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Abstract

Concrete is one of the most widely used construction materials in the world and it provides
superior fire resistance in comparison to other construction materials such as timber and steel.
However, the outer walls of high-rise concrete buildings are often covered by foam insulation
material and rooms are full of other flammable materials; these have resulted in damage and
destruction of concrete structures due to fires in the past. Concrete behaviour at elevated
temperatures changes drastically from that at ambient temperature and comprises of several
complex thermomechanical responses. The primary aim of this study is to understand how

concrete behaves under load and temperature.

This study includes experimental work and computer simulation. The study evaluates
mechanical behaviour of concrete due to heating and loading. Two series of tests are con-
ducted: those in which heated samples are subjected to loading, load holding, unloading and
recovery; and those in which loaded samples are subjected to heating, maintenance of con-
stant temperature, unloading and recovery. Different strain components, free thermal strain,
instantaneous stress-related strain, time-dependent creep strain and load induced thermal
strain are evaluated and analysed. The experimental work uses digital image correlation to
evaluate strains. By analysing the photos taken during the experiment, the value of strain is
evaluated. The method of post-processing photos is found to be a simple and inexpensive

way to evaluate strains at elevated temperatures.

This study evaluates the transient temperature distribution under different heating rates
and heating time. As the material with a low thermal conductivity, the thermal gradients
increase within concrete at larger heating rates. The differential expansion with the thermal
gradients can result in damage to concrete. The heat transfer analysis is conducted to find
the most efficient and reasonable heating rates for experiments in order to prevent damage

due to differential thermal expansion. Also, the heat transfer analysis shows the chamber



ii

temperature needs to be maintained constant for 2 hrs to achieve uniform temperature in the

concrete for the size of samples considered.

This study develops a method to simulate time-dependent creep using viscoelasticity with
Prony series; this provides a simple way to model time-dependent creep. The parameters
are evaluated through curve fitting in MATLAB. Then, the parameters are used in finite
element analysis for defining viscoelastic material in ABAQUS. The simulation results fit the

experimental data well.

This study examines the components of load induced thermal strain (LITS). As one of
the largest strain components at elevated temperatures, LITS is usually treated as plastic
strain and irrecoverable during the first heating. The experiments show that LITS is only

partly irrecoverable.



Lay summary

Concrete is one of the most widely used construction materials in the world and it provides
superior fire resistance in comparison to other construction materials such as timber and steel.
However, the outer walls of high-rise concrete buildings are often covered by foam insulation
material and rooms are full of other flammable materials; these have resulted in damage
and destruction of concrete structures due to fires in the past. The load carrying capacity of
concrete decreases at elevated temperatures. It is, therefore, very important to understand

how concrete behaves in fire.

In recent years, a number of experiments have been conducted to investigate material
behaviour of concrete at elevated temperatures. However, its behaviour at elevated tempera-
tures is still not properly understood. This study considers experimental tests and computer
simulations in which concrete specimens are subjected to heating and loading to different
temperatures and loads. Two series of tests are conducted to understand how concrete
behaves: loading then heating and heating then loading. Different strain components are

evaluated via the experimental work and some of this behaviour is numerically simulated.

The study shows that high rates of heating creates large temperature variations within
concrete which result in differential thermal expansions which, in turn, can damage concrete.
Novel experimental protocol was designed to evaluate the behaviour of the thermomechnical
behaviour of concrete at elevated temperatures. Experimental studies show that thermal
expansion of concrete is lower than that suggested by the European standard. It is well recog-
nised that concrete deforms with time under sustained loads even at ambient temperatures.
This study shows that this time-dependent creep is substantial at elevated temperatures and
develops a simple yet novel approach to include this in simulations. The study successfully
separates out different components of deformation response that arise when loaded concrete

is heated and shows that significant proportion of it is recoverable upon unloading.
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&, instantaneous stress-related strain at ambient temperature
& free thermal strain

&,  total strain

&r transient creep strain

A area

Cp(0) specific heat at temperature 0

D,  instantaneous elastic compliance

D; transient retardation strength

E instantaneous elastic modulus at ambient temperature
E. instantaneous elastic modulus at temperature 6

E, equilibrium modulus

E; relaxation strength

fe compressive strength at ambient temperature

fi tensile strength at ambient temperature
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Xvi

fe,o  compressive strength at temperature 6
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k thermal conductivity

ki constant for time-dependent creep strain

kco  compressive strength coefficient

p dimensionless constant
q rate of heat flow

t time

t reference heating time
w moisture content
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Introduction

1.1 Introduction

Concrete has been one of the most widely used materials in the world as it provides superior
fire resistance and bears large compressive loads. However, the outer walls of high-rise
concrete buildings are often covered by foam insulation material and rooms are full of other
flammable materials. In 2010, a 28-story concrete building in Shanghai was destroyed by
fire due to the ignition of polyurethane foam insulation installed on the outer wall. In 2017,
the Grenfell Tower with 24 storeys was ruined by fire started from a fridge-freezer. The load
capacity of concrete decreases at elevated temperatures. It is, therefore, very important to

understand how concrete behaves in fire.

The mechanical properties, thermal properties, and deformation properties of concrete
are affected by many influencing factors, such as its composition and its curing conditions.
In the past decades, a number of experimental programmes have been conducted to explore
the material properties of concrete at elevated temperatures. Also, different models have
been developed and applied in the relevant simulations. However, the behaviour of concrete

at elevated temperatures is still not adequately understood.
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During the fire, the concrete expands with increasing temperature theoretically. However, this
expansion may be restrained by the load applied by the structure. When concrete temperature
increases under sustained load and complex strain components are developed. Also, the
considerable thermal gradients arise during heating due to the low conductivity of concrete.

All these factors have an effect on the mechanical behaviour of concrete.

Time-dependent creep, as a mechanical response arises all the time under sustained load;
it is usually neglected due to the small value at ambient temperatures. However, the time-
dependent creep is not negligible at high temperatures. Inclusion of this in simulation is

often not considered.

In recent years, researchers have started to pay attention to load induced thermal strain
component which is one of largest strain during heating. However, the load induced thermal
strain is described as plastic and irrecoverable during the first heating. There is no agreement
whether the load induced thermal strain is totally irrecoverable or partly irrecoverable and

what all it constitutes.

1.2 Aim of the research

There are a number of aims for the study:

* To evaluate the variations in mechanical behaviour due to heating and loading. By
conducting two types of tests: those in which heated samples are subjected to loading,
load holding, unloading and recovery; and those in which loaded samples are subjected
to heating, maintenance of constant temperature, unloading and recovery. Identify and

separate different components of deformation response.

* To develop a method for simulating time-dependent creep, which is significant com-

ponent at elevated temperatures, and to develop and validate a method to simulate
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time-dependent creep strain at different temperatures and different load levels.

* To examine the components of load induced thermal strain. As large strain components
are known to arise when concrete is heated under sustained load. In particular it is

unclear weather the strain is totally irrecoverable and partly irrecoverable.

* To evaluate the most efficient heating rate for similar experiments. As the material
with a low thermal conductivity, the thermal gradients increase within concrete at
larger heating rates. The differential expansion with the thermal gradients can result
in damage to concrete. Undertake heat transfer analysis to evaluate the most efficient

heating rate.

1.3 Layout of the thesis

Chapter 1 - Introduction

This chapter includes the background of the research, aims of the research, and layout of the

thesis.

Chapter 2 - Literature review

This chapter reviews thermal properties, mechanical properties and deformation properties
of concrete at elevated temperatures from previous experimental observations and consti-
tutive models. Different strain components, including free thermal strain, instantaneous
stress-related strain, time-dependent creep and load induced thermal strain, are discussed.
The previous experimental methods and influencing factor are discussed to develop the

experiments in this study.
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Chapter 3 - Finite element simulation of heat transfer in concrete

This chapter conducts finite element simulations to evaluate the transient temperature distri-
butions under different heating rates. The details of the simulations and consequent effects
of heating rates are presented and discussed. The most effective heating rate evaluated by
simulation is used in the following experiments. The sensitivity analysis is conducted to
evaluate the sensitivity of the thermal coefficient and the elastic modulus on the temperatures

and thermo-mechanical response of concrete.

