experimental results obtained, an advanced stress-strain model for FA
concrete was proposed. Compared with existing models, the proposed model has the
advantages of considering the variation of the nonlinearities of stress-strain
relationships with increasing temperature and distinguishing elastic modulus from the

secant modulus of the stress-strain curve.

Chapter 5 presents the results obtained from a series of tests (series B), in which
specimens were heated with sustained load (10%, 30%, 50%, 70% of reference
strength). After completion of the 1 hour holding period at test temperatures the
specimens were quickly unloaded and immediately tested to failure. The compressive
strength, peak strain, elastic modulus and stress-strain shape of stressed specimens at
different pre-fire load levels from 400 °C to 900 °C are reported, to investigate the
effect of the loading history during the heating process on the stress-strain behaviour
of concrete at high temperatures. Finally, a uniaxial compressive constitutive model
for stressed concrete under the thermal steady state as a function of loading history

during the heating process was proposed and verified.

Chapter 6 proposes a novel numerical method to calculate the effect of temperature

gradient on TTC of stressed concrete during the heating process. Ideally, the specimen

11



in a transient state test should have a uniformly distributed temperature increase.
However, this is never achieved in practice. On the other hand, the specimen in a
steady state test has normally had a uniformly distributed temperature before it is
mechanically loaded. Therefore, except for the mechanical strain estimated by the
steady state test directly, there is an extra mechanical strain component caused by the

temperature gradient developed in the transient state test.

Chapter 7 reports the results of another series of tests (series C), in which the
specimens were heated with sustained load (10%, 30%, 50%, 70% of reference
strength) until failure. The results including the temperature distribution of the
concrete specimens and deformation-temperature relationships are presented and the
results have been analysed via the numerical method proposed in Chapter 6 to exclude
the effect of thermal gradient on TTC. Finally, the explicit TTC of OPC concrete and
FA concrete have been formulated and compared, to investigate the effect of using FA

as SCM in concrete on the development of TTC.

Chapter 8 summarizes the main contributions of the thesis. Findings and the proposed
constitutive model are listed. In addition, several suggestions are given for further

studies.
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Chapter 2 - Literature review

2.1 Experime ntal methods to assess mechanical properties of concrete at elevated

temperatures

There are a large number of experiments on assessing the fire performance of concrete
materials, but the specific testing methods adopted by various authors are different. In
general, they can be distinguished according to testing at high temperature or after
cooling down from thermal exposure (Ma et al., 2015; Schneider, 1988; Youssef &
Moftah, 2007). The former is usually termed as the “hot” test, while the latter is
referred to as the “residual” test, aimed at assessing the post-fire behaviour. It should
be mentioned that, in the cooling phase after thermal attack, there will be a further loss
of compressive strength as a consequence of the continuing disintegration, which
makes it hard to reach general conclusions, since the storage of concrete specimens in
the cooling phase varies in different hydrothermal conditions (Arioz, 2007; Cheng,
Kodur & Wang, 2004; Lie, 1992; Sivakumaran & Dilger, 1984; Xu et al., 2001).
Therefore, hot tests are necessary to evaluate the high temperature behaviour of

concrete.

Meanwhile, it has been demonstrated that the performance of concrete under
thermomechanical conditions depends on the sequences in which heating and
mechanical loading are applied, because the applied stress during heating, influences

the mechanical properties of concrete (Schneider & Schneider, 2009; Schneider,



Schneider & Franssen, 2008). Therefore, the test performed on the specimens heated
without load (defined as “unstressed” test), cannot accurately simulate the most usual
fire scenarios in structural engineering, where concrete is generally loaded prior to
thermal exposure. In contrast, the test performed on the specimens loaded during the
heating process, is defined as the “stressed” test, which is necessary for precisely
reproducing the practical conditions of concrete structures under mechanical load and

thermal load at the same time.

In addition, no matter it is under stressed condition or unstressed condition, hot tests
can be further categorized as the “thermal-steady state test” and the “thermal transient
state test”. The concrete specimens in the steady state test were generally heated to
achieve a uniform temperature first and then they were tested (Khoury GA, 1998; Lie
& Kodur, 1996). The thermal steady state test for stressed concrete means the
specimen is loaded during heating. When the stressed specimen is heated to the target
temperature, it will be unloaded and then immediately reloaded to failure. This is
mainly used to obtain the stress-strain relationships of concrete at different
temperature levels (Khaliq & Kodur, 2011). In contrast, in the thermal transient state
test, the specimen is tested during the transient heating process, to measure the
deformation-temperature relationship under different thermal-mechanical loading
scenarios (Khoury, 2006; Phan & Carino, 2002). The specimen would not, therefore,
achieve a uniform temperature field through its cross section when it is tested

(Huismann et al.,, 2011). These two tests are typical representations of the
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thermomechanical conditions possible in concrete.

2.2 Physicochemical changes to concrete at elevated temperatures

With elevated temperatures, significant changes to the microstructure and chemical
composition of the concrete would develop gradually and continuously over a
temperature range, from ambient to over 1000 °C, resulting in progressive variations
of mechanical properties of concrete (Bazant, Cusatis & Cedolin, 2004; Bazant &
Yunping, 1994; Hossain, 2006; Kalifa, Chéné¢ & Gall¢, 2001; Kalifa, Menneteau &

Quenard, 2000; Kallel et al., 2017, Kallel et al., 2018; Naus, 2006).

At low temperatures the main reactions are dehydration and water expulsion (Hager,
2013). Prior to thermal exposure, about 30% to 60% of the volume of saturated cement
paste and about 2% to 10% of the volume of saturated structural concrete are occupied
by evaporable water (Naus, 2006). With increasing temperature, evaporable water
starts to escape until about 105 °C, when almost all the evaporable water will have
been lost as long as there is sufficient exposure time. Above 105 °C, chemically
combined water will be gradually lost from dehydration of the cement paste until the
temperature reaches to 850 °C when the dehydration is completed (Zhang & Ye,

2012).

From 30 °C to 300 °C, in addition to evaporation, the dehydration of cement paste
happens at the same time. The maximum dehydration rate occurs at around 180 °C

(Naus, 2006). Dehydration of the calcium hydroxide (CH) generally develops in the



temperature range of 460 °C to 540 °C, and will be completed at about 600 °C (Zhang
& Ye, 2012). A further process of significant physicochemical change in cement paste
takes the form as the decomposition of the calcium-silicate-hydrate phases (CSH) with
formation of B-C,S, which occurs in the temperature range of 600 °C to 700 °C

(Zhang, Ye & Koenders, 2013).

Apart from the physicochemical reactions taking place in cement pastes during
thermal exposure, many variations also develop in aggregates. As aggregates occupy
normally 65% to 75% of the concrete volume, the fire performance of concrete is
significantly affected by the type of aggregate used (Peng & Huang, 2008). Common
aggregates are generally stable up to 300-350 °C. Siliceous aggregates may undergo
crystal transformations resulting in significant increases in volume [e.g., crystalline
transformation of a-quartz (trigonal) to B-quartz (hexagonal) between 500 °C and
650 °C with an accompanying increase in volume of ~5.7%] (Naus, 2006). At higher
temperatures, between 600 °C and 900 °C, calcareous aggregates (calcite — CaCO3),
magnesite (MgCO;), and dolomite (MgCO3/ CaCO;) will dissociate into an oxide and
CO, (Zhang & Ye, 2013). When the temperature is increased up to 1300 °C, concrete
melts. Tab.2.1 below, summarized by Hager (Hager, 2013), lists the general

physicochemical reactions discussed above.
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Tab.2.1 Physicochemical changes to concrete at elevated temperatures (Hager, 2013)

Temperature range ~ Changes

Loss of capillary water and physically bound water;
20°C-200°C 80 °C - 150 °C: dehydration of ettringite;
Dehydration of C-S-H phase;

300°C-400°C 350 °C: break up of some siliceous aggregates (flint);

460 °C - 540 °C: decomposition of portlandite Ca (OH),—CaO + H,0;

400 °C- 600 °C
573 °C: quartz phase change o - § in aggregates and sands;

600 °C-800°C Second phase of the C-S-H decomposition, formation of -C,S;

840 °C dolomite decomposition;
800°C-1000°C 930 °C—-960 °C calcite decomposition CaCO; — CaO+CO,;
Ceramic binding initiation which replaces hydraulic bonds;

1300 °C Total decomposition of concrete, melting.

2.3 Thermal properties of concrete at elevated temperature

Compared with mechanical properties, the thermal properties of concrete at elevated
temperatures have been well studied and they are not the main obstruction in structural
fire engineering. Therefore, this section mainly presents the fundamental
characteristics of thermal properties of concrete at elevated temperatures and the

calculation model recommended in EN-1992-1-2 (EN1992-1-2, 2004).

2.3.1 Thermal conductivity

The variation of thermal conductivity with rise of temperature depends on the amount
of moisture content in concrete, the mix proportions and the type of aggregate.
Determination of thermal conductivity is based on experimental data and empirical
relationships in different codes. In EN 1992-1-2, the upper and lower limits of THE
thermal conductivity at elevated temperatures for normal-weight concretes (NWC) are

provided:



Upper limit:

T T Y
1=2-0.2451x—+0.0107 x| — 2.1)
100 100
Lower limit;
2
A=1.36—0.136 X ——10.0057 x (ij (2.2)
100 100

where A is the thermal conductivity of concrete; T is the temperature.

As illustrated in Fig.2.1, thermal conductivity of concrete decreases gradually with

increasing temperature. Generally, the thermal conductivity at room temperature of
conventional NWC, ranges between 1.4 and 2 W/(m-K), will be higher than that of

low weight concrete (LWC), ranges around 1 W/(m-K) .
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Fig.2.1 Thermal conductivity of NWC and LWC as a function of temperature in EN 1992-1-2 (Wang et

al.,2012)
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2.3.2 Specific heat capacity

Specific heat of concrete also depends on the moisture content, aggregate type, and
density of concrete (Harmathy & Allen, 1973; Phan, 1996), among which aggregate
type plays the most significant role. The moisture content is significant at temperatures
up to 200 °C because the specific heat of wet concrete is twice that of dry concrete

(Wang et al., 2012). In EN 1992-1-2 the specific heat of NWC is formulated simply:

900 20< T <100
800+T 100< 7T <200
c= (2.3)
900+0.57 200<T <400
1100 400< T <1200

where c is the specific heat of concrete and the unit of temperature 7 is °C.

As 1illustrated in Fig.2.2, for NWC, the specific heat of concrete at ambient
temperature is around 900 J/(kg-K) for different aggregate types and it remains
almost constant up to 100 °C, followed by gently increasing up to about 400 °C and

then remains constant. For LWC, a single conservative value of 840 J/(kg-K)is used.

It should be noted that, between 100 °C and 200 °C, if the influence of evaporation of
free water needs to be considered, a spike could be added. For a case of 3% water
content in concrete, the value at the spike is taken as 2020 J/(kg.K), while for a case of
10% water content in the concrete, the value is taken as 5600 J/(kgK). If
simplification for specific heat is needed in some situations, a constant value of 1000

J/(kg.K) is permitted.
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Fig.2.2 Specific heat capacity of NWC and LWC as a function of temperature in EN 1992-1-2 (Wang et

al.,2012)

2.3.3 Density

Density of concrete usually decreases with increasing temperature, due to loss of
moisture, but the variation is generally not substantial (Lie & Kodur, 1996). There is
very slightly difference between carbonate and siliceous aggregate concretes up to
about 600 °C. However, beyond 600 °C, the density of siliceous aggregate concrete
will not change a lot, while carbonate aggregate concrete will experience a larger
percentage of density loss, due to the dissociation of aggregate (Kodur & Harmathy,
2008). In EN 1992-1-2, this difference has been ignored and the simplified

formulation is given as:
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Do 20<T <115
0.02(T -115
Pag X l—gj 115< 7T <200
85
p= 0.03(7 —200 (2.4)
0y x| 0.98 - 0.03(F=200)) 130 7 < 400
200
0.07(T —400
Dy X 0.95—%} 400 < T <1200

where pisthe density of concrete; p,,is the density of concrete at room temperature

and the unit of temperature 7 is °C.

2.3.4 Free thermal strain

Free thermal strain, is the strain developed in unrestrained concrete during heating.
Although shrinkage develops in pure cement paste with increasing temperature, free
thermal strain of concrete generally shows as expansion since its major constituent by
volume, aggregate, expands with increasing temperatures. Therefore, the type of
aggregate has a great impact on the development of free thermal strain in concrete. For
siliceous aggregates, the free thermal strains are strongly influenced by the volume
expansion, resulting from the a- phase transition of quartz, which occurs at 573 °C
(Wang et al., 2012). For calcareous aggregates, the thermal strains are mainly
concerned with the decomposition of calcium carbonate. Above differences have been

distinguished in EN 1992-1-2 (see Fig.2.3).
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Fig.2.3 Free thermal strain of siliceous aggregates concrete and calcareous aggregates concrete as a

function of temperature in EN 1992-1-2
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where ¢, is the free thermal strain of concrete and the unit of temperature 7' is °C.

2.4 Mechanical properties of unstressed concrete at elevated temperatures

As introduced in Section 2.1, the mechanical properties of concrete at elevated

temperatures can be tested under stressed and unstressed conditions. For unstressed
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conditions, the mechanical properties of concrete at elevated temperatures have been
studied extensively in previous research and there is not much disagreement on the
basic conclusions. Therefore, this section mainly presents the fundamental
characteristics of mechanical properties of concrete at elevated temperatures and the

calculation model recommended in EN-1992-1-2.

2.4.1 Compressive strength

Frequently, the ‘hot” compressive strength loss of unstressed concrete occurs slowly at
an early stage. There is less than 20% loss up to around 200-400 °C, then followed by
an obvious rapid descending phase ranging from 400 °C to 600 °C, which can be
partly attributed to the decomposition of CH and the quartz phase change of
aggregates and sands, at around 573 °C, resulting in a disintegration of the
microstructure in interfacial transition zone. Above 600 °C, concrete will lose most of
its load-bearing capacity. The rate of decrease in compressive strength during the
whole process depends on the water-cement ratio, cement paste-aggregate interfacial
transition zone, type of aggregates and admixture, and SCMs (such as silica fume, FA,
and slag). In EN 1992-1-2, the degradation of compressive strength in unstressed
concrete is distinguished according to aggregate types: NWC siliceous, NWC

calcareous and LWC, as illustrated in Fig.2.4.
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Fig.2.4 Reduction factors for uniaxial compressive strength of NWC and LWC at high temperatures in

EN 1992-1-2 (Wang et al., 2012)

2.4.2 Tensile strength

It is well known that the tensile strength of concrete is generally a few percent of its
compressive strength so that tensile strength of concrete is conventionally ignored
even for ambient temperature conditions. At elevated temperatures, tensile strength of
concrete would be reduced furthermore. Therefore, there is little reason to consider it
in simple fire resistance design, given the fact that there must be some uncertainties
which exist in evaluating its exact value since the required experiments to measure
tensile strength of concrete at elevated temperatures is very difficult. However, for
some specific conditions, in which the tensile strength of concrete at elevated

temperatures is necessary, EN 1992-1-2 provides a simple reduction factor k&, as a

function of temperature for estimating the tensile strength of concrete at elevated
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temperatures, as illustrated in Fig.2.5.

1.0
200°C
200C — 7 Compression

JE XX :
NN

kr.',!

T
Sk

I
e
IS

Normalised stress
1

(=

o
—'——_._.____.

P

[
o
(2
(=]

0.6

0.4

0.2

0

(1] 100 200 300 400 500 a00
Temperature (°C)

Fig.2.5 Uniaxial tensile strength of concrete at elevated temperatures in EN 1992-1-2 (Wang et al.,

2012)

2.4.3 Peak strain

The strain measured at compressive strength is named as peak strain in this thesis.
There are very few studies that have specially investigated the variation of uniaxial
compressive peak strain of concrete at the thermal steady state with temperature, while
it is generally discussed together with the complete stress-strain response. The

development of peak strain in concrete at elevated temperatures is proved to be nearly
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independent of the aggregate type and heavily influenced by the applied stress during
heating. In EN-1992-1-2, a single curve is proposed to evaluate the peak strain of
concrete at high temperature, as illustrated in Fig.2.6. It should be noted that this curve

has implicitly included the TTC, indicating it is very conservative.
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Fig.2.6 Uniaxial compressive peak strain of concrete at elevated temperatures in EN 1992-1-2

(EN1992-1-2, 2004)

2.4.4 Elastic modulus

Results in literature suggest that the primary factor influencing the elastic modulus of
unstressed concrete at elevated temperatures is the type of aggregate. However,
because the stress-strain curve of concrete is nonlinear, the elastic modulus can be
determined by different methods. In EN 1992-1-2, it is defined as the initial tangent
modulus, while in other studies it is defined as the secant modulus or tangent modulus

at any point (Anderberg & Thelandersson, 1976; Cruz, 1962; Maréchal, 1970; Philleo,
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1958; Schneider, 1976). It can be concluded that the determination method of the
elastic modulus is not unified at present, resulting in obvious divergence in results of
different studies, as illustrated in Fig.2.7. In addition, thermal cracks would develop in
unstressed concrete during thermal exposure. The strain caused by compression in
these cracks should be included in the tangent and secant modulus of the stress-strain
curve since it is part of the plastic deformation. On the other side, it should be
excluded from elastic modulus because it is irrecoverable. Therefore, evaluating
elastic modulus from the stress-strain curve might be not reasonable for concrete at

elevated temperatures. Until now, this has not been investigated.
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Fig.2.7 Variation in Young’s modulus of concrete with temperature (Purkiss & Li, 2013)

2.4.5 Stress-strain relationships

The uniaxial compressive stress-strain relationship for unstressed concrete at the
thermal steady state has been formulated in previous research. Three most widely

accepted models are listed below:
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Model proposed by Furumura:

Model proposed by Anderberg;

Model in EN1992-1-2:

—=—c (2.7)

£=1—(1—£j (2.8)

£ 3 (2.9)
SC

—
’ 2+(€]
gC

~Q

where o, ¢ are the instantaneous stress and strain, respectively; f, is the compressive

strength; ¢, 1is the peak strain at compressive strength.

The main problem for these three models is that all of them assume the nonlinearities

of the stress-strain relationships stay unchanged when the temperature increases.

Fig.2.8 shows the comparison of the stress-strain relationships at different

temperatures after they have been normalized by the corresponding peak values. In

Fig.2.8, the dash lines are taken from the experimental studies of Anderberg

(Anderberg & Thelandersson, 1976) and the solid lines are calculated by Eqs.(2.7)-

(2.9). It is evident from Fig.2.8 that the nonlinearities of experimentally obtained

stress-strain relationships vary with temperature; whereas the theoretical models
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cannot capture this phenomenon because they use a constant nonlinearity. This is an

important characteristic but has been frequently ignored in previous studies.
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Fig.2.8. Normalized stress-strain relationships from different resources

(Anderberg & Thelandersson, 1976; EN1992-1-2, 2004 ; Furumura, Abe & Shinohara, 1995)
2.5 Mechanical properties of stressed concrete at elevated temperatures

Under practical conditions, concrete structures subjected to thermal exposure are
always heated with applied loads, indicating concrete is generally heated under
stressed condition. However, there are only few experimental studies in which the
concrete was stressed when it is heated and then tested at the thermal steady state.
Even in the limited research that focused on stressed concrete at elevated
temperatures, the main aim was generally to investigate the development of load
induced thermal strain (LITS) / TTC during the transient heating process, instead of

the mechanical performance at the thermal steady state. Therefore, until now, the
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mechanical properties of stressed concrete at the thermal steady state has not been
distinguished from those of unstressed concrete in many numerical analyses and there
is no complete constitutive model applicable to stressed concrete at the thermal steady
state yet. In addition, for existing TTC models, the effect of the temperature gradient
during the transient state test has not been excluded, resulting in overestimation. The
research status and problems for stressed concrete at elevated temperatures will be

discussed and presented in this section.