Chapter 4 - The experimental protocols

This chapter presents two series of tests to explore the material behaviour of concrete
at elevated temperatures: those in which heated samples are subjected to loading, load
holding, unloading and recovery; and those in which load samples are subjected to heating,
maintenance of constant temperature, unloading and recovery. The digital image correlation

is introduced and employed for measuring strain data during tests.

Chapter S - Heating-then-loading experiment results and simulations

This chapter presents the experimental data of compressive strength tests, stress-strain
relations at elevated temperatures, and heating-then-loading (HTL) tests. The HTL tests
comprise of free thermal strain, instantaneous stress-related strain, and time-dependent creep,
which are significant components in LITS. Also, the temperature data is compared with
heat transfer analysis to modify thermal properties. Viscoelasticity is introduced to simulate
time-dependent creep. The Prony series is developed and used via MATLAB and ABAQUS

to simulate creep strain and compared with experimental data.

Chapter 6 - Loading-then-heating experiment results and analysis

This chapter presents the experimental data and analysis of loading-then-heating tests. Dif-
ferent strain components, including transient strain, creep strain, and stress-related strain due

to the change of the instantaneous elastic modulus at high temperatures, are compared and
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discussed. Different LITS components are evaluated and discussed. Also, the experimental

data are compared with different constitutive models.

Chapter 7 - Validation of Prony series

This chapter explores the strength and limitations of the viscoelastic model using the Prony
series. Simulations of time-dependent creep are compared to previously developed models
and experimental data.

Chapter 8 - Conclusions and further work

This chapter summarizes the conclusions of this study and suggests ideas for future research.



Literature review

2.1 Introduction

As one of the most popular building materials, concrete has different properties at elevated
temperatures. In this chapter, thermal properties, mechanical properties, and deformation
properties of concrete at elevated temperatures are discussed based on previous experimental

observations and constitutive models.

Different strain components, including free thermal strain, instantaneous stress-related strain,
time-dependent creep and load induced thermal strain are discussed. Of particular interest is
load induced thermal strain, which is known to be the largest component of the total strain at

elevated temperatures.

2.2 Concrete thermal properties at elevated temperatures

Thermal properties of concrete have received much attention in the past decades [4, 15, 16].
The thermal properties at elevated temperatures are important in the evaluation of temperature
distributions in concrete during heating (discussed in the following chapter). In the following,
thermal conductivity, specific heat and density of concrete at elevated temperatures are

discussed.



2.2 Concrete thermal properties at elevated temperatures 7

2.2.1 Conductivity

In recent years, many researchers have conducted experiments to evaluate values of thermal
conductivity. Heat conduction happens when there is a temperature difference within a body.
The energy is transferred from a high-temperature region to a low temperature region [17].
Thermal conductivity demonstrates the heat conduction capability [18]. It is represented as

the ratio of rate of heat flow to temperature gradient [17]

_ q/A
26/dx

k= 2.1)

where k is the thermal conductivity, g is the rate of heat flow, A is the area, 0 is the tempera-

ture, and x is the length variable. This equation is applied for the heat flow in one direction.

The commonly used experimental methods for thermal conductivity evaluation are the
steady state method and the transient method [19]. The steady state method employs constant
heat transfer. The temperature is not dependent on time. It is usually used for homogeneous
materials and takes more time. For the transient method, the temperature is not constant and
dependent on time. It is commonly chosen for heterogeneous materials with moisture [20].
Therefore, the transient method is more suitable for moist concrete [21]. In the experiment
study conducted by Kim [22], the mostly significant factors affecting thermal conductivity
were age, water content, temperature, amount of cement, types of admixtures, fine aggregate

fraction, and aggregate volume fraction.

There is a good agreement that thermal conductivity of concrete decreases gradually with
temperature [2, 23]. The majority of research states that the thermal conductivity of concrete
at 500 °C is around 50 % of that at ambient temperature [24]. Figure 2.1 shows the vari-
ations of thermal conductivity of normal strength concrete with temperatures. The values
were compiled by Khaliq [1] based on experimental data [1, 4, 5, 23, 25-27] and different
standards [2, 3].
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Fig. 2.1 Comparison of thermal conductivity of concrete at elevated temperatures [1-3]

2.2.2 Specific heat

The specific heat is the amount of heat per unit mass required to raise the temperature by
one degree Celsius. Khaliq [1] also compiled values of specific heat with temperature based
on experimental data [1, 5, 23, 25-28] and different standards [2, 3]. Figure 2.2 shows the

variations of volumetric specific heat of normal strength concrete with temperatures.

It has been reported that the specific heat is influenced by various physical and chemi-
cal transformations at elevated temperatures [26]. The vaporization of free water affects the
specific heat at around 100 °C. Eurocode 2 [2] captures the effect of moisture content (Fig.
2.2). Without consideration of moisture content, the value of specific heat remains almost
constant from the ambient temperature to 400 °C. There is a fluctuation between 400 °C to
600 °C due to the dissociation of Ca(OH ), into CaO and H,O [26]. There is a considerable
increase above 600 °C because of the quartz transformation of some aggregates [26]. The

specific heat decreases to an almost constant value after 800 °C.
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Fig. 2.2 Comparison of volumetric specific heat of concrete at elevated temperatures (mc:
moisture content) [1-3]

Schneider [12] summarized influencing factors for specific heat. For the temperature below
200 °C, the specific heat is reported to be highly dependent on moisture content. The type of
aggregate had significant influence on the specific heat for temperature above 600 °C, but

little influence when the temperature over 800 °C.

2.2.3 Density

The density of concrete is known to decrease with heating temperature due to reduction of
moisture [2]. Figure 2.3 shows the variations of density of as a function of temperature for
different aggregates based on experimental data [1, 4-6] and Eurocode [2]. The reduction
of density is not very obvious under 600 °C for both siliceous and carbonate aggregate
concretes. It has been suggested that for the siliceous aggregate concrete, the density remains

stable above 600 °C [1, 4-6]. However, the density of the carbonate aggregate concrete
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has a considerable decrease above 600 °C [1, 4-6]. This considerable reduction is due to

dissociation of dolomite in carbonate aggregate at 600 °C [29].

2.3

Reduction of density (%)
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Carbonate concrete (upper bound) — —Carbonate concrete (lower bound)
Eurocode

Fig. 2.3 Comparison of density of concrete at elevated temperatures [1, 4, 2, 5, 6]

Mechanical properties of concrete at elevated temper-

atures

The mechanical properties odd concrete at elevated temperatures, including compressive

strength, instantaneous elastic modulus, stress-strain relations and tensile strength, are

considered in the following sections. All the above mentioned properties have a significant

reduction at high temperatures.

2.3.1 Compressive strength

Many investigations have been undertaken to evaluate the relationship between the com-

pressive strength and heating temperatures [30, 31]. The compressive strength of concrete
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decreases with temperatures [2]. Khaliq [1] summarized the values of compressive strength
from 20 °C to 800 °C based on experimental data. Figure 2.4 shows a comparison of
compressive strength with different aggregates at elevated temperatures [1] and different
standards [2, 3]. The compressive coefficient is the ratio of compressive strength at elevated
temperatures and compressive strength at ambient temperature. From these studies, it is

apparent that the compressive strength has a considerable decrease above 400 °C.
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Eurocode (siliceous) — —Eurocode (calcareous)
——ASCE

Fig. 2.4 Comparison of compressive strength of concrete with different aggregates at elevated
temperatures [1-3]

Schneider [12] summarized influencing factors for the compressive strength of concrete
at elevated temperatures as listed in Table 2.1. Several influencing factors are known to have
significant effects on the compressive strength of concrete at high temperatures, including
types of aggregates, aggregate/cement ratio, and sustained stresses during the heating process.
One of the main factors is the type of aggregate. As shown in Fig. 2.4, the decrease in
compressive strength of the concrete of calcareous aggregates with temperature is relatively
smaller than that for the concrete of siliceous aggregates. Also, the aggregate/cement ratio

influences the compressive strength at elevated temperatures significantly. The lean mixes
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have a relatively smaller decrease compared to richer mixes [30]. In addition, the concrete
specimens under a low constant stress during the heating periods have a smaller reduction in
compressive strength compared to the specimens without stresses [30].