2.5.1 Stress-strain response at the thermal steady state

In 1956, Malhotra first performed hot tests on stressed concrete at the thermal steady
state (Malhotra, 1956). It was reported that the hot compressive strength of the
concrete specimens that were compressively loaded under a sustained stress level of
approximately 0.2 of the reference strength (uniaxial compressive strength at ambient
temperature) during the heating process was higher than that of specimens heated
without any load. The enhancement increased with elevated temperatures, from 4% at

200 °C to 21% at 500 °C.

In 1971, the experimental research of Abrams (Abrams, 1971) confirmed the findings
in Malhotra's research, in which the concrete specimens with different mix proportions
were loaded under uniaxial compressive stress levels of 0.25, 0.40 and 0.55 of the
reference strength during the heating process to 204 °C, 482 °C and 704 °C. Compared

with the specimens heated without any load, 5%-25% higher hot strength in stressed
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concrete specimens was reported, regardless of constituents, mix proportions, initial

compressive strength, testing temperature or load level during heating.

In 1988, the results presented by Schneider (Schneider, 1988) showed that for
temperature ranging from 150 °C to 750 °C, the elastic modulus increased obviously
when the stress level applied on specimens increased from 0 to 0.3 of the reference
strength, but little change was observed when the stress level increased from 0.3 to 0.5

of the reference strength.

In 1998, residual tests on stressed high strength concrete (HSC) specimens were
performed by Khoury et al. (Khoury GA, 1998), in which HSC specimens were firstly
heated up to 700 °C under sustained compressive stress of 0.2 of the reference
strength, after achieving the thermal steady state at the target temperature they were
cooled them down and tested at room temperature. It is reported that the residual
compressive strength, elastic modulus of the stressed specimens were significantly
higher than those of the unstressed specimens. On the other hand, the peak strain of
the stressed specimens was obviously lower, particularly for temperatures ranging
from around 400 °C to 700 °C, as illustrated in Fig.2.9. However, for temperatures
lower than 400 °C, the above phenomenon was not obvious. The authors proposed
some assumptions, like “densification of the cement paste” and “reduction of tensile

stresses during cooling”, to explain the enhancement in strength.
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Fig.2.9 Influence of loading during heating on the residual stress—strain relationships of C70 concrete

(Khoury GA, 1998)

Until now, there are only very limited studies in relevant fields, particularly for those
performed with the hot experiment method. The main characteristics of the effect of
applied stress during the heating process on the mechanical properties of stressed
concrete at the thermal steady state have been confirmed, but the mechanism
underlying it is still not understood. Furthermore, at present, there is no available

constitutive model applicable to stressed concrete at the thermal steady state.

252 TTC

2.5.2.1 Introduction

In 1966 Hansen and Eriksson (Hansen & Eriksson, 1966) discovered that the
mechanical strain developed in cement and mortar specimens that were heated under
load was more than that of specimens that were firstly heated and then loaded. This

relatively large extra strain component is named as TTC. TTC is the reason why
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concrete does not break up when heated above 100 °C, where the thermal
incompatibility of the aggregates and cement paste is far too large to be
accommodated by their elastic strains (BaZant & Chern, 1987). It develops during first

heating under load and is unique to concrete among structural materials.

Over the last several decades, numerous experimental studies have confirmed the
existence and the main features of TTC (Anderberg & Thelandersson, 1976; Arthanari
& Yu, 1967; Hassen & Colina, 2006; Illston & Sanders, 1974; Khoury, 1995;
Mindeguia et al., 2013; Pan, Sanjayan & Collins, 2014; Petkovski & Crouch, 2008;
Rickard, Gluth & Pistol, 2016; Schneider, 1976). These experimental research focused
on the deformation-temperature relationships and the relevant factors. However,
despite a large number of experimental studies published on TTC, there are very few
studies on developing physical models, which can describe its underlying mechanism.
Most of the existing models were developed based on the experimental data by using
regression methods. Its mechanism and calculation method are still ambiguous and

need to be further elucidated.

2.5.2.2 Effect of TTC

For restrained structural members, TTC is generally beneficial during the virgin
heating since it develops in the loaded direction, thus mitigating the additional
compressive stresses due to restraints (Khoury, Grainger & Sullivan, 1985a;

Schneider, 1988) and produces a stress-redistribution preventing local compressive
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stresses. In addition, compressive stresses produce an overall reduction of tensile
cracks resulting from the thermal incompatibility between cement paste and
aggregates in the direction of the load. By contrast, for structural members subjected
to heating-cooling cycles, the existence of TTC could be harmful. Since TTC is mainly
irrecoverable, thermal incompatibilities between the aggregates and cement paste may
cause severe damage at a material level during the cooling phase. In addition, when
the degrading hot compressive strength of concrete is approaching the applied stress
level, substantial damage may develop (Kordina, Ehm & Schneider, 1986). Therefore,
TTC plays a significant role in the performance of concrete structures subject to
heating-cooling cycles under mechanical loads. Accurate understanding and modelling
of this phenomenon is crucial for a reliable assessment of the effects of thermal loads

on concrete structures.

2.5.2.3 Characteristics of TTC

a. Temperature-, load- and constituents-dependent

TTC gradually increases with the rise of temperature, but exhibits highly nonlinear
features and is reasonably proportional to the applied stress level (Gernay, 2012). The
value of TTC is 2-3 times higher when measured in cement paste than in concrete
with aggregates (Khoury, Grainger & Sullivan, 1985b) and it increases with the
decrease of water-cement ratio (Colina, Moreau & Cintra, 2004; Colina & Sercombe,

2004). This might be attributed to the high pore pressure as a result of the low
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permeability (Kalifa, Menneteau & Quenard, 2000). Moreover, unlike free thermal
strain, the type of aggregates has little impact on TTC up to about 400 °C, while it
becomes more important for higher temperatures. Therefore, it could be concluded that
TTC occurs in hardened cement paste (Anderberg & Thelandersson, 1976; Khoury,

Grainger & Sullivan, 1986; Mindeguia et al., 2013) and somehow is restrained by the

aggregates.

b. Time- and initial moisture content- independent

Development of TTC is commonly treated as a quasi-instantaneous process, i.e. as a
time-independent phenomenon (Anderberg & Thelandersson, 1978). This assumption
is based on the fact that it mostly occurs during the transient heating process, and the
time needed for it to fully develop after the temperature has been stabilized is
generally little when compared to the usual duration of basic creep (Bazant & Chern,
1987; Illston & Sanders, 1973; Sabeur & Colina, 2014). For unsealed conditions, the
initial moisture content has been demonstrated to have little effects on TTC above 250
°C, while it has been found to significantly influence TTC at lower temperatures

(Mindeguia et al., 2013; Petkovski & Crouch, 2008; Torelli et al., 2016).

c. Irrecoverable

TTC only developed on the virgin heating, and is mostly irrecoverable on unloading
and cooling. If stressed concrete specimens are reheated after cooling down from a

thermal exposure, no appreciable extra TTC develops until the temperature is higher
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than the maximum value reached in the first heating process (Hassen & Colina, 2006,
Illston & Sanders, 1973; Illston & Sanders, 1974; Noumowe et al., 1996; Sadaoui &
Khennane, 2009), which means that it could be eliminated by preheating cycles

performed under unstressed conditions.

2.5.2.4 Method to quantify TTC

The underlying mechanism of TTC is very complicated and still not clear, therefore all
available models are formulated by using experimental data regression. However,
there is one important factor that is always neglected in these experimental researches,
which is the effect of temperature gradient in the transient state test on mechanical

strain.

To measure TTC in experiments and to evaluate the behaviour of concrete at high
temperatures, two types of uniaxial testing methods are generally used: the thermal-
steady state test and the thermal transient state test, as shown in Fig.2.10. The
specimen in the steady state test is heated uniformly to a pre-defined temperature
before it is mechanically loaded, which is a traditional experimental method for
obtaining the stress-strain relationships of concrete at a high temperature. For the
transient state test the specimen is mechanically loaded before it is heated. In simple
terms, the steady state test is characterized by heating first followed by the loading;
whereas the transient state test is characterized by loading first followed by heating.

Although these two methods have the same terminal state of external mechanical load
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and temperature, their yielded strains are different due to the different historical
heating-loading paths. This difference is generally defined as TTC (Castillo, 1987;
Rickard, Gluth & Pistol, 2016; Schneider, 1976). However, it is believed that part of
this difference is the mechanical strain caused by the interaction between the
temperature gradient and the pre-fire load during transient state tests. This mechanical
strain could be substantial for concrete with fast heating rate and could be calculated
by using the coupled thermal and stress analysis method. Part of the present study is to
develop a calculation method for this kind of mechanical strain and to examine its

influence on the experimentally obtained TTC.
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Fig.2.10 Definition of TTC and different test methods

As the definition, TTC is the difference between the strain measured in a transient
state test and the strain measured in a corresponding steady state test. Thus, it is

calculated from experimental results instead of being measured directly. Note that the
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result obtained in a transient state test is the strain-temperature relationship at a
constant stress level; whereas the result obtained in the steady state test is the stress-
strain relationship at a constant temperature, which means that a pair of tests can give
an estimation of TTC at one single point of the given constant temperature and
constant stress. However, since TTC is a function of both temperature and mechanical
stress, one has to perform a series of transient state tests with different pre-fire load
levels and a series of steady state tests at different temperatures in order to obtain this

function.

2.5.2.5 Problems for previous TTC models

In addition to the complexity of experiments, another difficulty is how to extract TTC
accurately from other strain components. The free thermal strain can be measured by a
reference transient test with 0% load level and the normal creep at high temperature
could be ignored due to the short time of the transient state test. There is no
disagreement on the analysis of these two components. The main argument is the
mechanical strain in the transient state test. The mechanical strain can be divided into
elastic and plastic parts, both of which vary with temperature and can be formulated
by using the results obtained from the corresponding steady state tests. The calculation
of the elastic strain is relatively simple, since it is only related to the mechanical stress
and the temperature-dependent elastic modulus. In contrast, the calculation of the
plastic strain is debatable. In some studies the plastic strain was assumed to be part of

TTC (Gernay, 2012; Gernay & Franssen, 2012; Khoury, 1983; Pan, Sanjayan &
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Collins, 2014); while in others it was separated from TTC (Schneider & Schneider,
2009; Schneider, Schneider & Franssen, 2008; Thelandersson, 1987), but its

calculation did not take into account the effect of temperature gradient.

Ideally, the specimen in a transient state test should have a uniformly distributed
temperature increase. However, this is never achieved in practice. According to an
experiment by Anderberg and Thelandersson (Anderberg & Thelandersson, 1976),
even a small cylinder specimen with only 75 mm diameter and 150 mm height, under
a relatively low heating rate of 5 °C/min, the largest temperature difference between
its centre and exposed surface in the transient state test could be more than 100 °C. On
the other hand, the specimen in a steady state test has normally had a uniformly
distributed temperature before it is mechanically loaded. Therefore, except for the
mechanical strain estimated by the steady state test directly, there is an extra
mechanical strain component caused by the temperature gradient in the transient state
test. Based on the explanation mentioned above, it can be concluded that there are
three strain components in concrete when it is under the action of thermal -mechanical

load:

1) Free thermal strain &, - that includes the thermal expansion strain due to

increasing temperature and shrinkage strain caused by loss of water.

2) Mechanical straing_ . in the transient state test - an instantaneous stress-related

strain, which can be calculated by using the steady state constitutive model as follows,

+8pla,T

&, =&, 0 tE (2.10)

o c,20 ela, T +&

pla,tg
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where & is the initial mechanical strain caused by the pre-fire load at ambient
temperature, &, ,and g, , are the additional elastic and plastic strains caused by the

increase of temperature calculated from the steady state constitutive model,

respectively, £, is the mechanical strain caused by temperature gradient in the

la,tg
transient state test.
3) TTCe¢, - an extra strain component in addition to &, and¢_,, which only
happens in the virgin heating process of pre-loaded concrete and represents the effect

of the specific historical loading and heating path.

Considering the short duration of the transient state test, the normal creep can
normally be ignored. Thus, the decomposition of the total strain in a transient state test
can be expressed as follows,

+&

ttc

y (2.11)

gtol = gﬁ? +go‘,20+gela,T+g pla.tg

pla,T

Due to the difficulty of performing fire experiments, not many models have been
established since 1970s. Tab.2.2 gives a summary of these models (Anderberg &
Thelandersson, 1976; EN1992-1-2, 2004; Gernay & Franssen, 2012; Nielsen, Pearce
& Bicani¢, 2004; Philleo, 1958; Schneider, 1976; Terro, 1998). The term implicit used
in Tab2.2 refers to the manner in which the mechanical strain is formulated together
with TTC and is calculated as the difference between the total strain developed in the
transient state test and the free thermal strain. A typical example for this is the stress-

strain relationship given in EN1992-1-2,
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(2.12)

where o is the applied stress, &’ . is the stress-related strain defined as the sum of

mechanical strain and TTC, f,(7) is the compressive strength at temperature T, and

&

Tab.2.2 Existing TTC models

..rzco 18 the value of peak strain at temperature T recommended in EN1992-1-2.

Category

Model

Authors

Implicit

_
gtot _80',7" +8ﬁs

’ J— —
SO',T — Cwr gﬁs - 80,T+gttc

Eurocode (EN1992-1-2, 2004)

Semi-implicit
1

(LITS)

8t0t :glits +ga,20 +gfts

—_— ! —_—
Elis = €, T _‘90,20 =& la,T + gpla,T +&

lop e

_|_
platg

Nielsen et al. (Nielsen, Pearce &
Bi¢ani¢, 2004),

Diederichs (Philleo, 1958),

Khoury and Terro (Khoury, 1983;
Terro, 1998)

Semi-implicit
2

o
Eiot— Cute te +ga,20

ela,T +8 fis

+& + &

"o __ _ —
gttc - glits & la, T — & pla,tg ttc

e pla,T

Gernay and Franssen (Gernay &
Franssen, 2012)

Semi-implic it
3

— !
gtot _gttc +€pla,T e

ela,T +go‘,20+

& s

ro_ar o
gttc - gttc gpla,T - gpla,tg + gttc

Schneider (Schneider, 1976),

Anderberg and Thelandersson
(Anderberg & Thelandersson, 1976)

In contrast to the implicit models, the mechanical strain and TTC are formulated

separately in explicit models, which represent the real physical meaning of TTC.

However, many existing models are neither implicit nor completely explicit, but are

semi-implicit. These semi-implicit models can be divided into three types (see Tab2.2).

The first type does not separate TTC from the variation of mechanical strain with

temperature and it defines the sum of them as load induced thermal strain (LITS). For

example, Nielsen et al. (Nielsen, Pearce & Bicani¢, 2004) proposed a linear model for
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the development of LITS. Diederichs (Diederichs, Jumppanen & Penttala, 1988)

presented a nonlinear model for the calculation of LITS as follows,
8MS=L(4.12><IO’S(T—7}))—1.72x10’7(T—T0)2+3.3><10’1°(T—7}))3) (2.13)

where 7, is the ambient temperature, L is the pre-fire load level. A similar model

named master LITS curve, was developed by Khoury and Terro (Khoury, 1983; Terro,

1998) as follows,
&y =—439x107 +2.73x10°T+6.35x 107 T* =2.19x10°T* +2.77x10 °T* (2.14)

The second type can be considered as an improvement on the first one by separating
the variation of elastic strain with temperature. For example, Gernay and Franssen
(Gernay & Franssen, 2012) formulated TTC individually on the basis of EC2

(EN1992-1-2,2004) and ENV (ENV1992-1-2, 1995),

{;‘" _ (o} (o} _ % gc,T,ECZ - gc,min o

" Egrgéic” EENV 3 f;’ (T) / JFC,20 -fc,20

(2.15)

where Ep“"and E,,, are the initial tangent modulus of the stress-strain curve at

temperature T deduced from EC2 and ENV respectively, f,,, is the compressive
strength of concrete at room temperature and ¢, is the minimum peak strain at

temperature T.

The third type includes the models proposed by Schneider and Anderberg and

Thelandersson. In the studies of Schneider (Schneider, 1976), ¢, , was formulated
explicitly away from &, when the pre-fire load level was over 0.5. According to the

empirical boundary limit imposed by Schneider, TTC is calculated based on the stress
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ratio as follows,

when /0, <0.3:

, o ( o x(T-20) e tanh[(oswu.z)(r—zo)

£ =
“E(7) 1000

]+CQ tanh [ . ><(T—Tx)]+CJ (2.16)

1000 +ox (T -20)

when /0, >0.3:

, o ( T-20 +Cltanh[(o.3w+2.2)(T—2o)

= +C, tanh|y, x(T-T,)[+C, | (2.17
“ E(T)\1-3133 1000 } o (r-1,)] ) @17)
where E(T) is the elastic modulus at temperature T, w is the moisture content in %,
C, C, Cy yp T, are the parameters for calibration. In the study of Anderberg

(Anderberg & Thelandersson, 1976), TTC is expressed as the function of free thermal

strain and applied stress directly as follows,

g, =k——g, ,20<T<550
fc,zo '
Ny (2.18)
e 20.0001-2- , 550 < T <800
oT

c,20

where k=2.35 is a material parameter used for experimental data fitting. This
formula is simple and clear but it cannot take into account the effect of plastic strain

caused by temperature gradient, which means that it is not completely explicit too.

According to the analysis described above, the differences among the existing models

is the way in which the strain components are split, while their common problem is

that part of the mechanical strain, at least the &, . caused by the temperature

gradient, is implicitly included in TTC. Note that no matter how TTC is defined and

what method is adopted for calculating it, the final target is the same, which is to
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formulate the extra strain caused by different historical loading and heating paths,
while the implicit or semi-implicit inclusions of mechanical strain in existing TTC
models makes it incapable of capturing this difference precisely. It should be
emphasised here that the incomplete separation between mechanical strain and TTC
does not affect the calculation of total strain developed in transient state tests since it is
only the difference of division methods for constituents. However, the separation of
mechanical strain from TTC could help our understanding of the evolution of concrete
transient strain and the development of stress-stain-temperature constitutive equations

for concrete materials at elevated temperatures.