Table 2.1 Order of influencing factors of concrete compressive strength at elevated tempera-
tures [12]

Order Influence factor

Types of aggregate
First order Aggregate/cement ratio

Sustained stresses during the heating process
Second order Maximum size of aggregate

Original compressive strength
Water/cement ratio

Rate of heating

Rate of loading

Type of cement

Age (exceeding three months)

Negligible order

Many empirical equations based on experimental data have been developed to evaluate
the compressive strength of concrete at elevated temperatures. Hertz [32] developed an
equation that includes the effect of types of aggregate and initial compressive strength; where

the compressive strength is given by

1
fc,GZfC[ B

(2.2)
T g+ (&) + (&) + ()

where f. g and f. are the compressive strength at temperature 6 and the compressive strength
at ambient temperature. The compressive strength curve for the concrete of siliceous aggre-
gates is described by parameters (01, 6>, 03, 664) = (15000, 800, 570, 100000). For light
weight aggregate, the curve is given by parameters (08, 6,, g, 6g4) = (100000, 1100, 800,
940). For other aggregates, the curve is defined by parameters (01, 6>, 83, 654) = (100000,
1080, 690, 1000).
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2.3.2 Instantaneous elastic modulus

The temperature has a significant influence on instantaneous elastic modulus. Results in
the literature indicate that instantaneous modulus decreases with temperatures [2, 33, 34].
Schneider [34] summarized typical reduction of instantaneous elastic modulus at elevated
temperatures for different aggregates. Also, Khaliq [1] compiled the values of instantaneous
elastic modulus with temperature based on experimental data. The type of aggregate is one
of the main influencing factors for the instantaneous elastic modulus at significantly higher
temperatures as shown in Fig. 2.5. The instantaneous elastic modulus of quartzite concrete
has the largest loss with increasing temperatures. Besides the type of aggregates, experiments
[32, 34] indicate other significant influencing factors, such as sustained stresses during the

heating process.

100
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20
0 100 200 300 400 500 600 700 800
Temperature (°C)
Experimental data (upper bound) = — —Experimental data (lower bound)
Quartzitic ——Siliceous
—— Limestone Basalt
Light weight

Fig. 2.5 Comparison of instantaneous elastic modulus of concrete with different aggregates
at elevated temperatures

Anderberg and Thelanderson [10] developed an equation to describe the curve of instanta-

neous elastic modulus at elevated temperatures. According to them, the instantaneous elastic
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modulus at temperature 6, is given by
Eg —27¢° (2.3)
€0

where the f. g and €. g represent compressive strength and failure compressive strain at

temperature 0, respectively. Schneider [35] further considered the effect of the type of

aggregates and developed the following equations.

For normal weight concrete:

Eg = (—0.0015520 +1.03104)¢'E for20°C < 6 <600°C

Eg = (—0.000256 +0.25)¢'E for 600°C < 6 < 1000°C

For lightweight concrete:

Eg = (—0.001026 + 1.0204)g'E for20°C < 6 <1000°C

with
,_1_’_69720
&= T 100

(2.4)

(2.5)

(2.6)

2.7)

where E is the instantaneous elastic modulus at ambient temperature, o is the initial compres-

sive stress, and f. is the compressive strength at ambient temperature, respectively. Although

the specific equation of instantaneous elastic modulus is not given in Eurocode [2], the

equation can be obtained by differentiating the stress-strain relation Equation 2.9

_ 3fc,9

Ep =
o 28c,9

(2.8)
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2.3.3 Stress-strain relations

The mechanical behaviour of concrete is usually represented by stress-strain relations. Eu-
rocode [2] provides an equation to describe stress-strain curves of concrete at elevated

temperatures as
38f c,0

=~ e¥ 2.9
eol2+ (2 29

(o)

where € is strain and oy is the corresponding stress at elevated temperatures. Figure 2.6
illustrates stress-strain relations of concrete at elevated temperatures based on Eurocode 2
[2]. The slopes of the stress-strain relations decrease with temperatures due to the reduction

of compressive strength at elevated temperatures and softening of concrete.
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Fig. 2.6 Stress-strain relations of concrete at elevated temperatures [2]

The influencing factors for stress-strain factors at elevated temperatures are summarized
in Table 2.2. As discussed earlier, the aggregate/cement ratio and the type of aggregates

have significant influences on the compressive strength and instantaneous elastic modulus
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of concrete at elevated temperatures. Also, they have influences on the initial slope of the
stress-strain curve. The rich mixes have been reported to have lower initial slopes than the
lean mixes [30]. Concrete made with softer aggregates has a gradual decrease in the initial
slope with temperatures than the concrete made with hard aggregates [10, 36]. Besides, the

ultimate strain decreased with sustained stresses [12].

Table 2.2 Order of influencing factors for stress-strain relations at elevated temperatures [12]

Order Influence factor
Aggregate/cement ratio
First order Types of aggregate

Sustained stresses during the heating process
Types of cement

Curing conditions

Original compressive strength

Water/cement ratio

Second order

Negligible order

2.3.4 Tensile strength

There are limited number studies on tensile strength of concrete at elevated temperatures.
Generally, the tensile strength of concrete varies from 7% to 11% of the compressive strength
at ambient temperature [37]. Although the tensile strength is much lower than the compres-
sive strength, the tensile properties at elevated temperatures are an important consideration
due to cracking of concrete. The low tensile stress is the main reason of cracking and results

in the structural damage in tension [38].

The reduction of tensile strength at elevated temperatures based on Eurocode 2 [2] is given

by

fie=1i for20°C < 6 < 100°C (2.10)

fro =[1— (6 —100)/500]; for 100°C < 6 < 600°C @2.11)

where f; g and f; are the tensile strength at temperature 6 and the tensile strength at am-
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bient temperature, respectively. BaZant [7] developed a constitutive model based on the

experimental data from Anderberg [10] in which the tensile strength is given by

fi.0 = (—0.00052606 + 1.01052) f; for20°C < 6 <400°C (2.12)
fi.o = (—0.00256 +1.8) f; for400°C < 6 <600°C (2.13)
fi.o = (—0.00056 +0.6) f; for600°C < 6 < 1000°C (2.14)

Figure 2.7 shows a comparison of tensile strength model between Eurocode 2 [2] and the
model developed by BazZant [7]. The tensile strength coefficient is the ratio of the tensile
strength at elevated temperatures to the tensile strength at ambient temperature. The tensile
strength decreases with increasing temperatures. The model developed by BaZant was based
on experimental data. As can be seen from Fig. 2.7, the concrete loses 20% of its tensile
strength at 400 °C. Then, the tensile strength has a considerable decrease from 400 °C to 600

°C due to thermal damage [39] and loses 70% of its initial tensile strength at 600 °C.

o e e
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Fig. 2.7 Comparison of tensile strength of concrete at elevated temperatures [2, 7]
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2.4 Concrete deformation properties

Concrete under load at elevated temperatures has different strain components: free thermal
strain, instantaneous stress-related strain, time-dependent strain, and load induced thermal
strain. All these strain components are influenced by temperature. The variations of these

components with temperatures is discussed in the following.

2.4.1 Free thermal strain

Concrete expands with increasing temperatures. The free thermal strain is measured under
transient heating without any restraints. Khaliq [1] summarized ranges of the free thermal
strain from 20 °C to 1000 °C based on experimental data. Figure 2.8 shows a comparison of
free thermal strain of concrete at elevated temperatures based on experimental data [28, 40]
and different standards [2, 3]. It can be seen that the free thermal strain increases nonlinearly
with temperatures. At temperatures exceeding 700 - 800 °C, free thermal strain becomes

almost constant as per Eurocode but continues to increase as per ASCE [2, 3].
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Fig. 2.8 Comparison of free thermal strain of concrete at elevated temperatures [1-3]
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It has been suggested that the most significant influencing factor of free thermal strain
at elevated temperatures is the type of aggregates [2]. As can be seen from Fig. 2.8, Eu-
rocode [2] provides different values based on the type of aggregates. The concrete made
with siliceous aggregate has a higher free thermal strain compared to the concrete with
carbonate aggregate. On the contrary, ASCE [3] only has one equation for siliceous and
carbonate aggregate concrete. Generally, the value of free thermal strain includes shrinkage.
The shrinkage during heating is unavoidable with unsealed specimens [41]. It is difficult
to separate free thermal strain and shrinkage during transient heating [41]. However, the
shrinkage is very small compared to the thermal expansion. The influence of shrinkage is not

considered separately in this study.