2.6 Effect of using FA as SCM on concrete properties at elevated temperatures

FA has been widely used as SCM in concrete for several decades. Nonetheless, there is
some concern on whether the FA would affect the fire safety of concrete materials. FA
itself has little cementitious value, but if it is used together with OPC in making
concrete the reactive silica in it will chemically react with CH to form CSH possessing
cementitious properties. When concrete is heated above 100 °C and in the presence of
moisture, this process would be amplified, which could beneficially reduce the amount
of CH and increase the mass of the solid skeleton of CSH, resulting in a stronger and
less permeable material (Khoury et al., 2002). In this way, the FA concrete, besides
having an increased structural performance at ambient temperature, might also show a
different performance at elevated temperatures. However, dehydration from the CSH

also becomes significant above about 100 °C. The release of water would contribute to
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the evaporation of moisture. With lower porosity and permeability in FA concrete, the
vapour migration rate might be slower than the evaporation rate of pore water, which
could lead the development of pore pressure (Khoury, 2000; Kodur, 2014; Naus,
2006). The built-up of pore pressure, together with the reduction in strength due to the
thermal decomposition of cement hydration products and the increase in the internal
stresses caused by thermal gradient can cause severe damage in concrete. Therefore,
the mechanical behaviour of FA concrete at high temperature is complicated and

difficult to predict.

Until now, only in the study of Diederichs (Diederichs, 1987), were FA concrete
specimens tested under thermal steady state tests. However, Diederichs’ work was
aimed at investigating the mechanical properties of high-strength concrete (HSC) at
elevated temperatures, rather than on the effect of FA. The compressive strength of the
FA concrete samples in his study was higher than 100 MPa and the corresponding
water-binder ratio was as low as 0.27. Generally, HSC suffers from pronounced higher
rates of strength loss than does normal strength concrete (NSC) due to its denser
structure and lower permeability (Cheng, Kodur & Wang, 2004) which limit the ability
of vapour in the concrete to escape and thus cause more destruction in cement matrix.
The results of his experiment showed that the strength loss of high-strength fly ash
concrete (HSFC) differs a lot from NSC made with OPC and is closer to conventional
HSC without FA. This indicates that the effect of FA might be hidden and/or taken

over by the low water-binder ratio in HSFC. Although FA itself could also yield a
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similar pore pressure effect as described above, it might bring benefits as a result of
the accelerated and further activated chemical reactions. Therefore, it is necessary to
perform tests on normal-strength fly ash concrete (NSFC) to avoid the overshadowing
caused by HSC itself. After excluding the potential interference due to the low water-
binder ratio, the effect of FA on the mechanical properties of concrete at high

temperature would be clearer.

On the other side, research presented by Khoury et.al in 1985 (Khoury, Grainger &
Sullivan, 1985b) compared the LITS of FA concrete and OPC concrete during thermal
exposure. However, the stress-strain relationships of concrete under the thermal steady
state had not been tested in his research and the aggregate types in the FA concrete
specimens and reference OPC specimens are different, therefore, the mechanical strain
included in the LITS cannot be quantified and the effect of FA on the development of

TTC is still unclear.

The above study shows that the experimental research on the mechanical behaviour of
FA concrete at elevated temperatures, including the stress-strain response at the
thermal steady state and TTC developed during the heating process for stressed
conditions, is incomplete. Meanwhile, the utilization of FA is still insufficient at
present. There is still a large amount of FA disposed in landfill every year
(Abdulkareem et al., 2014; Nadeem, Memon & Lo, 2014; Ryu et al., 2013), which has
a negative impact on the environment. A more comprehensive verification of the

compressive behaviour of FA concrete during thermal exposure could help broadening
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its potential application in engineering.

2.7 Knowledge gaps

Fire performance of concrete at elevated temperatures still attracts significant attention
from researchers and there has been substantial work and publications in the relevant
field, however, some issues need further investigation, especially in the following

aspects:

1) Until now, there is no complete uniaxial compressive constitutive model for
concrete at the thermal steady state, which can distinguish the stressed condition from
unstressed condition. This review shows that most of the hot tests aiming at assessing
the fire performance of concrete were performed on heated but unstressed specimens.
The results obtained from these experiments cannot accurately reproduce practical fire
scenarios in which concrete structures are always loaded (stressed) during heating. The
study presented in this Chapter has addressed the lack of experimental data on the
effect of applied stress during the heating process on the subsequent stress—strain

relationship of concrete under uniaxial compression.

2) For unstressed concrete at the thermal steady state, elastic modulus is generally
defined as the initial tangent modulus or the secant modulus of the stress-strain curve,
which is not reasonable due to the development of thermal cracks. Additional strain
would be caused by compressing the thermal crack openings when unstressed concrete

is tested at elevated temperatures. This additional strain should be included in the
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stress-strain curve since it is part of the plastic deformation, but it should be excluded
from elastic modulus because it is irrecoverable. Therefore, elastic modulus for
unstressed concrete at elevated temperatures should be formulated individually instead

of being defined from the stress-strain curve directly.

3) At present, the available uniaxial compressive constitutive models for unstressed
concrete at the thermal steady state assume the nonlinearities of the stress-strain
relationship remains unchanged when the temperature increases, which is in

contradiction to practical experimental observations.

4) One of the differences among the existing TTC models is the way in which the
strain components are split in transient state tests, while their common problem is that
part of the mechanical strain, at least the one caused by temperature gradient, is
implicitly included in TTC. The implicit or semi-implicit inclusion of mechanical
strain in existing TTC models makes the numerical analysis incapable of capturing
precisely the extra strain caused by different historical loading and heating paths, due

to the overestimation of TTC at high temperatures.

5) The experimental research on assessing fire performance of concrete with FA as
SCM 1is incomplete. Experimental studies carried out in the last several decades
focused mainly on the residual test of unstressed concrete after thermal exposure to
different temperature levels. Most available data or models of the hot mechanical

properties were formulated for concrete mixes used in the 1970—1980s, which were
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generally conventional OPC concrete, indicating that they probably do not apply to
concrete with SCM. As FA is the most widely used SCM, the effect of adding FA in
concrete on its mechanical behaviour at elevated temperatures should be examined and
the corresponding parameters, like compressive strength, peak strain, elastic modulus

and TTC, should be calibrated using extensive experimental data.

2.8 Objectives

The main aim of this thesis is to develop an advanced thermomechanical constitutive
model for concrete under uniaxial compression at elevated temperatures, for
applications in structural fire engineering. The model has to capture the behaviour of
structural concrete with different heating-loading sequences accurately and consider
the effect of using FA as a SCM on the variation of concrete properties during thermal

exposure. Specific objectives can be summarized as:

1) To investigate the variation in the nonlinearities of uniaxial compressive stress-
strain curves with elevated temperatures and the difference between the elastic

modulus and the secant modulus of unstressed concrete at elevated temperatures.

2) To explore the mechanism of how the applied stress during thermal exposure affects
the fire performance of concrete by comparing the stress-strain responses of the
concrete tested under different heating-loading sequences, and thus formulating a

constitutive model that has distinguished stressed and unstressed conditions.
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3) To develop a numerical method to analyse the stress fluctuation and mechanical
strain caused by the temperature gradient in transient state tests, and thus to formulate
an explicit TTC model and compare it with previous models to quantify the

overestimation of TTC in previous research.

4) To examine the effect of partly replacing OPC with FA in concrete, on the
mechanical properties of concrete at elevated temperatures. The parameters include

compressive strength, peak strain, elastic modulus, nonlinearity of stress-strain curves

and TTC.
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Chapter 3 - Experimental details

3.1 General

This chapter presents the experimental programmes carried out to investigate the
mechanical behaviour of OPC concrete and FA concrete under different fire-loading
scenarios, as an effective way of formulating an advanced constitutive model. The
target temperatures range from 200 °C up to 900 °C with the intervals of 100 °C +
50 °C. Full details of the materials, test procedures and different phases of the
conditioning and testing of the concrete specimens are described below, including the
test rig designed for compressive tests carried out at elevated temperatures. (Pan et al.,

2015)

3.2 Materials

All tests in the presented experimental programme were carried out on two types of
normal strength structural concrete, conventional OPC concrete and FA concrete. The
only difference between them is that in FA concrete, 25% of cement content is
replaced with FA. All samples were made from BS EN 197-1 CEM I type OPC. FA
used in the investigation conforms to the requirements of dry BS EN 450-1 Type F
(low calcium). The detailed chemical compositions of the cementitious materials are
provided by the suppliers (Hanson UK and ScotAsh), as listed in Tab.3.1. The coarse
aggregate was crushed granite quarried from the Hingston Down quarry. The fine

aggregate was natural river sand.
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Tab.3.1 Chemical composition of the binders

Composition (%)

Binders
. . Loss on Free Insoluble
SiO, ALO; Fe,Os CaO MgO SO; TiO, K,0O Na0 Cl lenition  CaO Residue
Cement 20.81 522 2.50 63.95 2,10 341 - 0.57 0.33 0.06 248 1.3 0.63
FA 62.81  21.02 11.63 425 1.70 - 1.35  2.06 223 - 2.11

3.3 Specimen preparation

The dimensions of the specimens were the cylinders of 50 mm diameter and 150 mm
height, which gives a length/diameter ratio (slenderness) equal to 3. According to
RILEM TC 200-HTC (RILEM, 2007) such dimensions could avoid the end effect
during the heating process and the relatively small diameter used for the specimens
was to minimize the inevitable structural effect during heating. In addition, RILEM
TC 200-HTC has specified that the maximum aggregate size should not be less than 8
mm, while the specimen diameter should be at least five times the aggregate size for

cast specimens. Therefore, the size of coarse aggregate was selected as 10 mm.

All specimens were cast as described in RILEM TC 200-HTC and cured under
polyethylene sheets in a laboratory environment for 24 hrs. The specimens were then
demoulded and moved into a tank of water for curing, which was used to provide
100% RH and 20 °C for 90 days. Before tests, the samples were oven dried at 30 °C
for another 10 days, and the two end surfaces were polished to ensure that they are
parallel and both perpendicular to the axis of the cylinder. In steady state tests, three

parameters (compressive strength, peak strain, elastic modulus) and complete stress-
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strain relationship were investigated. In transient state tests, transient thermal creep
(TTC) of concrete under uniaxial compression at elevated temperatures was
investigated. A minimum of two “replicate” specimens were tested for any unique
combination of test and material parameters. If the test results differed by more than
20%, a third or more specimens were tested. If the result of a single specimen differed
by more than 20% from the mean value of all other specimens, that specimen was
excluded from the evaluation. Tab.3.2 and Tab.3.3 give the mix proportions and

properties of the concrete samples used in the present study respectively.

Tab.3.2 Concrete mix proportions

Mass (kg/m’)

Material

OPC concrete FA concrete
Cement type-152.5 468 351
FA (Class F) - 117
Coarse aggregate, crushed granite (10mm) 710 710
Fine aggregate 910 910
Water 235 235
Plasticizer (BASF MasterPolyheed 410) 6.5 6.5
Water/cement ratio 0.5 0.67
Water/binder ratio 0.5 0.5
Tab.3.3 Concrete properties

OPC concrete FA concrete
Compressive strength at 28 days, N/mm’ 43.28 36.72
Compressive strength at 90 days, N/mm? 48.85 45
Density, kg/m’ 2368 2399
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3.4 Equipment

All tests were carried out on an instron-5582 testing machine as illustrated in Fig.3.1.
Thermal exposure of concrete samples (50 mm diameter x 150 mm length) was
performed by using a split tube furnace with a chamber (60 mm diameter x 300 mm
length). The compressive strain of the specimen was measured via a ceramic load
extending placed outside of the furnace. The measurement was calibrated by a group
of reference tests, in which the same load and heat as used in the tests were performed
on the bottom loading rod without a concrete specimen on it and the corresponding
temperature and displacement were measured. The results were then used to calculate

the interference from the equipment.

lApplied load
Ceramic rod

‘=——Top loading rod

['rame of furnace

Concrete specimen
Heating element

Insulating materials

,\.E—Bottom loading rod

Fig.3.1. Experiment setup

The heating rate of the furnace was controllable, and the temperature distributions

within the samples were monitored by thermocouples attached on the surface and at
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the centre of the specimens. Three points on the surface were set to ensure heating of
the concrete specimen was axially uniform, as shown in Fig. 3.2. According to RILEM
TC 200-HTC, maximum differences between any of the three surface temperature
readings shall not exceed 1 °C at 20 °C, 5 °C at 100 °C and 20 °C at 750 °C. For
intermediate values, the maximum axial temperature differences permitted were
calculated by linear interpolation between the two adjacent points. The representative
surface temperature is the average temperature of the three measurements taken on the

surface of the specimen.

2R
R
e #
Reference length
6R
Thermocouples
~

Fig.3.2 The actual specimen and arrangement of thermocouples on the surface

Prior to testing, a small compressive stress, not exceeding 0.05 MPa, was applied in
the direction of the specimen’s central axis. Then the specimen was subjected to a load
cycle between the 5% and 15% of the reference strength. The loading and unloading

were performed at a rate of 0.5 MPa/s and the hold time was 60 s (see Fig.3.3). The
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ceramic rod was then placed at a location symmetrical to the former location and the
above loading cycle repeated. The changes in length of the two loading cycles should
not exceed 20% of the mean value. Otherwise, the following was checked: strain
measuring device; centring of the specimen; flatness and orthogonality of the flat ends
of the specimen. Appropriate adjustments were made and the load cycle was repeated

until the 20% criterion was met.

Oa
<60s <60s <60s

0.15f,

<0.05f 4

< 0.05 MPaf— =— — — — — R

v

Fig.3.3 Schematic illustration of specimen cycling during installation at ambient temperature

(RILEM, 2007)

3.5 Test programme

The experimental programme was designed to investigate: (1) Effect of using FA as
SCM on the mechanical properties of concrete at elevated temperatures, including
compressive strength, peak strain, elastic modulus, complete stress-strain response and
TTC; (2) Effect of loading history during the heating process on the hot stress-strain

behaviour of concrete and development of LITS.
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The aim of the test programme is to develop a thermo-mechanical constitutive model
for concrete at material level, therefore, ideally, the specimen in the test programme
should have a uniformly distributed temperature increase. However, this cannot be
achieved in practice considering the time restriction and the development of basic
creep during the long term heating process. On the other hand, if the heating rate is too
high, significant temperature gradient and related thermal stress will develop, which
will interfere the results. Therefore, according to the limitation of maximum heating
rate recommended in RILEM TC 200-HTC, 5 °C/min is selected as the heating rate in

the experimental programme.

According to the different purposes, all the tests were categorized into three series.

Series A: Unstressed specimen at the thermal steady state (heating without load

and holding at constant temperature)

The specimens were heated using the heating rate of 5 °C/min to corresponding target
temperatures, as shown in Fig.3.4. During the heating and holding process, moisture in
the tested specimen was allowed to escape freely and a small load of 0.05 MPa was
applied on the specimen to ensure the measurement of free thermal strain. The
influence of the small pre-load on the deformational behaviour of the specimen during
heating was negligible. In the whole process, temperatures, applied forces and uniaxial

displacements of the sample were recorded simultaneously.
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Fig.3.4 Loading-heating regime for the tests of Series A
After a further heating period of 60 mins at the target temperature, which was found to
be sufficient to reach a nearly stable state in the specimen (the temperature difference
between side surface and centre was less than 2 °C), the testing commenced with a
cycling of the specimen according to Fig.3.5. The cycling was performed between
stress levels of 5% and 30% of the compressive strength at the target temperature. The
compressive strength at the target temperature was predicted according to the
recommended value in EN1992-1-2 in the initial test at the target temperature, while in
the replicate test it was predicted according to the initial test. If the test results differed
by more than 20%, a third or more specimens were tested. The rate of loading and
unloading was kept to 0.5 MPa/s and the holding time at the 5% and 30% stress levels

was 30 s.
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Fig.3.5 Schematic illustration of the test procedure showing how the initial secant modulus and elastic

modulus are distinguished and determined (RILEM, 2007)

The specimen was loaded to failure in the third loading cycle, in which the
compressive strength, peak strain, elastic modulus and stress-strain shape were
determined. It should be noted that two different kinds of modulus were defined in this
thesis. For the purpose of formulating the complete stress-strain relationship for

unstressed concrete, the secant modulus which is determined by the strain increment in

the stress interval from 0.05 to 0.3 of fC(T ) in the first loading cycle is termed as
initial secant modulus. In contrast, the elastic modulus here is defined as the secant

modulus which is determined by the strain increment in the stress interval from 0.15 to

0.3 of f,(T)in the third loading cycle:

29 (3.1)

For the stress-rate controlled loading regime, the test was ended when the maximum

compressive strength was reached. In the whole process, stress-strain response was
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recorded continuously and the measured strain at compressive strength was recorded
as peak strain, as described in Fig.3.6. A minimum of two “replicate” specimens were
tested for any unique combination of test and material parameters. If the test results
differed by more than 20%, a third or more specimens were tested. If the result of a
single specimen differed by more than 20% from the mean value of all other

specimens, that specimen was excluded from the evaluation.

9]
£(T)
stress-rate controlled
G=0.5MPals
<0.05MPa _
g il

Fig.3.6 The stress—strainrelationship of concrete under uniaxial compression determined by stress-rate

controlled tests (RILEM, 2007)

Series B: Stressed specimens at the thermal steady state (heating with constant

load and holding at constant temperature)

For stressed specimens at the thermal steady state, a uniaxial compressive load was
applied in the direction of the central axis of the specimen at a rate of 0.5 MPa/s to the
required constant load level at 20°C immediately prior to heating and then kept
constant during the heating and holding process, as illustrated in Fig.3.7. According to

RILEM TC 200-HTC, recordings of temperature and length change were taken at
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intervals of 1 minute during the heating process and 5 minutes at the holding process.
After maintaining 60 mins at the target temperature, the pre-fire load of the stressed
specimen was reduced to 0.05 MPa and the corresponding variation of strain in the
unloading process was recorded. The testing procedure to determine the stress-strain
response was exactly as the procedure for unstressed specimens, as described above.
The difference between Series A and Series B is with/without a sustained load in the
heating process. By comparing the results obtained from Series A and Series B, the
effect of the loading history during the heating process on the compressive mechanical
properties of concrete at the thermal steady state could be examined. Moreover, by
performing the same tests on OPC concrete specimens and FA concrete specimens
respectively, the effect of using FA as SCM on the compressive mechanical properties

of concrete at the thermal steady state could be investigated.
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Fig.3.7 Loading-heating regime for the tests of Series B
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Series C: Stressed specimen at the thermal transient state (heating with constant

load until failure)

The strain-temperature relationships under different load levels can be obtained from
Series A and Series B. However, it should be noted that stressed specimens in Series B
were loaded to failure under the thermal steady state, indicating that the transient
strain-temperature relationship is incomplete. Therefore, Series C was designed to
obtain the complete transient strain of stressed concrete. The heating and loading
process for Series C was exactly the same as Series B. The only difference was that in
Series C, there was no holding process and the stressed specimen was kept heated until

failure, as illustrated in Fig.3.8.
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Fig.3.8 Loading-heating regime for the tests of Series C
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Chapter 4 - Uniaxial compressive constitutive model for

unstressed concrete under the thermal steady state’

4.1 General

This chapter presents the results obtained from tests of Series A, in which a series of
thermal steady state tests of OPC concrete and FA concrete were designed and
performed (Fan et al., 2019a). Also presented is the comparison between the
experimental results and Eurocode EN1992-1-2 to examine the applicability of the
current code to FA concrete. Based on the experimental results obtained, an advanced
stress-strain model for unstressed concrete was proposed and the parameters for FA
concrete were formulated. Compared with existing models, the proposed model has
the advantages of both considering the variation of the nonlinearities of stress-strain
relationships with increasing temperature and distinguishing elastic modulus from the
secant modulus of the stress-strain curve. Finally, microstructures of the samples
heated to different temperatures were examined by using SEM to investigate the
thermal effect on the organization of the pore microstructure. Relative average

deviations of parameters investigated in tests of series A are presented in Appendix.

" Chapter 4 is mainly based on the published work: ‘K. Fan, D. Li, N. Damrongwiriyanupap, L. Li,
Compressive stress-strain relationship for fly ash concrete under thermal steady state, Cement and
Concrete Composites. 104 (2019) 103371.”
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4.2 Mechanical properties of FA concrete at high temperatures

The mechanical properties of conventional OPC concrete (without SCMs) under
uniaxial compression at the thermal steady state have been extensively studied and the
results obtained by different researchers show a good agreement with each other when
the samples used are made from the same aggregate type (calcareous/siliceous) and
identical water/cement ratio. However, other parameters, like the dimensions of
sample, heating rate or variations of raw materials, seem to have very limited impact
on the results, as long as they vary within the practical range for NSC and RILEM TC
200-HTC. Several previous tests are, therefore, selected as a reference group
representing the normal-strength OPC concrete. The samples used in our tests are
made from the same aggregate type (siliceous) and identical water/binder ratio (0.5) as
the reference group for the purpose of comparison. The details are summarized in
Tab.4.1. For the purpose of comparison, the results of HSFC provided by Diederichs

(Diederichs, Jumppanen & Penttala, 1988) are also listed as a reference group.
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Tab.4.1 Reference group for unstressed thermal steady tests

Group Reference Experiment
. OPC
Concrete type OPC concrete (without SCMs) FA concrete
concrete
Parameters to be . .
Strength Deformation Strength & deformation
compared
Ab Malhotra Schneider Furumura Diederichs
rams .
Resources (Abrams, 1971) (Malhotra, (Schneider, (Furumura, Abe & (Diederichs, Jumppanen & Series A
’ 1956) 1988) Shinohara, 1995) Penttala, 1988)
Water/binder 0.5 0.5 - 0.41 0.27 0.5 0.5
Initial strength
(MPa) 27 40 - 44 106.9 45 48.85
it 75%0PC 75%0PC
Ceme““.“f“s 100%O0PC 100%OPC |  100%OPC 100%0OPC 100%0OPC
materials 25%FA 25%FA
Aggregate type Siliceous Siliceous Siliceous Siliceous Siliceous Siliceous Siliceous
NSC HSFC NSFC
Abbreviation (normal strength NSC NSC NSC (high strength fly ash (normal strength fly NSC
concrete) concrete) ash concrete)
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4.2.1 Compressive strength

The temperature-compressive strength relationships are plotted in Fig.4.1, in which the
compressive strength is normalized by the strength of the unheated specimens,
respectively. The solid lines represent the results from our tests and each point on it is
an average of at least two specimens at each temperature level. As can be seen, NSFC
shows a trend similar to NSC without SCMs. Initially, the compressive strength of
NSFC remains unchanged to 200 °C and increases to about 105% at 300 °C, which is
attributed to the further hydration of FA under hydrothermal conditions. Above that,
the compressive strength decreases gradually with elevated temperature due to the
dehydration of CSH. The decrease rate reaches the maximum value around 550 °C
when the crystalline transformation from a-quartz to B-quartz of aggregates may take
place. In the whole range, the drop of compressive strength in NSFC stays lower than
that of NSC, which indicated that further hydration of the reactive silica in FA during
the heating process does improve the high temperature performance of concrete. Given
the replacement percentage of FA is only 25%, the improvement is therefore not
prominent, but at least the positive effect of FA during thermal exposure is confirmed.
It therefore can be concluded from the results shown in Fig.4.1 that the Eurocode
model (ENV1992-1-2, 1995), represented by the dotted line in Fig.4.1, is quite safe

when it is applied to FA concrete.
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Fig.4.1. Normalized compressive strength of unstressed concrete at different temperatures

According to the comparison between the results from Abrams (Abrams, 1971) and
Malhotra (Malhotra, 1956), it can also be concluded that the variation of the initial
unheated strength seems to have little impact on the normalized value of the
compressive strength at different temperature levels. Nonetheless, the above
conclusion only applies to NSC. When it comes to HSC, a very different variation of
compressive strength with temperature was observed. As illustrated in Fig.4.1, the
chain line of HSFC drops much faster than the solid curve of NSFC at an early stage,
which is the consequence of the denser microstructure and corresponding higher pore
pressure in HSFC. It could be inferred that there are critical values for the parameters
that yield condensation in cement paste, like water/binder ratio or replacement

percentage of FA. Beyond the critical values, a highly condensed microstructure may
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be produced in concrete which results in destructive pore pressure under thermal
exposure. On the other hand, the difference between NSFC and HSFC decreases with
the increasing of temperature. When the temperature reaches to 800 °C, they are very
close to each other, indicating that the compressive strength at relatively high
temperature (beyond 600 °C) is almost independent of pore pressure. The variation in

aggregates might be the main contribution in this phase.

4.2.2 Peak strain at compressive strength

The peak strain at compressive strength is a key deformation characteristic in
evaluating the plastic strain of concrete, but it is hard to determine at high temperature
due to the difficulty in measurement. Thus, there are few available results on it. Fig.4.2
shows that the peak strains at compressive strength of NSC and NSFC, tested by
Schneider (Schneider, 1988), Furumura (Abe et al., 1999; Furumura, Abe &
Shinohara, 1995) and us, are almost identical to each other before 300 °C and only a
slight difference is observed afterwards, which indicates that FA has no significant
influence on the peak strain. The thermal incompatibility between aggregate and
cement paste might be the main contribution and, in that case the aggregate type
should be the decisive factor. From the common trend of these three curves it can be
concluded that the peak strain at compressive strength remains approximately
unchanged until 200 °C and increases rapidly above that. In contrast, the peak strain of
HSFC increases visibly slower than that of NSFC for temperatures between 200 °C

and 450 °C, suggesting a more brittle behaviour, which could be attributed to its
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denser structure and corresponding higher loss of compressive strength in that
temperature range. Another interesting result observed from Fig.4.2 is that the
temperature-peak strain relationship in Eurocode is much higher than those of
experimental results. This is because the peak strain in Eurocode has implicitly
included an extra strain component called TTC which resulted from the pre-fire load
(Torelli et al., 2016). This implicit inclusion is safe and conservative in many cases,
but it might yield an inaccurate estimation of the deformation in concrete when the
pre-fire load varies during the thermal exposure. For an advanced analysis, TTC
should be calculated explicitly and Eurocode may not be applicable in that situation

(Gernay, 2012; Gernay & Franssen, 2012).
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Fig.4.2 Peak strain of unstressed concrete at different temperatures

69



4.2.3 Elastic modulus

As discussed above, the compressive strength decreases while the peak strain increases
with the rise of temperature, which means that the concrete becomes softer under
thermal exposure. Therefore, it is important to evaluate the variation of its stiffness,
represented by the temperature-dependent elastic modulus. As a deformation
characteristic, the temperature-dependent variation of elastic modulus is also
controlled by the type of aggregate and hardly influenced by the partly replaced FA,
which is similar to the behaviour of the peak strain as discussed above. As illustrated
in Fig.4.3, the decrease of the elastic modulus of concrete with increasing temperature
generally exceeds the decrease of its strength, and the curves for FA concrete and OPC

concrete are in good agreement with each other since they are all made from siliceous

aggregates.

As defined in Section 3.4 and shown in Fig4.3, the secant modulus evaluated
according to the first loading cycle was significantly lower than the elastic modulus
evaluated from the third loading cycle. This is attributed to the compression of thermal
cracks. In the first loading cycle, the thermal cracks developed in the heating process
were compressed, resulting in a larger deformation than the third loading cycle under
the same load value. Fig.4.3 shows these two types of modulus are very close to each
other when concrete is loaded at ambient temperature. The difference between them
increases with elevated temperatures and the maximum rate of the variation happens

between 400 °C and 600 °C. Above that, the a-f phase transition of quartz in siliceous
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aggregate has completed, thus the difference is relatively stable.

The elastic modulus represents the elastic behaviour of unstressed concrete at high

temperatures, while the secant modulus of the stress-strain curve represents the real

deformation of unstressed concrete at high temperature by including part of the plastic

deformation caused by the closure of the thermal cracks. Both of them are necessary to

define the real stress-strain behaviour of unstressed concrete at high temperatures.

However, in most previous studies these two types of modulus were not clearly

distinguished and generally only one of them was assessed.
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4.3 Development of an advanced stress-strain model

4.3.1 Determination of the basic equation

As introduced in Section 2.4.5, all existing stress-strain models for unstressed concrete
assume the nonlinearities of the stress-strain relationships remain unchanged when the
temperature increases. As illustrated in Fig.4.4, the dash lines represent the normalized
experimental stress-strain relationships of NSFC at different temperatures, while the

solid lines are calculated by the models listed in Section.2.4.5.
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Fig.4.4 Normalized stress-strain relationships of unstressed NSFC at different temperatures

It is evident that the nonlinearities of experimentally obtained stress-strain relationship

vary with temperature, while the three theoretical models are incapable of capturing
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this phenomenon since their nonlinearities are constant. This is an important
characteristic but has been frequently ignored. In the present study, Eq.(4.1) proposed
by Popovics (Popovics, 1973) is selected as the basic equation since it has the

advantage of incorporating a parameter “n” to control the nonlinearities of the curves.

& " 4.1
&,

‘ n—1+(8J
6(’,

where o, ¢ are the instantaneous stress and strain, respectively; f. is the compressive

NS

strength of unheated concrete; ¢, is the peak strain at compressive strength of unheated

concrete; n is a parameter related to the nonlinearity of the stress-strain relationship of

concrete at ambient temperature.

4.3.2 Nonlinearity of stress-strain relationships

€6 _.9%

By applying Eq.(4.1) to the experimental stress-strain data, the parameter “n” at
different temperature levels can be determined. Fig.4.5 shows that parameter “n” of
NSFC increases to 9 at 200 °C and then drops quickly to 6.6 at around 300 °C. After
that, the rate of decrease slows down. When the heating terminates at 900 °C, it drops
back to approximately the initial value. The higher value of n means that the stress-
strain response is more linear. Fig.4.4 shows that the experimentally obtained curves
are more linear than those of the previous OPC concrete models, which indicates that
n has a higher value and there is less plastic strain in FA concrete. This is in
accordance with the trend of the purple solid line representing the experimental

temperature-n relationship of NSC in Fig.4.5, which has a similar trend as NSFC but
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with lower values. The characteristic could be ascribed to the increased skeleton of
CSH caused by the reaction between FA and CH. The rapid increase of n at an early
stage is a consequence of the further reaction of unreacted binders, while the decrease
at later stages might be caused by the thermally induced micro-cracks in the cement

paste and the decomposition of CSH.
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Fig.4.5. Parameter n of unstressed concrete at different temperatures
4.3.3 Advanced stress-strain model

With knowledge of the basic stress-strain equation, and the variation of compressive
strength, peak strain and nonlinearity parameter n as mentioned above, a complete

temperature-dependent stress-strain model is proposed as follows,

o n(7)

£.(T) EC(T)n(T)—lJr( ¢ ]“”

4.2)

gc(T)

where f, (T ) is the compressive strength at temperature T, SC(T ) is the peak strain at
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temperature T; n(T ) is the nonlinearity parameter at temperature T. To simplify the

model, the variations of the three temperature-dependent parameters for NSFC are
represented by using the linear relationships to best fit the original curves, as

demonstrated in Fig.4.6.
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Fig.4.6. Linear approximation used for three decisive parameters (NSFC)

In this way, the complete compressive stress—strain model for FA concrete could be

incorporated with Eqgs.(4.3)-(4.5) to achieve a simpler solution in analysis.

fC x(1.042.0x10* xT 207 <300
f(T)=1""" ( ) 43)

finx(1.5-1.5x10°xT)  300<T <900

£, %(1.043.9x10™ xT) 20< T <200
£ (T)= (4.4)
£, %(0.10449x10° xT)  200< T <900

75



ny, % (0.86+7.1x10° xT)  20<T <200

n(T)=4ny,x(3.6-6.5x10°xT)  200<T <300 (4.5)

nyx(1.9-1.0x10°xT)  300<T <900

Meanwhile, considering the fact that the secant modulus of the stress-strain curve is
unable to represent the real elasticity of concrete at high temperatures, the elastic

modulus is additionally formulated as:

E(T)=E,;,x(1.05-1.69x10°T+8.00x 107 x T"*) (4.6)
4.3.4 Verification of proposed model

Fig.4.7 shows the comparison between the experimentally obtained stress-strain
curves of NSFC, represented by the red dot points, and those calculated from the
proposed model, in which the black dash lines represent the results calculated by
Eq.(4.2) with parameters directly measured from experiments and the light blue solid
lines represent the results calculated by using the simplified model Eqs.(4.2)-(4.5). Itis
obvious from the comparisons that the theoretical model behaves excellently, whereas
the simplified model differs marginally from the experimental data but with generally
acceptable errors. This indicates that, when the model is adopted, the parameters
incorporated can be determined by either way (measured value or simplified

relationships), depending on the expected efficiency and accuracy specifically.

Note that the proposed model is also applicable to OPC concrete, but the formulation

of the key parameters, should be replaced. There are a lot of available formulations for
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the compressive strength and peak strain of OPC concrete at the thermal steady state.
In this thesis, these two parameters were not formulated once again. As for the
redefined elastic modulus, FA is proven to have no obvious impact on it, as illustrated
in Fig.4.3. Thus the redefined elastic modulus formulated for FA concrete is applicable
to OPC concrete too. The only parameter which needs to be specially formulated for
OPC concrete is parameter n. According to the experimental data presented in Fig.4.5,

n for normal strength OPC concrete can be formulated as:

ny % (0.89+5.7x10° xT) 20< T <200
n(T) = 4.7)
nyx(231-1.8x10°xT)  200<T <900
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Fig.4.7. Comparison of experimental stress-strain relationships with the proposed model (NSFC)
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4.4 Microstructure imaging

The microstructures of crushed powder samples of the NSFC specimens at different
temperatures were examined by using SEM techniques to understand the thermal
effect on the change of the micro-structure organization of FA concrete. For each
temperature case, at least 3 scans have been performed at different locations.
Meanwhile, the representative EDS results of chemical compositions of the hydrated
cement paste, aggregate and unreacted FA are presented in Tab.4.2. Compared with
Tab.3.1, the chemical compositions of FA are almost identical. And the chemical
compositions of the hydrated cement paste are similar to the unreacted cement but
with higher proportion of O and Si, which should be attributed to the hydration of the
cement and FA. On the other hand, it could be noted that the chemical compositions of
aggregate are very similar to FA. They could be distinguished from each other by the
sizes of them. The particle size of FA generally ranges from 1 um to 100 um which is

far less than that of aggregate.

Tab.4.2 Chemical compositions of the hydrated cement paste, aggregate and unreacted fly ash

Composition Cement paste Aggs/egate Fly ash
0
O 37.93 45.90 41.89
Ca 39.60 2.35 316
Si 14.02 36.83 30.35
Al 3.81 5.16 11.67
Fe 2.07 2.05 3 58
S 1.05 - i
K 0.77 3.36 131
Mg 0.51 0.68 0.92
Na 0.24 2.82 1.35
Ti - 0.85 0.77
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As illustrated in Fig.4.8.a and Fig.4.8.b, some unreacted FA particles were observed in
the unheated specimen and the specimen heated to 200 °C. In contrast, Fig.4.8.c shows
that after the specimens were heated to 450 °C, the unreacted particles disappeared due
to the reaction between the FA and CH, which is in consistent with what was reported
in the literature (Khoury et al., 2002). Moreover, the cement paste is reasonably dense
and compact at ambient temperature and 200 °C. However, with increasing
temperature, the microstructure of the cement matrix seems to have undergone
significant changes. At 450 °C, some discrete pores developed due to vapour migration
and increased pore pressure. After the temperature increased to 550 °C, the aggregate
begun to expand rapidly as it is approaching the temperature for a-f phase
transformation (Hertz, 2005). The sharp increase of expansion of the aggregate at
around 550 °C is opposite to the shrinkage of cement paste, resulting in severe damage
and cracks at the interface between aggregates and adjacent cement paste, which is the
reason for the observed maximum degradation rate of the compressive strength at this
temperature in our experiments. At last, when the temperature hits 700 °C, the CSH
phase has decomposed and the cement matrix has turned into a loose white material
that is very porous and weak. The corresponding deterioration of the mechanical

properties of concrete at this temperature is very obvious as illustrated in Fig.4.7.
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4.5 Conclusions

This chapter has presented an experimental study of the mechanical properties of
unstressed specimens (OPC concrete and FA concrete) under the thermal steady state.
The results presented include the compressive strength, peak strain at compressive
strength, elastic modulus, and stress-strain relationship at temperatures ranging from

ambient to 900 °C. From the results presented the following conclusions can be drawn:

1) 25% replacement of cement with FA in concrete hardly influences its deformation
characteristics at high temperatures, but the temperature-dependent compressive
strength are enhanced due to the further reaction between FA and CH under

hydrothermal conditions.

2) Eurocode EN1992-1-2 seems to be safe to be applied to NSC with 25% replacement
of FA as SCM. However, the peak strain at compressive strength recommended in
EN1992-1-2 has implicitly included the TTC, which should be explicitly calculated

using the advanced analysis method.

3) Porosity of cement paste has a significant influence on the mechanical properties of
concrete at high temperatures, especially at early stages of thermal exposure (before
500 °C). There might be a critical value for the replacement percentage of FA, which
will lead to an increase of the solid skeleton of the cement paste and potential
destructive pore pressure during heating. Therefore, the higher replacement

percentages of FA in cement should be further verified.
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4) Due to the development of thermal cracks, the elastic modulus of concrete at
elevated temperatures is higher than the secant modulus of the stress-strain curve
which is determined by the strain increment in the stress interval from 0.05 to 0.3 of
f. (T ) The difference increases with elevated temperatures and the maximum rate of
variation happens between 400 °C and 600 °C. Above that, the a-3 phase transition of

quartz in siliceous aggregate has completed, thus the difference is relatively stable.

5) The shape of stress-strain relationship, represented by the nonlinearity of the curve,
is found to vary with temperature. Adding FA into concrete makes it behave more
linearly and reduces its plasticity due to the increased skeleton of CSH caused by the

further hydration of FA during heating.

6) An advanced uniaxial compressive constitutive model for unstressed concrete under
the thermal steady state was formulated and verified. Compared with previous models,
the present model has the advantage of incorporating a parameter n(T ) to consider
the variation of the nonlinearity and distinguishing elastic modulus from the secant
modulus of the stress-strain curve. In addition, the key parameters in the proposed

model are calibrated for FA concrete.
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Chapter 5 - Uniaxial compressive constitutive model for
stressed concrete under the thermal steady state as a

function of load history during the heating process

5.1 General

For the tests discussed in Chapter 4 (Series A), the concrete specimens were heated
without carrying any load to a target temperature. The target temperature was held for
60 minutes and then the specimens were immediately loaded up to failure. However,
concrete structures are generally stressed prior to any thermal exposure, thus it is
necessary to formulate a constitutive model for this condition too. This chapter reports
on tests of Series B, in which specimens are heated with a sustained load (10%, 30%,
50%, or 70% of reference strength). After the completion of 60 minutes holding
period at the test temperature, the specimens were quickly unloaded and then

immediately tested to failure.