2.4.2 Time-dependent creep

The creep discussed in this study is short-term creep of concrete at elevated temperatures.
It is often called basic creep [42]. Basic creep is measured when the specimen is loaded at
constant temperatures. The experimental work has shown that the creep increases rapidly
with increasing temperatures [10, 13]. Figure 2.9 shows basic creep curves of calcareous
aggregate concrete evaluated by Gillen [8]. The specimens were heated to 204 °C, 427 °C,
and 649 °, respectively. Then, the specimens were loaded to different load levels at each
temperature for five hours, including the ambient temperature. It can be seen from Fig. 2.9
that the rate of basic creep is not constant and decreases with time [8]. The creep at 649 °C
is around forty times greater than the creep at the ambient temperature, and is approximately

twice as long as that at 427 °C. Also, the creep increases with load levels.

Figure 2.10 shows a comparison of basic creep of concrete with different aggregates [8].
From the result of the experiment, it can be seen that the creep curves for siliceous aggregate
concrete are similar to those of calcareous concrete for the two lower temperatures consid-
ered. At 427 °C, siliceous aggregate concrete has a much larger basic creep than calcareous

aggregate concrete.
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Fig. 2.9 Creep curves of calcareous aggregate concrete under different load levels at elevated
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Fig. 2.10 Creep curves of concrete with different aggregates at elevated temperatures [8]
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Anderberg [10] developed an equation to represent the basic creep at the constant tem-

perature and the constant load based on experimental data:

e = Po o (i)l’ekl((’*m) (2.15)

where &, is the time-dependent creep strain, t is the time, p is the dimensionless constant,
and 1, is the reference time. 3y and k; are constants, evaluated from experimental data. The
equation is used to represent the basic creep curve at any temperature and load level. The

simulation of the time-dependent creep is discussed in Chapter 5.

2.4.3 Load induced thermal strain

It has been observed that the strain in the preloaded concrete specimen during the first heating
cycle is higher compared to the specimen without a preload [7, 10, 13, 12]. The extra strain is
referred as Load Induced Thermal Strain (LITS) in research [11, 43—46]. It is also mentioned

as the transient strain in some studies [12, 39].

It appears that LITS was first mentioned by Pickett in 1942 [47]. It was defined as the
difference between the thermal strain of an unloaded concrete specimen and the strain mea-
sured under load for the same type of specimen after subtracting the initial stress-related
strain [43]. Due to its large magnitude in comparison to mechanical, creep and shrinkage
strains, LITS can dominate the deformation response of concrete structures at elevated tem-

peratures [48].

There has been considerable research on LITS in the past decades [9, 48]. It has been
shown that LITS only occurs irrecoverably during the first re-heating of concrete under load.
There is no LITS during cooling and the following heating cycles [13]. LITS contains several
components. The concrete expands at elevated temperatures. During heating, the expansion
may be restrained partially or totally in the loaded direction [9]. Besides, stresses exist due
to the temperature gradient of the specimen during heating [48]. The instantaneous elastic

modulus decreases at elevated temperatures [2]. From the aspect of material, the temperature
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has a significant effect on the moisture content and chemical composition of the cement paste.
It results in the micro-cracking in the aggregate and cement paste [12]. All factors contribute

to the LITS in concrete.

Giacomo [9] used figures to illustrate definition of LITS. Figure 2.11 shows the strain
components developed under different combinations of load. For simplification, only lon-
gitudinal strains were considered. During the heating process, the free thermal strain &, is
measured in the unloaded specimen and the shrinkage strain is neglected (or included in the
free thermal strain response) as discussed in the previous section (Fig. 2.11 (a)). In the other
case, the specimen is loaded at the ambient temperature and the instantaneous stress-related
strain €&, is measured immediately after loading (Fig. 2.11 (b)). Then, the specimen is heated
under the constant load. The specific strain components developed during the heating process
are shown in Fig. 2.11 (c). The extra strain, excluding the effects of the free thermal strain
and the instantaneous elastic strain, is considered as LITS. According to the description,
LITS is given by

LITS = & — & — €1 (2.16)

where &, is the total strain. Although different names of components are used, LITS is

calculated using the equation above by many researchers [10, 46, 48].

There is a conflict in the definition mentioned above. From Fig. 2.11, there is elastic
strain due to the reduction of the instantaneous elastic modulus at elevated temperatures
included in LITS. However, LITS was considered as plastic strain and therefore irrecoverable
during the initial heating [13, 43, 49, 50] under load. Some researchers [51-53] suggest
exclusion of elastic strain at elevated temperatures. Figure 2.12 shows the modified strain
components under different combinations of load. The specimen is loaded at certain temper-
ature and the instantaneous stress-related strain at elevated temperatures, & g, is measured

immediately after loading. LITS is represented as

LITS = €1 — &h — Eel 0 2.17)
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Fig. 2.11 The strain components developed under different combinations of load [9]
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Fig. 2.12 The strain components developed under different combinations of load, considering
the reduction of instantaneous elastic modulus at elevated temperatures [9]

2.5 LITS experiment

2.5.1 LITS components

For designing the experiment to measure the value of LITS, it is important to understand
the components of LITS. Figure 2.11 illustrates the definition of LITS. According to the
definition, LITS includes the increment of instantaneous stress-related strain due to the
reduction of instantaneous elastic modulus at elevated temperatures, the time-dependent

creep, and the transient creep during transient heating. LITS is represented as

LITS = A&, 0+ €+ & (2.18)

where Ag,; g is the increment of the instantaneous stress-related strain, €. is the time-

dependent creep, and &, is the transient creep.

The reduction of the instantaneous elastic modulus at elevated temperatures and the time-

dependent creep has been discussed in the previous sections. Figure 2.13 illustrates different
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LITS components varied with temperatures evaluated by Anderberg [10] at 35% load level.
Figure 2.14 shows the proportion of different LITS components at 600 °C evaluated from Fig.
2.13. Generally, the transient creep is the largest component of LITS [13, 48]. It has been re-
ported to occur only during the first heating on the concrete and it is irrecoverable [10, 48, 54].
During transient heating, the transient creep is assumed to be temperature-dependent [13]. As
shown in Fig. 2.14, the proportion of time-dependent creep and increment of stress-related

strain are 9% and 15% which are not negligible in the analysis of different LITS components.

0.015
0.01 1
= Etr
©
& 0.005 -
——— {1 &=
4
0 \';lj\bel,ﬂl
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0 200 400 600

Temperature (°C)

Fig. 2.13 Different LITS components against temperatures under 35% load level [10]

2.5.2 Experimental procedures

It is impossible to design tests to measure LITS directly. However, LITS can be evaluated
based on measuring different strain components of concrete at elevated temperatures. Gener-

ally, two types of tests are used to explore LITS effect during heating.
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Fig. 2.14 Proportions of different LITS components under 35% load level at 600 °C [10]

The steady state test [55] is used to evaluate the free thermal strain, the instantaneous
stress-related strain, and the time-dependent creep. The specimen is heated uniformly to a
certain temperature. Then, a specific load is applied and kept constant for hours. It has to be
noticed that the temperature gradient exists during the transient heating. The temperature is
suggested to be kept constant for one hour to achieve a uniform temperature field within the

specimen [56].

The free thermal strain is evaluated during heating without load. When the specimen
is loaded until failure, the stress-strain relations of concrete at elevated temperature are
obtained. The parameters measured include the compressive strength, the ultimate strain and
the instantaneous elastic modulus at elevated temperatures. When the specimen is loaded at
a specific load level, the instantaneous stress-related strain is measured immediately. Also,

the time-dependent creep curve is evaluated under constant load.

The transient test [57] is used to evaluate instantaneous stress-related strain at ambient
temperature and LITS based on the definition discussed in the previous section. The speci-

men is loaded to a certain load level and the instantaneous stress-related strain is measured
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at ambient temperature. Then, the specimen is heated to the reference temperature under

constant load. The total strain is loaded to evaluate LITS with the other strain components.

2.5.3 Influencing factors

Numerous experimental investigations have been conducted to study the influence of different
factors on LITS. Khoury [13] and Schneider [12] summarized the influence factors of LITS,
shown in Table 2.3.

Table 2.3 Order of influencing factors for LITS at elevated temperatures [12, 13]

Order Influence factor
Temperature

First order Load level
Aggregate content by volume (0 - 75 %)
Sealing

Rate of heating

Aggregate content by volume (65 - 75 %)
Moisture content (65 - 85 % RH)

Type pf cement blend (up to 450 °C)
Type of aggregate (up to 450 °C)

Type of curing

Negligible order | Age

Second order

Temperature

Temperature is the most significant influencing factor in LITS. Generally, LITS increases
nonlinearly with temperatures based on experimental data [13, 10]. Figure 2.15 shows the
common master LITS curves. The curves were evaluated by Khoury [13] and were only
valid for temperatures under 450 °C. It is found that there is a kink in the LITS curves at
around 150 °C as shown in Fig. 2.15 due to the chemical response of cement paste and drying
creep due to moisture loss [11]. Then, the increment of LITS slowed down immediately after
150 °C and started to increase gradually above 200 °C [11]. For temperatures over 450 °C,

the master LITS curve no longer fitted the experimental result. At high temperatures, the
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magnitude of LITS increased considerably [11]. The model based on the master LITS curve

is discussed in the next section.

Temperature (°C)
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Fig. 2.15 LITS master curves for different load levels during the first heating at the heating
rate of 1 °C/min [11]

Load level

The load level is the ratio of the applied stress to the compressive strength at ambient
temperature. Experimental results have shown that LITS increases linearly with temperatures
under 30 % load level [10, 11, 58, 59]. Figure 2.16 shows the reported influence of load level
on master LITS curves with different initial conditions and heating rates [11]. It is interesting

to note that the curve is more linear at slower heating rate and for pre-dried specimens [11].

Aggregate

The type of concrete has a relatively small influence on LITS under 450 °C [11]. The LITS

curve shown in Fig. 2.15 was evaluated by Khoury [11] regardless of the type of aggregate.
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Fig. 2.16 Influence of load level on master LITS curves with different initial conditions and
heating rates [11]



2.6 LITS simulation 30

However, the LITS is strongly influenced by aggregate content [59, 60, 13]. The LITS

decreases with harder aggregate due to the reduction of thermal expansion [12, 13, 46].

Heating rate

As shown in Fig. 2.16, the LITS is slightly higher with lower heating rates [11]. Some
experiments [61, 62] showed that the heating rate between 2 °C/min and 5 °C/min was not
significant for the magnitude of LITS. Some experiments [59, 10, 63] expanded the range
wider, 0.2 °C/min to 5 °C/min. For higher heating rates, there is a significant influence on
free thermal strain. A heat transfer analysis is conducted in Chapter 3 to evaluate an efficient

heating rate.

2.6 LITS simulation

2.6.1 Anderberg and Thelandersson

Anderberg and Thelandersson [10] developed an equation for the transient strain of concrete
at elevated temperatures. Different to LITS mentioned earlier, the equation of the transient
strain excluded the basic creep. It is included as the transient creep below. The transient
creep &, 1s given by

€=k gy, (2.19)
f.

where k; is a constant between 1.8 to 2.35 based on experimental data, ¢/ f, is the load level,
and &, is the free thermal strain. The equation shows a linear relation between the load level
and the free thermal strain. Figure 2.17 shows the relationships between the transient creep,

load levels, and the free thermal strain for different load levels [10].

The authors [10] indicated that the experimental results were not described accurately by the
equation beyond 550 °C. Based on the experiments performed by Schneider [64], the linear

relation existed up to 500 °C.
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Fig. 2.17 Transient creep versus free thermal strain for quartizite concrete at different load
levels [10]

2.6.2 Nielsen

By assuming that transient strain had a linear relation with the temperature instead of the

free thermal strain, Nielsen [65] modified Anderberg’s model. LITS was given by

LITS = ﬁfg(e —20) (2.20)

where f3 is the coefficient based on experimental data. For tests below 400 °C, 3 is assumed
to be constant to simplify the model. For the test at higher temperatures,  varied with

temperatures to fit experimental data due to LITS increasing more rapidly beyond 450 °C.

2.6.3 Terro

Terro [66] developed the LITS model based on the master LITS curves shown in Fig. 2.15.

Based on the discussion of influencing factors, the master LITS curve was found to be
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independent from the type of aggregate up to 450 °C. Also, LITS was considered as a linear

function of load level up to around 60% load level. LITS was given by

LITS(6,5/1.) = LITS(6,0.3) (0.032+ 3.226;)0‘/25 221)

where LITS(6,0.3) is the value of LITS under the 30% load level at the corresponding
temperature 6, and V, is the volume fraction of aggregates. The equation is valid for

temperatures up to 450 °C and load levels up to 30%. LITS(0,0.3) is given by

LITS(6,0.3) =Ag+A10+A20% +A36° +A,6* (2.22)

where LITS(6,0.3) is calculated by parameters (Ao, A1, Ay, A3, Ag) = (-43.87,2.73, 6.35x1072,
-2.19x107%, 2.77x1077) [66].

However, the LITS curve of Thames gravel concrete was found to depart from the master

LITS curve above 400 °C. The LITS(6,0.3) is given by

LITS(6,0.3) = By + B 6 + B26” + B36° + B,6* + Bs6° (2.23)

where (By, Bi, Ba, Bz, Bs, Bs) = (-1.626x1073, 5.803x107>, 6.364x10~7, 3.611x107?,
9.28x10712, 8.806x10~1°) [66].

2.6.4 Schneider

Schneider [12] evaluated the transient creep with a compliance function. The transient strain

is given by [33]

(2.24)

where @ is the transient creep function, f. ¢ is the compressive strength, and Eg is the
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instantaneous elastic modulus at elevated temperatures, respectively. ® and g| are given by

020
® = g, [Citaniy, (8 — 20) + Cotanhyy (6 — T,) + C3] + % = (2.25)
o 6-20
SRR et 2.26
gr1=1+ 7100 (2.26)
% = (0.3w42.2) x 1073 (2.27)

where w is the moisture content. The equation of transient creep strain is valid below 30%
load level. For quartzite concrete, the @ is calculated using parameters (Cy, C3, C3, Y,
T,) = (2.6, 1.4, 1.4, 7.5x1073, 700). For limestone concrete, the ® is calculated based on
parameters (Cy, C, C3, Yo, Tg) = (2.6, 2.4, 2.4, 7.5x1073, 650). For lightweight concrete, the
® is calculated with parameters (Cy, Gy, C3, W, T,) = (2.6, 3, 3, 7.5x1073, 600).

2.7 Summary

In this chapter, the thermal properties and mechanical properties of concrete at elevated

temperatures were discussed.

Based on the experimental data, different strain components under different conditions
were discussed and compared. There has been considerable research on LITS. However, only

limited data on time-dependent creep and transient creep is available.



Finite element simulation of heat

transfer in concrete

3.1 Introduction

As one of the primary aims of this thesis is to evaluate the mechanical behaviour of concrete
at elevated temperatures, it is essential that concrete samples used in experiments are not
damaged in the process of heating due to large thermal gradients. A number of previous
studies have considered different heating rates [10, 59, 61-63]. In this study, the rate of
heating is not a variable as the research focus is not on the influence of different heating
rates. Low heating rates are not efficient as they take a long time to raise the temperature
of the sample to the required level and high heating rates cause dangerous self-stresses due
to differential thermal expansion. To calculate temperature distributions inside specimens
during heating and to choose the most efficient heating rate, the heat transfer simulations

were undertaken before the experimentation.

To evaluate the transient temperature distribution under different heating rates and heat-
ing times, a finite element simulation was conducted using ABAQUS (Dassault Systemes,

France). The following sections consider the details of the simulations and consequent
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effect of heating rates. The primary purpose of the simulation is to find the most efficient
and reasonable heating rate for LITS experiments. In addition, the sensitivity analysis was
undertaken to evaluate the sensitivity of the thermal coefficient and the elastic modulus on

the temperatures and thermo-mechanical response of concrete.

3.2 Geometry and boundary conditions

As for the planned experiments, the specimens for simulation were concrete cylinders with
a diameter of 100 mm and a height of 200 mm. These dimensions are recommended by
a European standard [67]. Only half of the cylinder was analysed as the cylinder is axial-
symmetric about the y-axis (Fig. 3.1(a)). The element used in the analysis was a four-node
axial-symmetric element. The mesh (Fig. 3.1(b)) had 100 elements in total - 10 along the
longitudinal direction and 10 in the radial direction. The boundary conditions comprised of
rollers at the bottom of the axisymmetric model (Fig. 3.1(b)). Temperature was applied to
the surface of the specimen denoted by red arrows in Fig. 3.1(b). The blue and red dots in
the mesh are representative points at the concrete central line and the concrete surface re-
spectively; response of these points will be considered later in this Chapter. The temperature
gradient between the concrete central line and the concrete surface is calculated along the

red dashed line.