The maximum temperature that structural concrete may be subjected to depends on the
application of the structure. For example, in the Netherlands, the Ministry of Public
Works, the Rijswaterstaat (RWS), and the TNO Centre for Fire Research have
established a fire curve on the basis of Dutch experience in tunnel fires (Khoury,
2000). This RWS Dutch fire curve models a most severe hydrocarbon fire, rapidly
exceeding 1200 °C after 60 min, which indicates that high temperature needs to be

considered in some specific fire scenarios. On the other hand, according to the results
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presented in Chapter 4, no matter it is OPC concrete or FA concrete, the corresponding
compressive strength at 400 °C is above 80% of the reference strength, which suggests
that the deterioration of concrete is minor up to test temperatures of about 400 °C.
Therefore, the influence caused by the pre-fire load below 400 °C will not be

discussed in this Chapter and the focus is placed on the temperatures above 400 °C.

Considering the fact that the mechanism of how the sustained load during the heating
process influences the temperature-dependent stress-strain response is still not
understood and there is not any applicable model for these thermomechanical
conditions, OPC concrete is selected as the experimental material for the tests in this
Chapter, instead of FA concrete, so that the conclusions will be more widely
applicable. Finally, some FA concrete specimens were tested under the same
conditions to verify the applicability of the proposed model. Relative average

deviations of parameters investigated in tests of series B are presented in Appendix.

5.2 Mechanical properties

5.2.1 Compressive strength

Fig.5.1 shows the temperature-normalized compressive strength relationships of OPC
concrete under different pre-fire loads. As can be seen, the compressive strength of
OPC concrete under different loads show little difference at 400 °C and 460 °C, which
indicates that the effect of pre-fire load on the compressive strength before 460 °C is

relatively slight. However, above 460 °C, the specimens seem to be strengthened by
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applied stress. The compressive strength of the stressed specimens are significantly

higher than those of the unstressed specimens. Clearly, the specimens stressed with

higher pre-fire load levels undergo less deterioration in compressive strength. The rate

of this trend quickly develops from 460 °C to 580 °C, which is likely to be attributed

to the decomposition of CH in this temperature range.
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Fig.5.1 Normalized compressive strength-temperature relationships of specimens with different load

levels

According to the existing research (Mindess, Young & Darwin, 2003 ; Monteiro, 2006;

Taylor, 1997), CH is an important component in the interfacial transition zone, as

shown in Fig.5.2. In general, the weakest link of the chain is considered to be the

strength-limiting phase in concrete. Based on the physicochemical changes in concrete
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at elevated temperatures summarized in Tab.2.1, CH remains stable up to around
400 °C. When the temperature is higher than 460 °C, CH will decompose, and the
chemical bond water will be released and a strong vapour pressure in micro-pores of
interfacial transition zone (ITZ) will be developed. The average pore size in ITZ will
increase, resulting in the loss of compressive strength (Monteiro, 2006). However,
when specimens are heated under pre-fire loads, some micro-cracks are produced and
accumulated during the heating process, which lead to a reduction in the build-up of
vapour pressure in micro-pores as a result of the decomposition of CH, thus preventing
explosive micro-cracks opening in ITZ. Therefore, the damage caused by the applied
load is not only compensated, but also benefits the vapour diffusion process. It should
be noted that the load level itself has little impact on the results as long as it is larger
than 0.3, which means that this value is enough to release the vapour pressure in the
temperature range. CH completely decomposes at around 540 °C, therefore it can be
seen that the solid lines representing different load levels are almost parallel to each
other from 580 °C to the end, which indicates that the enhancement caused by the
pre-fire load in this phase is insignificant. The damage of the micro-pore structure in
ITZ offers a possible explanation for a mechanism that is compatible with the

observations obtained from our tests.
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Fig.5.2 Diagrammatic representation of the interfacial transition zone (Monteiro, 2006)

It should be noted that with the increasing temperature, stressed specimens would fail
at some point in the transient heating process before it achieves the thermal steady
state. This condition is represented by the dash lines shown in Fig.5.1, which shows
that the temperature at the fail point of the stressed specimens is always lower than the
prediction based on the corresponding solid line. When the unstressed curve is
compared with the failure points, the increase in compressive strength caused by the
pre-fire load would be significantly underestimated, which might be the reason why
the strengthening effect caused by the pre-fire load was not clearly observed in some
of the previous research. The sharp decrease in compressive strength and sudden break
down are caused by the strong stress fluctuation in the stressed specimens as a result
of the temperature gradient during the heating process. More details of the latter aspect

will be discussed in Chapter 6.

5.2.2 Peak strain

The temperature-peak strain relationships of concrete under different load levels are
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plotted in Fig.5.3. Compared with compressive strength, peak strain is even more
sensitive to the pre-fire load. At 400 °C and 460 °C, the compressive strength is little
influenced by the pre-fire load, whilst the peak strain is clearly reduced in specimens
under the pre-fire load. Unlike the compressive strength, the peak strain in stressed
specimens remains almost unchanged in the temperature range where CH decomposes
(460 °C - 540 °C). The relative reduction caused by the pre-fire load increases
proportionally from 400 °C to 680 °C. The obvious variation occurs above 680 °C,
where the peak strain of unstressed specimen increases at a higher rate while the peak
strain of stressed specimen significantly decreases. As an observation of the
compressive strength, the peak strain reduces with the increase of the pre-fire load
when the load level is below 0.3, while there is little change in peak strain with the
increase of the pre-fire load when the load level is over 0.3.
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Fig.5.3 Peak strain-temperature relationships of specimens with different load levels
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With increasing temperature, a considerable amount of the presumed ductility in
concrete has vanished during the heating process, so that the peak strain turned out to
be unexpectedly small. There are two possible mechanisms which can explain these
observations. To begin with, when concrete is heated, cracks would develop due to
thermal expansion, shrinkage and incompatibility between the aggregate and the
cement paste. If concrete is loaded during heating, the development of cracks would
be constrained. Part of the reduction of peak strain of stressed specimens is attributed
to this mechanism, especially for relatively low temperature ranges. Second, the
sustained load during heating keeps producing deformation energy at each temperature
increment continuously, which means that the ductility has been released during the
heating process of the stressed specimen. This kind of deformation process is
responsible for the reduction in peak strain and the development of TTC. More details
of this aspect will be discussed in Chapter 7, where strain measurements

corresponding to such a load and temperature history are presented.

5.2.3 Elastic modulus

In addition to the peak point of stress-strain curves, sustained stresses during heating
also affect the elastic behaviour of concrete. As shown in Fig.5.4, the stressed elastic
modulus is always higher than unstressed elastic modulus and the stress level itself has
great impact within a range of L =0.1 to 0.3. The mechanism of the effect of pre-fire
load on elastic modulus should be similar with the compressive strength since elastic

modulus is related to ITZ too. The critical phase is 460 °C to 580 °C. The
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decomposition of CH and the damage caused by vapour pressure in ITZ, are the main

causes of higher stressed elasticity.
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Fig.5.4 Normalized elastic modulus-temperature relationships of specimens with different load levels

5.2.4 Stress-strain shape

As discussed in 5.2.1-5.2.3, specimens under a sustained load during the heating

period indicate a significant relative variation of compressive strength, peak strain and

modulus of elasticity compared with the specimens which were not loaded during

heating, but tested under the same conditions. However, in addition to these three key

parameters, sustained stresses during the heating period also influence the shape of the

stress-strain relationships at high temperature. This has not been discussed in previous

research.
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According to the experimental results, the stress-strain shape for a specimen with a
pre-fire load level L, at temperature T is plotted in Fig.5.5. It is different from the
stress-strain curve shape of unstressed specimens discussed in Chapter 4. Firstly, it is
linear to yield strength r(L,T)- f.(L,T), where r(L,T) and f, (L,T)are the yield
ratio and compressive strength of the specimen with a pre-fire load level L, at
temperature T, respectively. The yield strength is not only higher than 0.3 £ (L,T ) but
also greater than the pre-fire load L- f,,,, which indicates that the stress-strain
response of the stressed specimens at a high temperature is more linear than that of the
unstressed specimens, and this is not only caused by the unloading process. Then,
above the yield strength the remainder of the stress-strain relationship behaves
nonlinearly, and the peak plastic strain at compressive strength Ap is lower than that of

the unstressed specimens, indicating a more brittle behaviour.
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Fig.5.5 The stress-strain relationship of stressed concrete at high temperatures
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Therefore, in addition to the compressive strength, peak strain, and elastic modulus,
the yield ratio is also necessary to determine the stress-strain response for stressed
specimens at high temperatures. The yield ratio-temperature relationship of OPC
concrete under different pre-fire load levels is plotted in Fig.5.6. The results show that
the yield ratios of specimens under different pre-fire load levels are very close to each
other at 400 °C. Above 400 °C, yield ratio develops in a relative high rate with
increasing temperature and pre-fire load levels. However, the yield ratios of specimens
with different load levels will finally achieve the identical value of around 0.87 when
the stressed specimens are approaching the break point, which suggests that the
ultimate linearity of the stressed specimen approaching failure is the same. This
phenomenon could be caused by the release of the plastic deformation energy during
the transient heating process. Before 400 °C, the release of deformation energy is
limited, thus the yield ratios for different load levels are similar to each other. When
the temperature is above 400 °C, the plastic deformation energy is quickly released,
thus the rate of yield ratio is increasing with temperature and pre-fire load level.
However, the total plastic deformation energies of specimens with same mix
proportion are the same, therefore, the final values of yield ratios when they are

approaching to the failure point are the same.
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5.3 Constitutive model for stressed concrete at high temperatures
5.3.1 Determination of the basic equation

To capture the characteristics of stress-strain relationship for stressed concrete at high
temperature, the model proposed by Khennane and Baker (Khennane & Baker, 1993)
was selected as the basic equation, in which the curve is initially linear to yield

strength and the reminder of the curve is taken as a quarter of ellipse, expressed as:
5 (Bo+e,Y
- +
o +( > gpj ~1 (5.1)
fo— 1, Ap

where Ap = ¢, —%, S, =rxf., &, is the plastic strain.

When a pre-fire load level L and a temperature level T are considered, the above

equation can be expressed as:
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E=¢g,t+¢, (5.2)

£ = (5.3)

B £.(L.T) oc—r(LT)xf.(LT) Y
g _(gc (L’T)_T] 1\/l(fc(L,T)—r(L,T)xfC(L,T)J G4

where f, (L,T) , &, (L,T) , E(L,T) , r(L,T) are the compressive strength, peak
strain, elastic modulus and yield ratio of concrete specimen with a pre-fire load level
L, at temperature T. To implement the proposed model, these four parameters need to

be formulated as a function of L and T, which will be presented in Section 5.3.2.
5.3.2 Formulation of key parameters

As illustrated in Section 5.2, the effect of pre-fire load on the mechanical properties of
concrete is limited from 400 °C to 460 °C, therefore, the parameters discussed in this

section are for temperatures ranging from 460 °C to 900 °C.
5.3.2.1 Compressive strength

The development of compressive strength of stressed concrete specimens at high

temperature can be divided into two phases.
Phase 1: 460 °C - 580 °C

Above 460 °C, CH decomposes, resulting in vapour pressure and structural damage in

ITZ. When concrete is loaded during heating, the accumulated micro-cracks caused by
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the pre-fire load would reduce the development of vapour pressure in micro-pores of
ITZ and corresponding structural damage, which will mitigate the deterioration of
compressive strength. Therefore, the compressive strength of the stressed specimens
would be higher than that of the unstressed specimens in this temperature range. The
compressive strength ratio of stressed concrete with different load levels to unstressed

concrete is plotted in Fig.5.7. By curve fitting, the parameter 4, (L,580) , defined as
the compressive strength ratio of the stressed concrete with a pre-fire load level L to

unstressed concrete at 580 °C, can be formulated as:

A, (L,580) =—2.60x L’ +2.46 x L +1.02 (5.5)

Then the compressive strength of the stressed concrete at 580 °C is:

£.(L.580) = £.(580) x 2, (L,580) = 0.4 f, ,  (~2.60x I* + 2.46x L +1.02) (5.6)
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Fig.5.7. Compressive strength ratio of stressed concrete to unstressed concrete at 580 °C
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According to Fig.5.1, the compressive strength-temperature relationship between
460 °C and 580 °C can be treated as linear, thus the compressive strength of the
stressed concrete under load level from 0 to 0.5, at any temperature between 460 °C
and 580 °C can be formulated as:

/. (L,580)— 1. (L,460) y
120

f.(L.T) = £,(L,460) + (T-460) (5.7

where /. (L,T)=1.05x f.(T).

Thus, parameter A,(L,T) from 460 °C to 580 °C can be calculated:

f.(L,580)— £, (L.460) .
(LT)- f(LT) _ /. (L,460)+ 20 (T —460)

£.(T) f.(T) (5.8)
96— (1.04 x I’ —0.98 x L+0.39) x (T — 460)
91.2-0.36x (T —460)

A

Phase 2: 580 °C - 900 °C

When the specimen is heated up to 580 °C, CH has completely decomposed and the
pore structure in ITZ will be severely damaged. Therefore, at this stage the pre-fire
load has little impact on ITZ. It can be seen in Fig.5.1 that the curves in this
temperature range are almost parallel to each other, indicating the decrease rates of
specimens under different load levels are similar. In conclusion, the strengthening
effect caused by pre-fire load is minor, thus the increasing rate of parameter 4, (L,T )
can be assumed to be linear. The variation rate of /l/. (L,T ) from 580 °C to 740 °C

under different load levels can be calculated as:
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L,740)-A,(L
) (1) = 2L 0)160“ 2%0) (5.9)

The results are plotted in Fig.5.8.
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Fig.5.8. Variation rate of A, (L, T) from 580 °C to 740 °C under different load levels

By curve fitting, the variation can be evaluated:
A, (L,T)=0.0045L (5.10)
Thus, parameter /1f (L, T) from 580 °C to 900 °C can be calculated:

A, (L,T)=A,(L,580)+ A} (L,T)x(T —580)

(5.11)
= —2.60x I +2.46 x L +1.02+0.0045L x (T — 580)

Based on above analysis, the variation of parameter 4, (L,T ) from 460 °C to 900 °C

has been formulated and the proposed model is plotted against the experimental data

in Fig.5.9.
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Fig.5.9. Comparison of experimental A, (L, T) with the proposed model

According to Fig.5.9, the model has a good agreement with the experimental results. It
shows that the strengthening effect is mainly developed from 460 °C to 580 °C, where
CH decomposes. Above 580 °C, specimens with pre-fire load levels of 0.5 have
broken down, while specimens with pre-fire load levels of 0.1 and 0.3 are still

strengthened by the pre-fire load but at a relatively slow rate.

5.3.2.2 Peak strain

The peak strain ratios of unstressed concrete to stressed concrete with a pre-fire load

level L at temperature T is represented by parameter A, (L,7) . Its variation with

temperature is also divided into two phases.
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Phase 1: 460 °C - 680 °C

In this phase, parameter A, (L,T ) increases proportionally with temperature. The

A, (L,T) -Lrelationships at 460 °C and 580 °C are plotted in Fig.5.10.
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Fig.5.10. Peak strain ratio of unstressed concrete to stressed concrete
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By using a curve fitting, they can be formulated as:

4 0.5

A, (L,460)=-3.62L" +3.56L +1.02

A, (L,580)=-5.82L" +5.66L +1.04

Then the variation rate of A, (L,T) in phase 1 can be derived:

2(LT)=

A, (L,580)— 2, (L,460)

—2.20I7 +2.10L +0.02

120

A, (L,T)=2,(L,460)+1, (L, T)x (T —460)

=-3.62* +3.56L +1.02+

~2.20L* +2.10L +0.02 9

120

99

120

(T —460)

0.6

(5.12)

(5.13)

(5.14)

(5.15)



Phase 2: 680 °C - 900 °C

Above 680 °C, C-S-H decomposes and the thermal incompatibility between the
cement paste and the aggregate becomes overwhelming. For unstressed specimens, the
elasticity decreases while the plasticity increases, resulting in a sharp increase in the
peak strain. On the contrary, for stressed specimens, their deformation energy has been
released at a much higher rate in the transient heating process, thus the peak strain
obtained under the thermal steady state decreased a lot. Meanwhile, since the
compressive strength of concrete has decreased a lot above 680 °C, even a pre-fire

load level of 0.1 is enough to release its deformation energy. Therefore, the variation

rates of A, (O.I,T) and A, (O.3,T) could be taken as the following values:

2,(0.1,900) - 2, (0.1,750)

2(0.1,7) = 500750 =0.011 (5.16)
2(0.3,7) = % (03, 775;)3 — 2885)0' L680) 4012 (5.17)
3 (L) = HOLTAOIT) 4 o (5.18)

2

On the foundation of above analysis, 4, (L,T) is formulated as:

A, (L,460)+ A, (L, T)x(T —460) 519
© |4, (£,680)+ 2! (L,T)x(T - 680) 19

According to Eq.(5.15), 4, (L,680) can be calculated:
A, (L,680)=—7.65L" +7.41L+1.06 (5.20)
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Then the variation rate of A, (L,T) in phase 2 can be derived as:

A, =—1.65L" +7.41L+1.06+0.012 x (T — 680) (5.21)

The variation of parameter A, (L,T') from 460 °C to 900 °C is plotted in Fig.5.11. It

shows good agreement with experimental values.
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——Proposed model - 0.3 loja;d! level /
35 Proposed model - 0.5 load level
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Fig.5.11. Comparison of experimental A_ (L, T ) with the proposed model

5.3.2.3 Elastic modulus

The mechanism of variation of elastic modulus for stressed concrete specimens at high

temperature is the same as the compressive strength, thus the parameter 4, (L,T ),
defined as the elastic modulus ratio of stressed concrete with a pre-fire load level L to

unstressed concrete at temperature T could be formulated in the same way.

Phase 1: 460 °C - 580 °C
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The elastic modulus ratios of stressed concrete with different load levels to unstressed

concrete at 460 °C and 580 °C are plotted in Fig.5.12.