The concrete cylinder is heated in the oven from the ambient temperature to 600 °C. The
ambient temperature is assumed to 20 °C. The heating rates selected were 1°C/min, 2°C/min,
5°C/min, and 10°C/min. Radiative heat transfer between chamber and the specimen surface
occurs when a temperature difference exists. Also, the heat transfer by conduction causes

temperature gradient between the concrete central line and the concrete surface.
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Fig. 3.1 (a) The specimen considered and (b) the finite element mesh and boundary conditions.
(Dimensions are in mm)

3.3 Concrete thermal properties

The concrete contains coarse aggregates, sand, cement paste, and water. Each of them
has different thermal properties at elevated temperatures. Therefore, thermal properties of
concrete are very complex. Many studies have been carried out and most relevant thermal
parameters have been investigated. In this simulation, the values provided in Eurocode 2 [2]

on conductivity, specific heat, and density of concrete at elevated temperatures were used.

3.3.1 Conductivity

Thermal conductivity of concrete is influenced by type of aggregates. Eurocode 2 [2] gives
the lower and upper limit values of the thermal conductivity, respectively

Lower limit:

Ae = 1.36 —0.136(6/100) +0.0057(6 /100)> W /mK for20°C <6 <1200°C  (3.1)
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Upper limit:

Ae =2—0.2451(6,/100) +0.0107(6/100)> W/mK for20°C <0 < 1200°C  (3.2)

where A, and 6 are the conductivity and temperature of normal weight concrete, respectively.
The variations of conductivity values at elevated temperatures are plotted and shown in Fig.
3.2. Anderberg [10] compared concrete temperatures based on the above empirical equations
and lab measurements. The measured temperatures were found to be lower than calculations.

Therefore, the lower limit of conductivity is used in the simulation for this study.
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Fig. 3.2 Temperature dependent thermal conductivity of concrete based on Eurocode 2 [2]

3.3.2 Specific heat

The specific heat relates to the heat energy per unit mass required to raise the temperature by

one degree Celsius. Eurocode 2 [2] gives the specific heat values of dry concrete as
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Cp(8) =900 J/kgK for20°C < 6 < 100°C (3.3)
Cp(6) =900+ (6 —100) J/kgK for 100°C < 6 < 200°C (3.4)
Cp(6) = 1000+ (6 —200)/2 J/kgK for200°C < 6 < 400°C (3.5)
Cp(0) =1100 J/kgK for400°C < 6 < 1200°C (3.6)

where C,,(0) is the specific heat of dry concrete at temperature 6 . The temperature dependent

specific heats for different moisture contents are plotted and shown in Fig. 3.3. The Eurocode

2 [2] suggests that the specific heat is influenced by moisture content for 8 < 200 °C. There is

a bi-linear relationship between 115 °C and 200 °C which is shown in Fig. 3.3. Considering

the humid climate in Scotland, the moisture content of concrete was assumed to be 3% in the

simulation.
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Fig. 3.3 Temperature and moisture content dependent specific heats of concrete based on

Eurocode 2 [2]
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3.3.3 Density

The density of concrete was assumed to be 2400 kg/m? at the ambient temperature. The
density of concrete at elevated temperatures is reduced with water loss. Eurocode 2 [2] gives

the variation of density with temperatures:

p(6) = p(20°C) for20°C < 6 < 115°C 3.7)
p(6) = p(20°C)(1—0.02(6 — 115)/85) for115°C < 6 < 200°C (3.8)
p(6) = p(20°C)(0.98 —0.03(6 — 200)/200) for200°C < 6 < 400°C (3.9)
p(6) = p(20°C)(0.95 —0.07(6 — 400)/800) for400°C < 6 < 1200°C (3.10)

where p(6) is the density of concrete at temperature 6. The reduction of density with

temperatures is shown in Fig. 3.4.

1.02

1.00 H

0.98 4

0.96 -

0.94 -

0.92

0.90

0.88

0.86

Reduction of density of concrete

0.84

0.82 4

0.80

0 200 400 600 800 1000 1200
Temperature (°C)

Fig. 3.4 Reduction of density of concrete at elevated temperatures based on Eurocode 2 [2]
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3.3.4 Other parameters

Other parameters also needed for the heat transfer analysis are convection factor and emis-
sivity. The convection factor was assumed to be 25 W /m?K. The emissivity related to the

concrete surface was taken as 0.7. These values are suggested by Eurocode 2 [2].

3.4 Mechanical properties of concrete

3.4.1 Compressive behaviour

It has been suggested that the peak compressive strength of concrete decreases linearly as
its temperature increases beyond 100 °C [2]. The failure compressive strain also increases
with temperature up to 600 °C after which it becomes constant. The compressive strength
at the ambient temperature was based on 51 MPa in the simulation based on experimental
work conducted by Smith [14]. The reduction of compressive strength of concrete at elevated

temperatures is given by the compressive strength coefficient as

feo =keofe (3.11)

where f. and f. ¢ are the compressive strengths at the ambient temperature and temperature
0, respectively, and k. g is the compressive strength coefficient at temperature 6. The value

of compressive strength coefficient is suggested by Eurocode 2 [2] as shown in Fig. 3.5.
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Fig. 3.5 Compressive strength coefficient of concrete at elevated temperatures based on
Eurocode 2 [2]

The elastic modulus at elevated temperatures is given by

3
EG _ fc,@
28c’9

(3.12)

where Eg and & ¢ are the elastic modulus and failure compressive strain at elevated tempera-

tures, respectively.

3.4.2 Thermal expansion
Concrete expands as temperature rises. Eurocode 2 [2] gives the thermal strain of siliceous

concrete from 20 °C to 1200 °C:

gr=—18x10*49x10"°%0+23x10"'163 for20°C < 6 < 700°C (3.13)

gn=14x10"3 for700°C < 6 < 1200°C (3.14)



3.4 Mechanical properties of concrete 42

where &, is the thermal strain at elevated temperatures. Youssef and Maftah [33] derived a

linear function of the thermal expansion, which is

n=ax(0-20) for®>20°C (3.15)

where « is the thermal coefficient. This thermal coefficient was evaluated from experiments

in subsequent chapters and used in the simulation.

3.4.3 Elasticity relations for axial symmetry

In the simulation, the concrete was considered to be an isotropic material with identical
elastic properties at all directions. Coordinates for axial-symmetric model are r (radial), 0
(circumferential), and z (axial). Nothing varies at circumferential direction, and therefore
elasticity relations are mathematically two-dimensional. The stress-strain relations with

isotropic and thermal loading are [68]

(o 1 f f 0 & aT
(o] 1 0 £ aT
o _ S S o (3.16)
o; f f 1 0 £, aT
Tr 10 0 0 g] Yer ) aT
where f = % g = % and 7 = 6 — 20. T is the temperature change, « is the thermal

coefficient, and v is Poisson’s ratio. o, Gy, O, and 7,, are radial stress, circumferential stress,
axial stress and shear stress, respectively. €., &g, €; and &, are radial strain, circumferential

strain, axial strain and shear strain, respectively.



3.5 Analysis and discussion 43

3.5 Analysis and discussion

3.5.1 Heat transfer analysis

The heat transfer analysis is conducted with thermal properties discussed above. The vari-
ations and changes of concrete temperature were computed. The simulation includes heat
exchange between the concrete surface and chamber. The temperature of the concrete surface
increases through convection and radiation. Within the concrete cylinder depth and radius,

the temperature of the concrete central line increases due to conduction.

Figure 3.6 shows contours of temperature distributions when the chamber temperature
reaches 600 °C with different heating rates. Figure 3.7 shows the temperature differences
between the concrete central line and the concrete surface against chamber temperatures
for different heating rates. We observe from Fig. 3.6 that the temperature range with the
heating rate of 10 °C/min exceeds 300 °C when the chamber temperature reaches 600 °C.
Also, Figure 3.7 shows that the temperature difference between the concrete central line and
the concrete surface reaches the peak when the chamber temperature reaches the maximum
temperature. The maximum temperature differences when the chamber temperature is 600
°C are 30 °C, 60 °C, 150 °C, and 240 °C for heating rates of 1, 2, 5, 10 °C/min, respectively.
It is interesting to note that initially 10 °C/min heating rate line is below 1 °C/min line (Fig.
3.7). It is because the abscissa is chamber temperature. The time lag is short for heating rate

of 10 °C/min when the chamber temperature reaches 50 °C.

The specimen expands with increasing temperatures. When a temperature gradient ex-
ists, the thermal expansion varied. Regions with smaller expansion towards the central line
of the specimen restrict the expansion of regions closer to the surface and regions with
larger expansion induce mechanical strains in regions not expanding as much. These in-
teractions result in stresses even without the application of any mechanical forces. When
the rate of heating is set high (e.g. 10 °C/min), the considerable temperature difference

results in significant differential thermal expansion within the specimen, which may cause



3.5 Analysis and discussion 44

WT11
MNT1 15“' 800
585
585 570
570 585
555 540
540 525
525 B
10 405
4495 A0
420 4645
465 450
450 435
435 420
420 405
405 390
i i
360 345
345 330
330 315
315 300
300
(a) 1 °C/min (b) 2 °C/min
NT11
600
585
570
555
540
525
510
495
480
465
450
435
420
405
390
= P
360
345
330
35
300

(c) 5 °C/min (d) 10 °C/min

Fig. 3.6 Contours of temperature distributions with different heating rates when the chamber
temperature reaches 600 °C
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Fig. 3.7 Temperature differences between the concrete central line and the concrete surface
against chamber temperatures with different heating rates

damage. On the other hand when the heating rate is low, the required temperature will
be achieved after a long time. For example, at the heating rate of 1 °C/min, the heating
time required is 10 hrs without including any subsequent constant heating which may be
required to ensure uniform temperature in the specimen. The simulations conducted help
in the selection of a heating rate which takes less time without causing large stresses due to
differential thermal expansion. Therefore, thermomechanical analysis was undertaken for
heating rates of 2 and 5 °C/min. Also, thermomechanical analysis with the heating rate of 10

°C/min was conducted to confirm that the heating rate is likely to be too high for the specimen.

RILEM [56] suggests that the chamber temperature should be maintained for 1 hour to
reduce the temperature gradient within the specimen. Figures 3.8 and 3.9 show temperature
distributions for different maintaining times. Figure 3.10 shows the chamber temperature,
the concrete central line temperature, and the concrete surface temperature against time with

different heating rates. As can be seen from Figs. 3.8 - 3.10, the concrete surface temperature
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reaches the chamber temperature with 1 hour maintaining time. However, the temperature
differences between the concrete central line and the concrete surface remains around 20 to
30 °C. The simulation shows that the temperature within the specimen becomes uniform after
2 hrs of constant temperature heating. In the test, the specimen rests at the test temperature

for 2 hrs to achieve uniform temperature in concrete.

NT11

(@) (b) (©)

Fig. 3.8 Temperature distributions of the specimen after the chamber temperature reaches
600 °C with the heating rate of 2 °C/min. (a) Without further heating; (b) after 1 hour of
heating; and (c) after 2 hrs of heating

After the experiments discussed in the following chapters, the concrete surface temper-
ature recorded by the thermocouples will be used as the boundary condition in the simulation.

Thus a more accurate temperature profile will be employed.

3.5.2 Mechanical analysis

The mechanical analysis includes the thermal expansion and elastic behaviour of concrete. In

this chapter, post-elastic behaviour of concrete was not considered in the simulation. During
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Fig. 3.9 Temperature distributions of the specimen after the chamber temperature reaches
600 °C with the heating rate of 5 °C/min. (a) Without further heating; (b) after 1 hour of
heating; and (c) after 2 hrs of heating
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Fig. 3.10 Concrete central line temperatures and concrete surface temperatures against time
for different heating rates, compared with chamber temperatures
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the heating process, the concrete expands with increase in temperature. However, as stated
earlier, since the concrete temperature is not uniform during heating, stresses are generated

due to different thermal expansions.

Figure 3.11 shows the vertical stresses at the middle cross-section (radially from the central
line to the outer surface) for the heating rate of 10 °C/min at different chamber temperatures.
The concrete surface has a higher temperature and a larger expansion. The concrete central
line has a lower temperature and a smaller expansion. The expansion of concrete surface is
restrained and is dominated by compressive stress. The concrete central line expands with
increasing temperatures and is dominated by tensile stress. The highest tensile stress caused
by temperature gradient reaches to 20 MPa. Generally, the tensile strength of concrete is
around 10% of compressive strength at ambient temperature (5.1 MPa) [37]. The self-stresses

may cause the damage of the specimen without extra loading.

20

Vertivcal stress (MPa)

-15
X distance (m)

—100°C —200°C —300°C 400°C —500°C —600°C

Fig. 3.11 The vertical stresses along the radius (from central line to surface) for the heating
rate of 10 °C/min at different chamber temperatures
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To choose a more appropriate heating rate, the thermomechanical analysis at heating rates
of 2 °C/min and 5 °C/min were considered. Figures 3.12 and 3.13 show stresses along the
radius at different chamber temperatures. The vertical stresses caused by the temperature
gradients are expected higher than radial stresses. The maximum tensile stress reaches to 10
MPa at the heating rate of 5 °C/min. The considerable tensile stress will result in damage
during heating. For reducing the influence of temperature gradient during heating, the heating

rate of 2 °C/min is chosen in the experiment.

3.5.3 Parameter sensitivity analysis

The elastic modulus and thermal coefficient play important roles in thermomechanical analy-
sis. In the simulation, the elastic modulus and thermal coefficient are known to be non-linear
with temperatures. To explore the temperature influence of these two parameters, a parameter
sensitivity analysis was conducted. Once again, post-elastic behaviour was not considered in

this analysis.

The sensitivity analysis is based on the planned LITS experiment (to be considered later).
The procedure of LITS experiment is shown in Fig. 3.14. The concrete cylinder is first loaded
axially to a reference load level (the ratio of compressive stress to compressive strength
at ambient temperature), and then heated to the prescribed temperature in the oven at the
heating rate of 2 °C/min. The temperature is kept constant for 2 hrs before unloading. In the

parametric analysis , the load level is set to 20% and the temperature is set to 600 °C.

To evaluate the influence of elastic modulus and thermal coefficient, different variations were
considered: non-linear elastic modulus based on Eq. 3.12 and nonlinear thermal coefficient
varying with temperature based on Egs. 3.14 to 3.15 (Case 1); non-linear elastic modulus and
constant thermal coefficient (based on the ambient value) (Case 2); constant elastic modulus
(based on the ambient value) and non-linear thermal coefficient varying with temperature
(Case 3); constant elastic modulus and linear constant thermal coefficient (Case 4). The

stress-strain curves are displayed in Fig. 3.15. The E and o represent elastic modulus and
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Fig. 3.12 The stresses along the radius (from central line to surface) for the heating rate of 2
°C/min at different chamber temperatures
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Fig. 3.13 The stresses along the radius (from central line to surface) for the heating rate of 5
°C/min at different chamber temperatures



3.5 Analysis and discussion 53

»

Load 1

Time

»

TempA

2 hours

B Gty Bty

Time

Fig. 3.14 The procedure of LITS experiment

thermal coefficient, respectively.

From Fig. 3.15, it can be seen that the stress-strain curve becomes smooth when the thermal
coefficient is non-varying with temperatures. The temperature difference is not remarkable
when the heating rate is 2 °C/min. The stress and strain caused by temperature gradient is
not obvious due to the similar thermal expansion. That is the reason why the curve becomes
smooth when the thermal coefficient is constant at elevated temperatures. Comparing Case 1
and Case 3, the stress-strain curves are quite different whether the elastic modulus is linear at

elevated temperatures.