1.6
1.5
1.4
=
T 1.3
< e =9
12 imental data - 460 °C
> fitting - 460 °C
1.1 imental data =580°C
> fitting - 580 °C
1
0 0.1 0.2 0.3 0.4 0.5 0.6

Load level L

Fig.5.12. Elastic modulus ratio of stressed concrete to unstressed concrete

By using curve fitting, the parameters 4, (L,460)and 4, (L,580) can be obtained:

2,(L,460)=—1.24 +1.17L +1 (5.22)

A, (L,580)=—-2.270" +2.08L +1 (5.23)

Then the variation rate can be derived:

_ _ 2
g;(L,T):ﬂe(L’SSO) 4 (L,460) _—1.03° +091L (5.24)
120 120

Thus the parameter A, (L,T ) in this temperature range can be formulated as:
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A, (L,T)=2,(L,460)+ A (L,T)x(T —460)

1032 (5.25)
=—1240 +1.17L+1+ 1'03L12_(;0'91Lx(T—460)

Phase 2: 580 °C - 900 °C

Above 580 °C, the strengthening effect caused by the pre-fire load is minor, thus the
increasing rate of parameter A, (L,T ) can be assumed to be linear. The variation rate

of 4, (L,T ) from 580 °C to 750 °C under different load levels, calculated as

2, (L,750) - 4, (L,580)

, 1s plotted in Fig.5.13. By curve fitting, the variation can be

170
evaluated:
A(L,T)=0.0015L (5.26)
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Fig.5.13. Variation rate of A (L,T) from 580 °C to 740 °C under different load levels

Thus the parameter A, (L, T ) in this temperature range can be formulated as:
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A, (L,T)=2,(L,580)+ A/ (L, T)x(T —580) (5.27)

Then

A, =—2.2717 +2.08L+1+0.0015L x (T —580) (5.28)

The variation of parameter A, (L,T) from 460 °C to 900 °C is plotted in Fig.5.14. It

shows good agreement with experimental values.
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Fig.5.14. Comparison of experimental A (L,T ) with the proposed model

5.3.2.4 Yield ratio

As illustrated in Fig.5.6, the yield ratio of specimens under different pre-fire load
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levels are very similar at around 400 °C, thus an average value 0.68 is used to
represent the yield ratio at this temperature. Above 400 °C, the yield ratio develops at
a relative high rate with increasing temperature and pre-fire load levels. The yield
ratios of specimens with different load levels will finally achieve the identical value of
around 0.87 when the stressed specimens are approaching the break point. The failure
temperature of stressed specimens is plotted in Fig.5.15 and can be formulated

linearly:

T,.. (L) =980—800L (5.29)
950
900 :
\ —®— Experimental data
850
N ve fitting
800
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S
(e}

Tmax(L) (°C)
~J ~J

N
N
S
/’

600 ~
550

500
0 0.2 0.4 0.6

Load level L

Fig.5.15. Failure temperature of stressed specimens under different load levels
The variation rate of yield ratio from 400 °C to failure temperature is treated

proportionally, thus the rate can be derived:

_ 087-068  0.19
980 —800L—400 580 —800L

r'(L)

(5.30)
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Then the yield ratio is formulated as:

0.19(T —400)

r(L,T)=0.68+
580—800L

(5.31)

The variation of parameter r(L,7) from 460 °C to 900 °C is plotted in Fig.5.16. It

shows good agreement with experimental values.
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Fig.5.16. Comparison of experimental yield ratios with the proposed model

5.3.3 Verification of proposed model

On the foundation of the above analysis, constitutive model for unstressed and stressed

OPC concrete have been completely formulated.

For unstressed concrete:
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o g n(T)

£.(T) EC(T)n(T)—lJ{ . ]nm

gc(T)

(5.32)

where the related parameters can be formulated according to the data in Chapter 4:

Sez0 % (0.76 - % x(T - 460)) 460<T <580

J(T)= (5.33)

Seao X (0-4 - (;223 x(T - 580)) 580 < T <900

5.77+0.0073x (T —460) 460 <T <680
e.(T)= (5.34)
7.37+0.015x (T — 680) 680 < T <900
n(T)=6.1-0.003T  460<7 <900 (5.35)
For stressed specimens:
(o}
e (L, T,o0)= 5.36
AL 0) = T B (D) (-36)
o 2
-r(L,T
PR A C WA CALLYACA\N P MR P A O
P A, (LT) A(LT)xE(T) 1-r(L,T) (5.37)

where
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96+(—1.04x L’ +0.98x L —0.39) x (T — 460)

460<7 <580
A (L,T)= 91.2-0.36x (T —460) (5.38)
~2.60L7 +0.0045LT —0.15L +1.02 580< 7 <900
, ~2.20L +2.10L +0.02
-3.62L +3.56L +1.02+ x (T -460) 460 <T <680
A (LT)= 120 (5.39)
~7.65L +7.41L+1.06 +0.012 x (T - 680) 680 < T <900
) ~-1.03 +0.91L
124 +1.17L + 1+ ————————x (T -460) 460 < T <580
A(L,T)= 120 (5.40)
—2.27L +2.08L +1+0.0015L x (T - 580) 580 < T < 900

0.19(T —400)

460<T <900 (5.41)
580—-800L

r(L,T)=0.68+

E(T)=Eyx(1.05-1.71x10°T+8.00x107 xT%)  20<T <900 (5.42)

Fig.5.17 shows the comparison between the experimentally obtained stress-strain
curves of OPC concrete with different pre-fire load levels, represented by dots, and
those calculated from the proposed model. It is obvious from the comparisons that the

proposed model excellently simulates the experimental results.
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Fig.5.17. Comparison of experimental stress-strain relationships of OPC concrete with the proposed

model

As discussed in Section.5.2, the effect of pre-fire load on the mechanical properties of
concrete at high temperatures is more likely a physical mechanism instead of a
chemical origin, thus 25% replacement of OPC with FA has no impact on the
strengthening effect caused by the pre-fire load. Therefore, the proposed model for
stressed OPC concrete is assumed to be also applicable to stressed FA concrete. In
order to verify this assumption, several stressed FA concrete specimens were tested
and the results were plotted against proposed model in Fig.5.18, in which the
parameters f, (T) , &, (T) ) E(T) ; n(T) are taken from Chapter.4, representing the
mechanical properties of unstressed FA concrete at high temperature. As illustrated in

Fig.5.18, although the difference between experimental results and proposed model is
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a little larger than OPC concrete, the accuracy appears to be still reasonable and

acceptable, suggesting the proposed stressed model can be applied to FA concrete.
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Fig.5.18. Comparison of experimental stress-strain relationships of FA concrete with the proposed

model
5.4 Microstructure imaging

The microstructures of crushed powder samples of the specimens under different pre-
fire load levels and temperatures were examined by using SEM techniques to
understand the different heating-loading paths, on the change of the micro-structure
organization of OPC concrete. As illustrated in Fig.5.19, for unstressed specimens with

0% load level at 460 °C, a series of pores developed in the cement paste, which could
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be attributed to the vapour pressure caused by the decomposition of CH. In contrast,
for stressed specimen with 70% load level at 460 °C, the cement paste is clearly more
dense and compact because the sustained load during heating produces more micro -
cracking during heating which mitigates vapour pressure and reduces the

corresponding damage.
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(c) 0% load level (x5000) (d)0% load level (x2000)

Fig.5.19 Microstructures of crushed OPC concrete samples at 460 °C

For unstressed specimens with 0% load level at 900 °C, CSH has decomposed. The
microstructure of the cement paste is very porous and weak, as shown in Fig.5.20.

However, stressed specimens with 10% load level at 900 °C shows denser
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microstructure of the cement paste, which could be attributed to the similar

mechanism as described above.
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Fig.5.20. Microstructures of crushed OPC concrete samples at 900 °C

5.5 Conclusions

Steady state tests (Series B) for stressed OPC concrete specimens are presented in this
chapter. The compressive strength, peak strain, elastic modulus and stress-strain shape
of stressed specimens with different pre-fire load levels from 400 °C to 900 °C have

been reported to investigate the effect of load history during the heating process on the

112



stress-strain behaviour of concrete at high temperature. Finally, a constitutive model
for stressed concrete at high temperatures as a function of pre-fire load level during the
heating process was proposed and verified. Based on the results in this chapter,

following conclusions can be drawn:

1) At the thermal steady state, compared with unstressed concrete, the compressive
strength and elastic modulus of stressed concrete increase with the applied stress level
during the heating process. The enhancement of these two parameters develops mainly
from 460 °C to 580 °C, above which temperature the increasing rate caused by the
pre-fire load decreases. On the contrary, the peak strain of stressed concrete decreases
with the applied stress level during the heating process. The reduction develops slowly

before 680 °C, above which the decreasing rate is significantly increased.

2) The enhancement in compressive strength and elastic modulus caused by pre-fire
load is closely related to the decomposition of CH. As one of the main component
comprising the interfacial transition zone, CH decomposes when the temperature is
above 460 °C. Then the chemical bond water in CH is released and strong vapour
pressure is developed in the micro-pores of ITZ, resulting in damage in the
microstructure. However, for specimens heated with sustained load, load induced
micro-cracks are produced and accumulate during the heating process, which could
benefit the vapour diffusion process and reduce the build-up of vapour pressure, thus
mitigating the explosive damage in ITZ. When the concrete is heated up to 580 °C,

CH has completely decomposed and the microstructure in ITZ has been through
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severe damage, thus the effect of the pre-fire load on compressive strength and elastic

modulus is slight afterwards.

3) If concrete is loaded during heating, the development of thermal cracks is
constrained. Part of the reduction in peak strain of stressed specimens is attributed to
this mechanism. Moreover, the sustained load during heating would produce
corresponding strain increments at each temperature increment continuously, resulting
in the release of plastic strain during thermal exposure. This kind of deformation
process is responsible for the reduction in peak strain and development of TTC. When
the specimen is heated up to around 680 °C, C-S-H comprising cement paste
decomposes, leading to a rapid increase in each plastic increment released during

thermal exposure. Therefore, peak strain decreases in a higher rate.

4) The relationship between the variation of the mechanical properties caused by pre -
fire load and the stress level itself is nonlinear. When the stress level is over 0.3, any

further increase in it has little impact on the results.

5) Sustained stress during the heating process also influences the shape of the stress-
strain relationships at high temperature. The yield ratio of stress-strain curve of
stressed concrete at high temperature is higher than that of unstressed concrete. Then,

above the yield ratio, the remainder of the stress-strain relationship behaves

nonlinearly, but the peak plastic strain at compressive strength Ap is lower than that of

unstressed specimens, indicating a more brittle behaviour.
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Chapter 6 - A novel numerical method to calculate the effect
of temperature gradient on TTC of stressed concrete during

the heating processT

6.1 General

Ideally, the specimen in a transient state test should have a uniformly distributed
temperature increase. However, this is never achieved in practice. According to the
experiment of Anderberg and Thelandersson (Anderberg & Thelandersson, 1976),
even for a small cylinder specimen of only 75 mm diameter and 150 mm height, under
a relatively low heating rate of 5 °C/min, the largest temperature difference between
its centre and exposed surface in the transient state test could be more than 100 °C. On
the other hand, the specimen in a steady state test has normally had a uniformly
distributed temperature before it is mechanically loaded. Therefore, except for the
mechanical strain estimated by the steady state test directly, there is an extra
mechanical strain component caused by the temperature gradient in the transient state
test. This chapter proposes a novel numerical method to calculate the effect of
temperature gradient on TTC of stressed concrete during the heating process (Fan et

al., 2019b).

¥ Chaper 6 is mainly based on the published work: “K. Fan, D. Li, L. Li, J. Wu, Effect of temperature
gradient on transient thermal creep of heated and stressed concrete in transient state tests, Construction
and Building Materials. 222 (2019) 839-851.”
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6.2 Development of explicit model

6.2.1 Description

The purpose of developing the numerical model is to completely decompose the strain
components in the transient state test and then extract TTC from experimental data

explicitly. According to the definition in Section 2.5.2.5, Eq.(2.11) can be written as:

&

279

= 8tot - (gfts + 80,20+8610,T + gpla,T + 8pla,tg) (6 1)

where ¢ is the total strain in the transient state test, which is determined

ot
experimentally, &, is the free thermal strain, g_,, is the initial mechanical strain
caused by the pre-fire load at ambient temperature, &, ,and g, . are the additional
elastic and plastic strains caused by the increase of temperature calculated from the
steady state constitutive model, respectively, £, . is the mechanical strain caused by
temperature gradient in the transient state test. Thus, the requirement for the
simulation is to calculate the other strain components on the right hand side of
Eq.(6.1). Capturing the evolution of these strain components at elevated temperatures
is necessary to investigate the influence of including them in TTC. A significant
difference of this model from existing models is that the effect of temperature gradient

on the development of mechanical strain is considered, while it is always neglected in

previous studies.

Under the action of thermal gradient in a transient state test, the expansion of concrete

is always larger in the region near the exposed surface than that near the centre, which
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leads to stress shifting from inside to outside (see Fig.6.1.a). The deterioration of the
mechanical properties is much faster in the region near the exposed surface than in the
region near the centre, which makes stress transfer in an opposite direction to balance
the deformation (see Fig.6.1.b). The combination of these two actions results in a
stress fluctuation, which can produce a transient mechanical stress gradient that could
be much stronger than thermal stress gradient. This mechanical stress gradient can
influence not only the temperature of the crush point but also the magnitude of
measured strains since there will be some residual strain yielded from the unloading

process of the stress fluctuation.

Stress motion path 1

e L

| ! distribution 1

=
S,
=
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(a) Stress resulting from thermal expansion gradient
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Fig.6.1 Stress redistribution under thermal gradient

In order to simulate the above process, two rigid steel plates are used to interact with

the concrete cylinder specimen (see Fig.6.2). In this way, the applied stress distribution

on the top surface can fluctuate with temperature instantly while the total external load

remains constant.

Steel plate

NS Con@rete EXN_N
Vavalp specimen NN\

e ——
- I -

Fig.6.2 Graphical representation of the proposed numerical model

In addition, the following assumptions are used in the proposed model:
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(a) The problem is treated as an axial-symmetrical problem with coupled thermal and

stress fields.

(b) A free contact surface is used between the rigid steel plates and concrete cylinder

specimen.

(c) The displacement boundary conditions of the concrete cylinder specimen are
applied at the central axis where the horizontal displacement is zero and at the bottom

surface where the vertical displacement is zero.

(d) The key parameters used to define the stress-strain relationships, like peak stress,
strain at peak stress and elastic modulus are obtained from corresponding steady state

tests, which exclude the effect of TTC.

(e) The nonlinearities of normalized stress-strain functions vary with temperature
rather than being fixed as in previous models. This is because the nonlinearity of a
normalized stress-strain function can influence the calculation of plastic strain at high

temperature, which has been illustrated in Section 4.3.

(f) The selected stress-strain function must have an inverse form in order to implement

the calculation.

(g) Three points, ¢, 0, and s represent the centre point, reference point (0.7 times of
radius) and surface point, which are selected to inspect the variation of thermal and

mechanical responses (see Fig.6.2).
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6.2.2 Calculation of temperature field

The first step of the analysis is to calculate the transient temperature field T (x, y,Z,t) ,
which describes the temperature at each point in concrete at time 7. In the transient
state test, there is no internal heat generated in the concrete, thus, the following heat

transfer equation can be used,

(6.2)

or A (0T oT 0T
- -~ st oot
o0 pc \ox° oy oz

where 4 is the thermal conductivity in W/(m °C), pis the density of the concrete in

kg/m?’, c is the specific heat in J/(kg °C), x, y and z are the coordinates.

To obtain the temperature distribution, the following initial and boundary conditions

are used,
T(x,y,z,O) =T, (6.3)
A X a—Tlx+8—Tl +6—le =0 (6.4)
ox oy ' oz

ax| Ly 2y O k(1 -T) v exSx(TH-T*)  (65)
Ox oy = 0Oz ‘ ‘

where T, =20 °C is the ambient temperature, 1, 1,, and 1, are the direction cosines of
the normal to the boundary surface, h is the convection coefficient in W/(m?* °C), e is
the resultant emissivity of the exposure surface, S=35.67x10" W/(m’ °C% is the
Stefan-Boltzmann constant, 7, is the surface temperature of concrete and 7, is the

environment gas temperature determined based on the heating rate. Eq.(6.4) is applied

to the top, bottom, and central lines, whereas Eq.(6.5) is applied to the exposed line.
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Eqs.(6.3)-(6.5) are solved using the commercial software ABAQUS. For heat transfer
analysis in ABAQUS, the concrete cylinder is discretized into a set of 4-node linear
axisymmetric heat transfer quadrilateral elements with linear geometric order in axial -
symmetrical space and the elements are meshed as 2.5 mm “squares”. The type of the
elements is DCAX4 and has only one active degree of freedom, i.e., temperature, at
each node. Transfer of heat to the concrete from fire zone occurs through convection
and radiation, and this is simulated through surface film condition and surface
radiation. Heat transfer analysis is performed at incremental time steps and the interval

is fixed as 1 min. The identification of the related thermal properties is discussed in

Section.6.3.2.

6.2.3 Thermal-mechanical analysis

The key of the thermal-mechanical analysis is to quantify the effect of the temperature
gradient and the related stress fluctuation on the development of the mechanical strain
in the transient state test. Fig.6.3 illustrates the concept of the analysis. Under thermal

gradient, the initially uniform stress o, will fluctuate as the direction of blue arrows to

eliminate the mechanical strain gradient caused by the change of constitutive

relationships. Thus, the balanced strain will be ¢, which is between &,  (strain

evaluated according to the temperature at centre) and &, (strain evaluated according to

the temperature at surface) as shown in Fig.6.3. In addition, if there is an unloading at

a stress higher than the yield stress, irrecoverable residual strain &, ;. is produced. In

this way, the fluctuation will be amplified further as indicated by the red arrows in
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Fig.6.3 and the balanced strain will have a higher value ¢,. Meanwhile, the opposite

stress fluctuation caused by thermal strain gradient can produce plastic strain, which
will influence the balance point. This indicates that to estimate the variation of
mechanical strain only based on the temperature of a single point, disregarding its
location, is inappropriate since there is an extra mechanical strain component &, .

yielded by the temperature gradient in the transient state test. The way to implement

the above-mentioned idea into the numerical analysis is described as follows.

2

% Lower temperature
= N

¥ 2 //’" T

Higher temperature

/\’\" ST

.
. T

2€05 Strain

Fig.6.3 Rebalance of mechanical strain under thermal gradient

The aim of the numerical model developed here is to calculate the strain:
gs,exp = gfts + ga,T (66)
where ¢, ;. is defined by Eq.(2.10). To implement the numerical calculation, ¢, ; is

rewritten as:

go‘,T = ge,T + gp,T + gr,T (67)
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where ¢,, and &, are the elastic and plastic strains at temperature T, respectively.
According to the constitutive model proposed in Chapter 5, for one point at any
location on the top surface of the concrete cylinder specimen, their value at the

increment time step i can be expressed as follows,

ge,T:E( , l)

i O;

where o, , T, are the stress and temperature at that point at time increment i. The

accumulated residual strain &, ; caused by unloading due to stress fluctuation can be

calculated using an incremental method as follows,

L)), | JACHD 2
Ag’f‘(‘*“’m E(L,m]l Jl (ﬂ(L,Ti)—r(L,T,«)xﬁ(L,Z)] (610

where f,(o;,0,,) is the corresponding increment of unloading stress:

0 if o, <o,

fr(G,-aO',-l)Z{ 6.11)

o.,—o, ifo <o,
The gradient of free thermal strain induces stress fluctuation but its value only depends
on temperature:
& = a(T)xT, (6.12)

where a( i) is the coefficient of thermal expansion in ‘C". According to Egs.(6.9)-

(6.13), all strain components can be calculated. At a time increment i, &___at node j

5,exp

can be calculated as follows,
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N f(L.T) o -r(LT )xs(LT,) Y (6.13)
(&(L,T,./)——E(L’TM)JX 1\/l[fL(L,T,J)—V(L,Tw)xfr(L,Tw)

Due to the restraint provided by the rigid plates, at time increment i, all nodes on the
top line should have an identical strain, that is
g;:lexp (O-i,l’ T;,l) = g;:zxp (Gi,2’ T;,Z) =tr= gsi::;;l (O-i,m—l s 7;,mfl) = gsi::;p (O-i,m > T;,m ) (6 14)

In addition, the force balance requires the following equation:

i G”j”ELJXR) [(/’—l)an CLxf, 615

= m m

where R is the radius of concrete cylinder.

In each time step, the transient temperature field is calculated first according to the
thermal analysis described in Section 6.2.2 to obtain the nodal temperatures. Then the
stress analysis is carried out using Eqs.(6.15) and (6.16) to obtain an equilibrium state
from which both the stress and strain are obtained for each node. In this way, the

relationship between & __ and temperature T can be obtained. For a given heating-

S,eXp
loading condition and with the knowledge of specific material properties from the

steady state test, TTC can be extracted accurately and explicitly from the total strain

measured in the transient state test;

&.(LT)=¢,,(LT)- &, exp (L,T) (6.16)
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6.3 Case Study

6.3.1 Description

A total of 10 different cases are analysed according to the experiment of Anderberg

and Thelandersson (Anderberg & Thelandersson, 1976). The details for each case are

listed in Tab.6.1.

Tab.6.1 Case study details

Category Loading regime Case Temperature Load
Load, Temp
i
1 20 °C 191 kN
Temp E
Steady St
I
Temp, Load ‘*I' Unload
2 500 °C 109 kN
| -
Time
Load, Temp Case Heating Rate Load level
| 3 0%
Failur 4 22.5%
atire 5 5 °C/min 35%
6 45%
Transient Temp 7 67.5%
8 1 °C/min
—————— Load -
9 10 °C/min
45%
- 10 20 °C/min
Time

Cases 1-3 are designed to validate the numerical model, whereas cases 4-7 are

designed to investigate the effect of the temperature gradient and different methods
used for calculating TTC from the total strain measured in the transient state test.

Cases 6, 8-10 are the parametric study of the heating rate used in transient tests to
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explore the sensitivity of the results to thermal gradient. All the specimens discussed

here are the axially unrestrained cylinders of 75 mm diameter and 150 mm height.

6.3.2 Identification of material properties

The numerical analysis requires the input of two sets of parameters, namely thermal
properties and mechanical properties. In the heat transfer analysis, a time—dependent
temperature curve is used for the environment gas temperature which is applied to the
exposed surface. The thermal properties required include the thermal conductivity,
specific heat, and thermal expansion; all are assumed to be temperature-dependent and
taken from the experimental study of Anderberg and Thelandersson (Anderberg &
Thelandersson, 1976). In addition, a convection heat transfer coefficient of 25
W/(m® °C) and a resultant emissivity factor of 0.7 are used for the surface film

condition and radiative heat transfer.

In the thermal-mechanical analysis, the mechanical properties required include the
density, elastic modulus, Poisson’s ratio, peak stress, strain at peak stress and crush
strain. There are very few experimental results on the effect of temperature on
Poisson's ratio and crush strain. Therefore, in the present numerical examples the
Poisson’s ratio is assumed to be 0.15 and the crush strain is assumed to be a function
of temperature and increases linearly from the value of 0.005 at ambient temperature
to 0.013 at 800 °C. The values of the peak stress, strain at peak stress and elastic

modulus are taken from Anderberg’s study as follows,
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f20 % (1-0.00017) if 20 < T <400
£.(T) =1 £ x(0.96-0.0023(T ~400)) i 400<T <600 (6.17)
f.20%(0.5-0.00135(7 —600)) if 600< T <800

3 if 20<7 <200
e (T)= T‘9(2)00+3 if 200< T <600 (6.18)
8 if 600 <7 <800
E(T)=E, x(-0.0012T+1.0244) if 20<T <800 (6.19)

where f,, =43.8 MPa and E,, =28 GPa are the compressive strength and elastic

modulus of concrete at 20 °C.

6.3.3 Model Validation

6.3.3.1 Validation of thermal analysis

In Anderberg’s experiment, the specimen was first heated to 800 °C at a rate of
5 °C/min, and then the temperature was maintained for 1.5h. Three thermocouples
were installed at three points as shown in Fig.6.2 to monitor the variation of
temperatures in those locations. As demonstrated in Fig.6.4, the results given by the
present numerical model and experiment are very close at the central and reference
points. However, at the surface the temperature computed from the present numerical
model is slightly lower than the experimental value until the temperature almost
reaches its maximum value. The reason for this is because the experimentally
measured temperature is the gas temperature at the exposed surface, whereas the

numerically predicted temperature is the surface temperature of concrete. The
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difference between them represents the interface effect of the heat transfer between
different phases. It is observed from Fig.6.4 that the experimentally measured surface
temperature is very close to the heating rate, i.e. the temperature of the furnace rather
than the surface temperature of concrete. Nevertheless, the difference between them is
small and its effect is insignificant particularly for the temperatures greater than
400 °C when concrete deteriorates sharply and the corresponding material nonlinearity

becomes important.

800 B ——— i}
T T T T T = ’_‘};.;3:
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ray
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47 -
600 - B guﬁrface Te;t B
. . L ’ ifference - Test
Nonlinear mechanical behavior, e )
A 2y —=-=—- Center - Calculation

o 500 + g — = 0.7R - Calculation
= Surface - Calculation
2 %
g 400 = = = = - —— — — = - 7’/: _________ Difference - Calculation| _|
L
j=H
=
= 300+ .

200 - » Nonlinear mechanical behavior b

100

0 0.5 1 1.5 2 2.5 3 35 4
Time (h)

Fig.6.4 Validation of thermal response in the transient state test

6.3.3.2 Validation of free thermal strain

Case 3 with 0% pre-fire load level is designed to simulate the free thermal strain in the
transient state test. The corresponding experimental data and predicted value are

plotted in Fig.6.5. The free thermal strain of concrete is a sum of expansion of the
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aggregate and shrinkage of the cement paste. Above 700 °C, most of the siliceous
aggregate indicate little or reduced expansion, therefore, the free thermal strain of
concrete develop with temperature gradually before it is heated to 700 °C but decline
afterwards. It can be seen that there is excellent agreement between the numerical and
experimental results. This demonstrates the capability of the present model in

capturing the response of thermal expansion in the transient state test.

10 - —— Experimental data

--c—Numerical calculation result

Strain (%o)
(=)

_2 L | 1 | | |
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig.6.5 Validation of free thermal strain in the transient state test (case 3)

6.3.3.3 Validation of thermal-mechanical analysis

Cases 1 and 2 are designed to validate the accuracy of the numerical model in thermal-
mechanical analysis. For the ambient temperature and a high temperature (500 °C), the
numerical model is run for both loading and unloading. The corresponding results are

shown in Fig.6.6. It can be seen from the figure that the numerical results match
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perfectly with the theoretical predictions for both the loading and unloading situations.
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Fig.6.6 Validation of thermal-mechanical analysis (cases 1 and 2)

6.3.4 Results and discussions

6.3.4.1. Effect of thermal gradient on applied stress fluctuation in the transient

state test

To illustrate the effect of temperature gradient on stress fluctuation, the variations of
axial compressive stresses on the top of the concrete cylinder with time obtained in
cases 4 and 7 are plotted in Fig.6.7.b as a function of time for each of the 21 analysis

points shown in Fig.6.7.a.
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Fig.6.7 Stress fluctuations resulting from thermal gradient in transient test

For case 4 (load level 22.5%, heating rate 5 °C/min), when compared with the dash
line representing constant pre-stress, the predicted stresses using the present model

(solid lines) show a strong fluctuation from the beginning until the final stage of fire
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exposure where the temperature gradient decreases to 0. The compressive stress on the
surface increases sharply at the beginning because of the emergent temperature
gradient. With the increase of temperature and stress gradient, the mechanical strain
gradient develops in the opposite direction, which confines the further development of
the stress fluctuation from the centre to the exposed surface and thus leads to a slight
reverse trend at around 0.5 h. However, due to the mild deterioration of mechanical
properties at an early stage, the overall trend before 500 °C is the relocation of stress
from the centre to the surface. After 500 °C (around 2 h of fire exposure), the
mechanical properties of concrete begin to deteriorate rapidly. Thus the fluctuation
trend turns in an opposite direction. Until around 2.5 h, and after the temperature
approaches 700 °C, the stress distribution is totally opposite. In the last 1.4 h (2.6-4 h),
the heating rate becomes zero and there is no temperature difference. In this case the
stress gradient caused by the thermal gradient becomes minimal. Finally, it ends up
with an almost even stress distribution as at the start. The slight difference is caused by
the evolution of different residual strains accumulated at different points. Although the
specimen has no damage during the whole process due to a relatively low pre-fire load
level, strong stress fluctuation is clearly observed, where the highest stress could be

more than twice the initial value, while the lowest stress could be zero.

For case 7 (load level 67.5%), the basic trend in the early stage (0-1.5 h) is very
similar to that shown in case 4 (22.5% load level). This demonstrates that before

400 °C, the stress fluctuation is controlled mainly by the thermal expansion. After 1.5
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h, when the temperature hits to 400 °C, the reverse convergence happens much earlier
than that happened in the case 4. This is probably attributed to the large mechanical
strain due to the application of high pre-fire load. The sharp deterioration of the
mechanical properties and the accumulated irrecoverable plastic strain are amplified
by the high pre-fire load. At around 1.75 h, the distribution trend turns around and the
curves terminate. This is because the specimen is crushed due to the stress at one point
being in excess of its compressive strength. This indicates that the stress fluctuation
may also influence the temperature of the crush point. In conclusion, the stress
fluctuation caused by temperature gradient in the transient state test is complicated and
it is too large to be ignored. The predicted mechanical strain, without considering the
effect of temperature gradient, is significantly underestimated particularly when the

temperature is high.

6.3.4.2 Effect of thermal gradient on calculating TTC in transient test

To quantify the effect of the temperature gradient on the TTC obtained from a transient
state test, the development of different strain components at the reference point in

cases 4-7 is plotted in Fig.6.8 as a function of temperature, in which the free thermal

strain ¢, and the total strain &, are taken from the experimental results of Anderberg
and Thelandersson. The difference between them is the sum of the mechanical strain
and TTC. The four dash lines shown in Fig.6.8 represent the strains when the free
thermal strain is added with different parts of mechanical strain, which are calculated

by using the semi-implicit models 1-3 as discussed in Section.2.5.2.5 and our proposed
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explicit numerical method, respectively. The difference between the total measured

strain and any of the calculated curves is regarded as LITS or TTC according to

different authors (see Fig.6.8.b), as discussed in Section.2.5.2.5. Fig.6.8.c illustrates

the various parts of mechanical strain. The strain definitions used in Fig.6.8.b and

Fig.6.8.c can be applied to other cases.
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Fig.6.8 Strain decomposition and model comparison in transient test (cases 4-7)
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According to Fig.6.8.b-Fig.6.8.e, before 400 °C, the mechanical strain parts ( &

ela,T

e, ~and g ) are very small when compared to the TTC at the same temperature.

pla,T pla,tg

Hence, the results calculated by using different models are similar. However, after the
temperature exceeds 450 °C, the mechanical properties of concrete deteriorate sharply,
which leads to the rapid increase of various mechanical strain components and results
in remarkable differences between different models, particularly when the temperature
approaches the crush point. It is noted from Fig.6.8 that the descending slope of the
numerical curve present is almost parallel to the experimental curve, indicating that
the sudden descending part of the total strain in the transient state test is likely to be
attributed to the growth of the mechanical strain. It is evident from Fig.6.8 that the
plastic strain caused by the temperature gradient is the dominant one among the

mechanical strain components. For example, at the end of case 6 (Fig.6.8.d), the value

of ¢

i 18 larger than the sum of all other mechanical strain components and is almost

the same as the magnitude of TTC. This implies that the TTC defined in many existing
models actually includes some of mechanical strains, while the nature of the

mechanical strain is completely different from that of TTC.

6.3.4.3 Refinement of TTC model

According to above numerical results, TTC can be refined in a completely explicit

way. When plotting &,,. / L, the ratio of TTC to the corresponding pre-fire load level
L, against temperature, a set of data less scattered is obtained, as the red dots shown

in Fig.6.9. By regression analysis, a refined formula of TTC is proposed:

136



&, =L(a(T =Ty +B(T ~T,7 +c(T - T)) (6.20)

where a =1.076x107'°°C?,h=-5.846x10"7 °C?,c=3.11x10" °C".

The above proposed model (red solid line) is plotted with Anderberg’s model
(Eq.(2.18) represented by blue solid line) in Fig.6.9. They both fit corresponding data
quite well and are very close to each other at early stages. As the analysis in Tab.2.2
and Section 2.5.2.5, the TTC formulated by Anderberg has semi-implicitly included
the plastic strain caused by the temperature gradient in the transient state test. This is
the reason why the value predicted by it is greater than the explicit model at high
temperature. At the same time, two LITS models are plotted for the purpose of
comparison. The nonlinear LITS model of Diederichs (Eq.(2.13)) has the same form as
the proposed TTC model, however, its parameters are calibrated by the semi-implicit
method 1 rather than the explicit method. The value predicted by it has a good
agreement with the two TTC models at relatively low temperature, but its
overestimation at high temperature is even more severe than Anderberg’s model,
which is caused by the inclusion of ¢, , and ¢, ;. The master LITS curve proposed
by Khoury (Eq.(2.14)) gives a basically similar trend as Diederichs’s model but with
higher magnitude. In conclusion, the mechanical strain semi-implicitly included in
existing TTC and LITS models, especially the part caused by temperature gradient,
would be amplified and become more and more dominant with elevated temperature,

resulting in obvious overestimation of TTC.
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Fig.6.9 Comparison of different LITS / TTC models

6.4. Parametric study of heating rate and related temperature gradient in the

transient state test

As discussed above, the temperature gradient in a transient state test not only results in
stress fluctuation but also yields extra mechanical strain, which can influence the
evaluation of TTC. Since the temperature gradient in concrete is heavily dependent on
the heating rate of transient state tests, it is of interest to examine the sensitivity of the
results to the heating rate. Cases 6, 8, 9, 10 are designed with the same pre-fire load
level (45%) but with different heating rates. The corresponding results are shown in
Fig.6.10. As is demonstrated in the previous analysis, the reference point (0.7 times of

radius) has the smallest stress fluctuation because it is on the bisectrix of the area and
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thus the reference point is selected here as the place where the variation of results with

temperature is examined.

It is shown in Figs.6.10.a and 6.10.b that both the temperature gradient and stress
fluctuation are very slight under the heating rate of 1 °C/min and the corresponding
strain calculated shown in Fig.6.10.c is almost the same as that under homogeneous
temperature field, indicating that the temperature gradient effect is negligible. With the
increase of the heating rate, however, both the temperature gradient and stress
fluctuation become large, and at the same time, the temperature of the crush point
becomes low. This leads to a large mechanical strain, as illustrated in Fig.6.10.c, and

thus has great influence on TTC.
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Fig.6.10 Parametric study of heating rate and related temperature gradient (cases 6,8,9,10)
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6.5 Conclusions

In this chapter, a numerical method has been developed to analyse the stress
fluctuation and corresponding plastic strain caused by the combination of pre-fire load
and temperature gradient. The results obtained have been compared with those

calculated from existing models, from which the following conclusions can be drawn:

1) The drawback of existing TTC and LITS models is the incomplete separation
between TTC and mechanical strain, which makes it difficult to identify and
understand the mechanism of how TTC is developed and what factors affect the

evolution of TTC.

2) Stress fluctuation is found in two opposite directions simultaneously due to the
thermal gradient produced in the transient state test. At the early stage of exposure, the
stress fluctuation is mainly controlled by the variation of thermal expansion. But at
high temperature the deterioration of the mechanical properties can have a great
influence on the stress fluctuation. The stress fluctuation can affect not only the

evaluation of TTC but also the temperature of the crush point.

3) Extra mechanical strain can be produced by the thermal gradient in the
transient state test, which has not been considered in previous models. At relatively
high temperatures this extra mechanical strain becomes very remarkable. The implicit
inclusion of the extra mechanical strain in existing models is the reason for the

observation of the sharp increase of TTC beyond 500 °C in many previous works.
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4) The explicit numerical model proposed in this study can accurately evaluate
TTC on the basis of experimental results and can calculate the different parts of

mechanical strain, especially the one caused by the thermal gradient.

5) As an example, a recalibration is accomplished by applying the present explicit
model to Anderberg’s experimental study. The results demonstrated that ignoring the
effect of the temperature gradient leads an overestimation of TTC, particularly when

the temperature is high.

6) The effect of temperature gradient on the evolution of mechanical strain can be
neglected in the transient state test if the maximum temperature does not exceed

400 °C or if the heating rate is very low.
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Chapter 7 - Explicit TTC model for concrete containing FA

7.1 General

In Chapter 6, the effect of the temperature gradient on TTC in the transient state test
has been investigated and a numerical method has been established to exclude this
effect. This chapter reports on tests of Series C, in which specimens are heated with
sustained load (10%, 30%, 50%, 70% of reference strength) until failure. Results
including the temperature distribution of concrete specimens and deformation-
temperature relationships are presented. And the results are calculated via the
numerical method proposed in Chapter 6. Explicit TTC of OPC concrete and FA
concrete are formulated and compared to investigate the effect of using FA as SCM in
concrete on the development of TTC. Relative average deviations of load induced

thermal strain investigated in tests of series C are presented in Appendix.

7.2 Temperature distribution during the transient heating process

As an example, Fig.7.1 shows the experimental results from thermocouple readings for
specimens heating at 5 °C/min to 800 °C. The location of the thermocouples on the
surface is illustrated in Chapter 3. It can be seen that the temperature difference
between the surface of specimen and furnace is significant. This is because a steel
sleeve exists between the specimen and the heating elements in the furnace, which is
designed to protect furnace from potential violent spalling of heated and stressed

concrete specimens. In this way, the heat would firstly flow from the heating element
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to the steel sleeve, then conduct to the specimen, resulting in a nonlinear heating rate
in the specimens. Therefore, the increasing rate of temperature in the specimens is
relatively slow at an early stage. When the temperature of furnace achieves 800 °C, the
temperature is held for 60 minutes, during which the temperature difference between
surface and centre decreases. However, it should be noted that the temperature of the
specimen is obviously lower than the furnace temperature at the end of the heating
process, which could also be attributed to the heat loss caused by the steel sleeve.
Although there is a significant temperature difference between the furnace and
specimen, the temperature difference between concrete surface and its centre is much

smaller, as shown in Fig.7.1.

As the introduction in Section.2.2.2, the variation of the specific heat and density of
concrete with elevated temperature is relatively small, and thus the estimation of these
two parameters can be taken directly from Eurocode. With the knowledge of specific
heat, density and temperature difference between surface and centre, the value of
thermal conductivity can also be calculated. In this way, all the thermal properties of
the specimens can be evaluated and by applying the heat transfer analysis proposed in
Section.6.2.2, in which the temperature at the surface is defined as the experimental
results, the temperature distribution through the cross section of specimen at any time

can, therefore, be derived.
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Fig.7.1 Temperature distribution in specimens in the transient heating process

7.3 Deformation in the transient heating process

7.3.1 Free thermal strain

250

The free thermal strain of FA concrete and OPC concrete specimens, tested under 0%

load level and including thermal shrinkage and expansion during the transient heating

process, is plotted in Fig.7.2. Because the temperature over the cross-section of

specimens varies during the transient heating process, as illustrated in Fig.7.1, a

representative temperature should be adopted. For the results presented in Fig.7.2, the

representative temperature of the specimen is defined as the temperature at a distance

0.7R (17.5mm) from the centre since this distance corresponds to the location of the

centroid of a uniform stress distribution as presented in Fig.6.7.
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According to Fig.7.2, the values of free thermal strain of two mix proportions are very

close to each other and both fit the free thermal strain curve of siliceous aggregate

concrete recommended in EN1992-1-2 very well. This is because the main factor

affecting the free thermal strain is the aggregate. The type of coarse aggregate plays a

dominant role in heat transfer and thermal expansion. And partly replacing OPC with

FA in manufacturing concrete would not influence its free thermal expansion, thus the

value can be estimated by using the equation given in Eurocode. In addition, it is

evident that free thermal strain is a non-linear function of temperature. It increases

quickly with temperature from room temperature to around 700 °C. The maximum
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rate happens at around 400 °C — 600 °C, where a significant decrease in compressive
strength develops. Above 700 °C, the free thermal strain varies little with the rise of

temperature.

7.3.2 LITS

Fig.7.3 presents the strain-temperature relationships obtained from test Series C, in
which FA concrete and OPC concrete specimens were heated at 5 °C/min under
different pre-fire load levels until failure. For the results presented in Fig.7.3, the
representative temperature of the specimen is also defined as the temperature at a
distance 0.7R (17.5mm) from the centre. The deformations shown in Fig.7.3 have
already excluded the mechanical strain obtained upon initial loading so that the
comparison of LITS is more direct. It can be seen that the thermal expansion is
strongly reduced under stress and for stress level of 0.7 the thermal expansion is fully
compensated by LITS. As the temperature approaches a critical value the compressive
strain increases rapidly and ultimately failure occurs. The influence of partly replacing
OPC with FA in concrete on the development of LITS is also presented in Fig.7.3. For
FA concrete, its thermal strain under sustained stress is considerably greater than
thermal strain of OPC concrete under the same thermal-mechanical condition and the
difference increases with load level and temperature. The results suggest that using FA

as SCM in concrete results in less LITS, compared with OPC based concrete.
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Fig.7.3 Strain-temperature relationships of speicmens under different load levels

To quantify the difference, LITS is calculated according to Tab.2.2 and the results are
plotted in Fig.7.4 as the form of ¢,,,,/ L, that is the ratio of LITS to corresponding
pre-fire load level L. It should be noted that the sharp decrease of the strain-
temperature relationship for stressed concrete specimens when it is approaching to the
crush point is caused by the increase in mechanical strain, as demonstrated in Chapter
6. The specimen at this stage is approaching failure, and thus becomes very unstable.
Its corresponding mechanical strain is hard to evaluate precisely. Therefore, the sharp
descending branches have been excluded in the following analysis for LITS and the

highest temperature is up to 750 °C.
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Fig.7.4 LITS — temperature relationship of OPC concrete and FA concrete

In Fig.7.4, the LITS model proposed by Diederichs (Eq.(2.13)) is also plotted for the
purpose of comparison. As can be seen, the value predicted by the model fits well the
experimental data of OPC concrete, which suggests that the results provided in this
study have a good agreement with previous research. The experimental results of LITS
obtained from FA concrete specimens presents a similar trend, but with lower
magnitude. One possible explanation for this phenomenon is that further hydration of
FA at elevated temperatures has reduced the deterioration in compressive strength with
the increasing temperature, as discussed in Chapter 4. Higher compressive strength

means less plasticity under the same thermomechanical condition. Thus less plastic
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deformation energy could be released by the sustained load in the transient heating
process, which might be the physical origin of less LITS observed in FA concrete.
More details about this mechanism is discussed in Section 7.3.4. By regression

analysis, a refined LITS model for FA concrete is proposed:

&, =L(a(T=T,) +b(T ~ T, +<(T -T,)) (7.1)

where a =2.81x10"°C?,h=-1.84x10"°C*,c=5.10x10"°C".
7.3.3 Explicit TTC model

As the analyses given in Chapter 6, LITS has semi-implicitly included the increase in
mechanical strain caused by increasing temperature and temperature gradient. By
applying the numerical method proposed in Chapter 6, explicit TTC excluding these
irrelevant components, can be obtained from the results of LITS presented in 7.3.2.
The constitutive model to implement the numerical process is adopted from the model
formulated in Chapters 4 and 5. The explicit values of TTC are plotted in Fig.7.5, in
which the LITS curves of OPC concrete and FA concrete are also plotted for the
purpose of comparison. The difference between LITS and TTC is the variation in
mechanical strain. Meanwhile, it can be seen that the refined explicit TTC model
proposed in Section.6.3.4, on the foundation of Anderberg’s experimental data, fits the
experimental value very well. Nevertheless, both LITS and explicit TTC values of FA
concrete are less than that of OPC concrete, which is probably due to the contribution

of FA used as SCM. By regression analysis, the refined explicit model of TTC for FA
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concrete is formulated as follows:
& = L(a(T=T,) +B(T = T,) +«(T = T)) (7.2)

where a =1.08x10"°°C?*,h=-8.16x10"7 °C?*,c=3.5x10" °C".
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Fig.7.5 Explicit TTC models excluding the effect of temperature gradient

7.4 Physical mechanism of TTC

As introduced in Chapter 2, the physical/chemical mechanism of TTC is still not
clearly understood. Firstly, the thermal incompatibility between aggregates (which
tend to expand) and cement paste (which tends to shrink) is unlikely to be the cause of

TTC, since it has been experimentally proved that the development of TTC in pure

151



cement paste is greater than that in concrete (Pan, Sanjayan & Collins, 2014; Torelli et
al., 2016). Then, according to the analysis in Chapter 6, the mechanical strain caused
by the temperature gradient during the transient heating process is obviously lower
than the value of TTC, indicating that the variation in mechanical strain caused by
temperature gradient is not the dominant one. Moreover, the development of cracks
due to the temperature gradient also cannot be the main mechanism since it has been
demonstrated that TTC develops even for specimens heated at very slow rates, i.e. in
case of negligible thermal gradients (Anderberg & Thelandersson, 1976; Illston &

Sanders, 1974; Khoury, 1983).

In the author’s opinion, the mechanism of TTC should be physical instead of chemical
because there is no evidence to support that the chemical reactions in cement paste
could be significantly influenced by mechanical loading sequences. One possible
explanation for this physical mechanism is the accumulation of plastic strain during
the transient heating process. When concrete is heated, its stress-strain response will
gradually deteriorate with increasing temperature. If there is a sustained stress applied
during the heating process, the deformation will rebalance at each temperature
increment continuously and the irrecoverable plastic strain is accumulated. In contrast,
if concrete is heated without any mechanical load to a thermal steady state and then
loaded to the same load as the stressed specimen, the deformation only develops at the

constant temperature in a very short period.

As shown in Fig.7.6, for specimens loaded at the thermal steady state, the strain only
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depends on the temperature and stress level. However, for a specimen stressed during
heating, from the same batch and under the same stress level, the strain at the same
temperature level depends on the previous accumulation process. The plastic strain
increment of stressed concrete is less than the plastic strain of unstressed specimen at
the same temperature and stress level, because the part of the potential plastic
deformation energy at that temperature instant has been consumed in previous stages,
which is also the reason why the peak strain of the stressed specimen is lower than that
of the unstressed specimen. However, with the accumulated process, the final
accumulated plastic strain of stressed concrete is much greater than the instantaneous
plastic strain of unstressed concrete at the corresponding thermal steady state,

indicating a more thorough release of plastic deformation energy.
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Fig.7.6 Diagrammatic representation of the physical origin of TTC

In conclusion, for stressed specimens, the applied mechanical load keeps releasing the

plastic deformation energy during the whole process, resulting in more
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thermomechanical damage than unstressed specimens. The plastic strain accumulated
in the transient heating process is the main source of the development of TTC. As the
nature of plastic strain, TTC is irrecoverable on cooling or unloading, and also
increases with applied stress and temperature. Under relatively low temperature or
stress level, the variation of plastic strain at each temperature increment is limited, and
thus the magnitude of TTC of specimens at the early stage of the heating process is
also not that obvious, especially for low load levels. For a specific heating process and
constant loading level, the amount of TTC depends on the plastic increment at each
temperature increment. For FA concrete, its compressive strength deterioration is
generally slower than the OPC concrete due to the further hydration of FA with
elevated temperature. Therefore, in the same thermomechanical condition, the plastic
deformation increment of FA concrete at each temperature increment is lower than that
of the OPC concrete, which is the reason why the TTC of FA concrete is lower than

that of corresponding OPC concrete.

7.5 Conclusions

Transient state tests (Series C) for OPC concrete and FA concrete specimens are
presented in this Chapter. The results of temperature gradient, free thermal strain, and
LITS during the heating process have been reported. By applying the numerical model
proposed in Chapter 6 to the experimental data, the effect of the temperature gradient
on the development of mechanical strain has been excluded. On the basis of the

present experimental investigation, the following conclusions can be drawn:
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1) 25% replacement of OPC with FA in manufacturing concrete has little impact on its
free thermal strain at high temperatures. The free thermal strain model of Eurocode

EN1992-1-2 is applicable to FA concrete.

2) The development of LITS and TTC in FA concrete is slower than those in OPC
concrete, which could be attributed to the reduction in deterioration of compressive
strength, resulting from the further hydration of FA at high temperature. The
parameters used in the LITS model and the proposed explicit TTC model have been

calibrated for FA concrete.

3) One assumption for the physical source for the development of TTC has been made
according to the results. With the increase of temperature, the mechanical properties of
concrete will deteriorate. When the concrete is heated with a sustained load, at each
temperature increment, there will be a corresponding strain increment. In this way, the
applied load keeps producing deformation energy during the heating process and the
corresponding plastic strain increments are accumulated during the process. Finally,
the released plastic deformation energy behaves as the sum of the plastic strain
increments macroscopically, thus forming an additional strain component, named as

TTC.
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Chapter 8 - Conclusions and future work

8.1 Conclusions

One main aim of this thesis is to investigate the mechanical behaviour of concrete
under different thermomechanical conditions and obtain a better understanding of the
mechanism of how pre-fire load affects the fire performance of concrete. Through the
experimental research and numerical analysis presented in this thesis, an advanced
constitutive model for concrete at high temperature has been proposed and verified.
Different from previous models, the model proposed in this thesis has included the
effect of loading history during thermal exposure on stress-strain response at the
thermal steady state and excluded the mechanical strain caused by the thermal gradient
during the heating process from TTC. In addition, the influence caused by using FA as

SCM on the fire performance of concrete has been examined.

8.1.1 Effect of using FA as SCM on fire performance of concrete

1) Adding FA in concrete hardly influence its deformation characteristics at high
temperature, but the compressive strength is enhanced due to the further hydration of

FA under hydrothermal conditions.

2) The shape of stress-strain curve, represented by nonlinearity, varies with
temperature. Adding FA into concrete makes it behave more linearly and reduce its

plasticity.
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3) Eurocode is safe to be applied to NSC with 25% replacement of FA ash as SCM.
However, the peak strain recommended has implicitly included the TTC, which should

be explicitly calculated in advanced analysis.

4) The development of LITS and TTC in FA concrete is slower than those in OPC
concrete, which could be attributed to the reduction in deterioration of compressive
strength resulting from the further hydration of FA at high temperature. The
parameters used in the LITS model and the proposed explicit TTC model have been

calibrated for FA concrete.

8.1.2 Effect of temperature gradient on TTC in transient tests

1) The drawback of the existing TTC and LITS models is the incomplete
separation between TTC and mechanical strain, which makes it difficult to identify
and understand the mechanism of how TTC is developed and what factors affect the

evolution of TTC.

2) Stress fluctuation is found in two opposite directions simultaneously due to the
thermal gradient produced in the transient state test. At the early stage of exposure, the
stress fluctuation is mainly controlled by the variation of thermal expansion. But at
high temperature the deterioration of the mechanical properties can have great
influence on the stress fluctuation. The stress fluctuation can affect not only the

evaluation of TTC but also the temperature of the crush point.
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3) Extra mechanical strain can be produced by the thermal gradient in the
transient state test, which has not been considered in previous models. At relatively
high temperatures this extra mechanical strain becomes very remarkable. The implicit
inclusion of the extra mechanical strain in existing models is the reason for the

observation of the sharp increase of TTC beyond 500 °C in many previous works.

4) The explicit numerical model proposed in this study can accurately evaluate
the TTC on the basis of experimental results and can calculate the different parts of the

mechanical strain, especially the one caused by the thermal gradient.

5) As an example, a recalibration is accomplished by applying the present explicit
model to Anderberg’s experimental study. The results demonstrated that ignoring the
effect of temperature gradient leads to an overestimation of TTC, particularly when the

temperature is high.

6) The effect of temperature gradient on the evolution of mechanical strain can be
ignored in the transient state test if the maximum temperature does not exceed 400 °C

or if the heating rate is very low.

8.1.3 Effect of load history during thermal exposure on fire performance of

concrete

1) At the thermal steady state, compared with unstressed concrete, the compressive

strength and the elastic modulus of stressed concrete increase with the applied stress
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level during the heating process. On the contrary, the peak strain of stressed concrete

decrease with the applied stress level during the heating process.

2) The enhancement of compressive strength and elastic modulus caused by the pre-
fire load is closely related to the decomposition of CH in ITZ. Above 460 °C, for
specimens heated with a sustained load, load induced micro-cracks are produced and
accumulated during the heating process, which benefits the vapour diffusion process
and reduces the build-up of vapour pressure caused by the decomposition of CH, thus

mitigating the explosive damage in ITZ.

3) If concrete is loaded during heating, the development of thermal cracks is
constrained. Moreover, the sustained load during heating would produce a
corresponding strain increment at each temperature increment continuously. In this
way, the applied load keeps producing deformation energy during the heating process
and the corresponding plastic strain increments are accumulated in the process, which

might be the physical origin of TTC and responsible for the reduction in peak strain.

4) The relationship between the variation of the mechanical properties caused by pre -
fire load and the stress level itself is nonlinear. When the stress level is over 0.3, its

further increase has little impact on the results.

5) Sustained stress during the heating process also influences the shape of the stress-
strain relationships at high temperature. Different from unstressed concrete, the stress-

strain curve of stressed concrete at high temperature is initially linear to a yield ratio
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which is much higher than 0.3 f, (L,T) and pre-fire load level L. Meanwhile, the peak

plastic strain at compressive strength is lower than that of unstressed specimens.

8.2 Future works

The main conclusions presented above have identified several aspects that need for

further research, which can be summarized as follows:

1) The replacement percentage of FA in this thesis is limited to a common but
moderate value 25%. The higher replacement percentages of FA in cement should be

further verified.

2) The constitutive model for the stressed condition at high temperatures, proposed in
this thesis, is formulated based on experiments of normal strength concrete. The
mechanical properties of stressed high strength concrete at high temperatures should

be further studied.

3) The applicability of this model to different types of concrete, like geopolymer
concrete, concrete with lithium slag as SCM, and concrete incorporating graphene

oxide, should be further examined.

4) The fire performance of concrete subjected to multiaxial loadings during the heating

process should be assessed in future.

5) The effect of the pre-fire load on the spalling of concrete, especially for high
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strength concrete, during thermal exposure, should be investigated in future.

6) For stressed conditions tested in this thesis, the applied load keeps constant during
the thermal exposure. However, the external load on concrete structures varies with
time in practical fire scenarios. Therefore, the effect of the varying stress during
thermal exposure on stress-strain response at the thermal steady state and TTC should

be explored in future.
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Appendix

A. Relative average deviation of parameters (tests of series A)

Temperature Relative average deviation of parameters

Type of concrete T £(7) e (T) E(T) n(T)

°C %
20 3.51 4.25 3.66 2.13
200 4.12 5.13 4.51 5.79
300 3.99 2.87 3.78 4.23
400 5.16 6.02 6.11 3.55
460 6.68 5.37 4.39 3.93
NSC 520 4.95 3.98 3.97 491
580 5.86 4.79 4.99 5.28
680 3.58 4.31 4.03 6.01
770 2.99 4.66 345 4.93
900 4.87 5.28 5.92 3.81
20 4.36 5.96 3.51 3.04
200 5.21 6.89 4.97 4.55
300 4.33 5.66 4.32 3.72
450 4.16 4.98 3.92 4.89
NSFC 550 5.66 5.86 5.12 5.19
600 3.89 3.63 4.56 4.78
700 6.06 2.79 2.94 2.76
800 4.65 3.54 3.49 3.79
900 5.86 4.99 431 423

B. Relative average deviation of parameters (tests of series B)
Temperature Pre-fire load level Relative average deviation of parameters
T L £(L,T) e (L,T) E(L,T) r(L,T)
°C % %

400 4.18 5.77 4.54 4.66
460 5.28 4.73 5.87 3.85
500 3.89 531 3.56 4.38
580 10 4.38 3.97 4.37 4.29
640 5.99 5.11 4.49 5.81
750 3.72 2.65 5.92 423
820 4.78 3.06 3.60 5.00
900 2.31 431 4.57 422
400 3.85 4.00 3.98 3.28
460 4.04 3.05 5.20 4.77
550 30 5.29 7.01 421 3.19
580 3.07 3.74 3.93 4.58
680 2.95 4.43 4.40 5.02
750 4.87 3.82 3.99 2.89
400 3.95 4.31 5.10 3.08
460 50 4.29 3.33 3.29 344
530 6.04 5.69 4.73 4.10
580 5.30 6.00 6.06 5.16
400 70 5.09 4.04 4.88 4.73
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C. Relative average deviation of load induced thermal strain (tests of series C)

Pre-fire load level

Type of | [CmPeTAMIC oo T 0% | 30% | 50% [ 70%
concrete T Relative average deviation of load induced thermal strain

°C %

100 3.20 3.57 5.82 1.04 4.92

200 2.35 1.39 6.63 248 3.58

300 2.81 3.25 4.95 5.77 7.51

400 4.51 4.27 542 4.39 3.34

NSC 500 3.77 2.74 523 5.21 491

600 1.03 4.56 2.34 3.99 5.37

700 2.70 7.10 4.73 5.38 4.38

800 4.59 4.57 3.81 4.91 2.94

900 3.29 4.26 3.50 3.73 2.34

100 4.19 3.24 3.53 3.92 344

200 2.37 2.81 2.39 5.08 349

300 2.80 3.93 4.64 3.29 4.32

400 6.34 2.86 2.97 333 5.94

NSFC 500 3.76 5.08 442 4.49 4.02

600 2.11 4.10 5.59 2.10 549

700 5.89 4.72 342 1.97 2.83

800 3.45 3.97 5.01 3.94 3.29

900 2.44 5.90 3.90 5.63 3.32
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