According to the discussion above, the elastic modulus is quite sensitive to temperatures.
The result shows considerable difference whether the elastic modulus is non-linear and
temperature dependent at elevated temperatures. However, the change of thermal coefficient

almost does not affect the results.
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Fig. 3.15 Stress-strain curves with different parameters at the heating rate of 2 °C/min
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3.6 Summary

This chapter considered heat transfer and thermomechanical response of the specimens pro-
posed to be tested. The purpose of the analysis was to find the most efficient and reasonable
heating rates for the experiment. Four heating rates, 1 °C/min, 2 °C/min, 5 °C/min, 10 °C/min
are discussed in the heat transfer analysis. The temperature variation for the heating rate of 10
°C/min exceeds 300 °C when the predicted temperature is 600 °C. Also, the heating process
with the heating rate of 1 °C/min takes over 10 hrs which is not efficient. Thermomechanical
analysis is conducted for heating rates of 2 °C/min and 5 °C/min. In these analyse, stresses
caused by temperature gradients during the heating process are evaluated. Through the heat
transfer and mechanical analysis, the heating rate is set to 2 °C/min for the experiments. This
heating rate avoids dangerous stresses due to temperature gradient while taking less time in
comparison to the heating rate of 1 °C/min. The study also shows that the chamber temper-

ature needs to be maintained constant for 2 hrs to achieve uniform temperature in the concrete.

The sensitivity analysis is conducted with respect to elastic modulus and thermal coefficient
values. According to the simulation results, the elastic modulus is sensitive to temperatures.
To the contrary, the thermal coefficient is not sensitive to the predicted temperatures. In the

following simulation of time-dependent creep, the effect of thermal coefficient is neglected.



The experimental protocols

4.1 Introduction

As discussed in Chapter 2, differentiating and quantifying reversible, irreversible and creep
components of strain due to heating and loading is complex. The purpose of the study
is to separate different components - both reversible and irreversible components. In this
chapter, two series of tests are developed to explore LITS effect: those in which heated
samples are subjected to loading, load holding, unloading and recovery; and those in which
loaded samples are subjected to heating, maintenance of constant temperature, unloading and
recovery. Prior to LITS experiments, tests to evaluate stress-strain relationships at elevated

temperatures and strength at ambient temperature are considered.

4.2 Specimen design

As mentioned in the previous chapter, cylindrical specimens with a diameter of 100 mm
and height of 200 mm were used (Fig. 4.1). The dimensions were as recommended by a
European Standard [67]. Sixteen combinations of different load levels (the ratio of stress to
compressive strength at the ambient temperature) and temperatures for tests were considered.
Details of load and temperature combinations applied are discussed later in this chapter.

Each test was repeated once for reliability. Consequently thirty-two specimens were used for
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LITS tests. Further three specimens were used for the compressive strength tests at the ambi-

ent temperature and six specimens to evaluate stress-strain relations at elevated temperatures.

200

g1

100

Fig. 4.1 Dimensions of the cylindrical specimen

All cylinders used were cast in the plastic moulds by Smith [14]. The ready-mix con-
crete was supplied by the local ready-mix supplier. The concrete was made of siliceous
aggregates with a maximum aggregate size of 10 mm. The main mix proportions are shown
in Table 4.1. All specimens were water cured for one week and then cured in a low humidity

environment for seven weeks. These specimens were stored for 5 years after curing.

Table 4.1 Concrete mix proportions [14]

Constituent | weight units
Cement 1
Water 0.41
Sand 3.39
Aggregate 4.18

Specimens were capped with plaster to achieve flat of concrete surfaces before the test.
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The plaster cap reduces the error in measured strain due to possible toe effect. The bottom
surface of the specimen was capped on glass. The water and plaster are mixed in a ratio of
1:2. A gradienter was used to make sure that the cylinder was placed vertically. In addition,
the top surface was capped in the Instron machine (to be discussed). The plaster was placed
on the top of the cylinder. The bottom platen of the Instron frame was moved upwards to
ensure that platen surfaces were perpendicular to the axis of concrete cylinder. The capped

cylinder was placed on a smooth surface.

4.3 Apparatus

4.3.1 Instron frame and oven

Tests are carried out using the Instron 600LX Frame and Instron CP103790 Environmental
Chamber (Instron, UK). The frame applies uniaxial compressive load up to 600 KN and the
oven applies temperatures up to 600 °C. During the test, the concrete cylinder was placed
vertically between the two platens at the centre of the oven. The diameter of the platen is
105 mm. The top platen is fixed. The upward pressure head applies distributed load to the
concrete cylinder. A mesh guard is set around the cylindrical specimen to protect the oven in

case the sample has a sudden brittle failure. Figure 4.2 shows full detailed test setup.

The frame and the oven are controlled separately. The loading program is controlled by the
software, Bluehill 3 (Instron,UK). The specimen was loaded at an initial displacement rate of
0.5 mm/min. Then, the load program was changed to load control after the reference load

level was reached.

The oven is controlled by the oven controller. The temperature time curve and the heating
rate are set by the controller. There is one thermocouple in the oven to measure the real-time
chamber temperature through the oven controller. The specimen is heated at a heating rate
of 2 °C/min. The temperature of the oven was kept constant for 2 hrs to achieve uniform

temperature inside the specimen after the initial heating.
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Fig. 4.2 LITS test setup
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4.3.2 Thermocouples

The temperature data was recorded by using thermocouples through the thermocouple
reader. To record external temperatures of the concrete, two thermocouples were attached
to the surface of the concrete specimen at 50 mm from the top surface and bottom surface
respectively with a sealant. The sealant was high temperature resistant up to 1250 °C. An
extra thermocouple was inserted in the oven to record chamber temperatures. The position of

thermocouples are shown in Fig. 4.3.

50mm

Fig. 4.3 Locations of thermocouples

4.3.3 Camera

Canon 650D camera was used to take high quality photos of the specimen during tests.
Regular time intervals were set with a timer. Photos were taken every 5 seconds during the
loading process and every 30 seconds during the heating process. The photo is captured
through the window of the oven. A slender hole was cut on the mesh guard for capturing the

images. To avoid the reflection of the window, external illumination was employed.
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4.4 Strain measurement - DIC

The dimension of the specimen was set in the Instron load program before the test. The
strain was measured by the displacement of crosshead and the height of cylinder. It is an
inadequate approach for measuring strain. Also, during some of the heating processes, the
top platen was not in contact with the specimen. Therefore, in such cases free thermal strain
cannot be recorded by Instron. Moreover, the machine records the deformation of the entire

specimen including error due to flatness.

4.4.1 Strain measurement

Digital Image Correlation (DIC) was used to measure strain distributions that arise during
the test. DIC is widely used for surface displacement analysis [69, 70]. As discussed in
the previous section, photos are taken by the camera during the test. These photos for each
test are post-processed using GeoPIV-RG (University of Western Australia, Australia and
Queen’s University, Canada). It is an image analysis module for MATLAB (MathWorks,
U.S.A)).

The DIC methodology has been described by Stranier [71]. Initially, a region of inter-
est is defined on the first image. The analysis is conducted within the region. Then, the
subsets are defined within the region of interest. Through analysing the movements of subsets,

the output gives subsets coordinates on each photo.

The coordinates of subsets in the first image are shown in Fig. 4.4. To track the axial

strain on the nth image in subsequent images, the following equation is used

e — (Yon = Yin) = (Vb1 = y11) 4.1)

Yb1 — Yr1

where yj,, and y;, are y coordinates of the corresponding bottom patches and top patches on

the nth image.
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The surface of the specimen needs a unique pattern to select subsets and track coordi-
nates within the region of interest. To create the texture on the specimens surface, high
temperature resistant paint was used in the test. Black paint was used as the background
colour, while the white paint was used to make the speckle pattern on the background. This

pattern can be observed in Fig. 4.2.

4.4.2 Sources of errors

To remove the curvature influence of cylinder and to obtain more accurate virtual strain, Bisby
and Take [72] have examined patch locations by measuring hoop and axial strains on circu-

lar FPR confined concrete cylinders. Figure 4.4 illustrates locations of subsets in this analysis.

The reflection on the glass of the oven is a major source of error. During the test, the
light from the lab and people in the lab may result in loss of accuracy. For reducing the
reflection, an external illumination was set. Also, the camera should was set perpendicular to

the oven.

4.5 Test procedures

One set of tests was undertaken to obtain uniaxial stress-strain behaviour at elevated tem-
perature. A further two series of tests were designed to explore the LITS effects: Loading
Then Heating (LTH) test and Heating Then Loading (HTL) test. In these test series, the main

parameters varied were load levels and temperatures.

4.5.1 Stress-strain relations at elevated temperatures

The purpose of this test was to obtain stress-strain curves at elevated temperatures. The main
parameter in this series of tests was the temperature. The specimens were loaded to failure at
elevated temperatures. Prior to the conduct of this test, compression tests were conducted at

the ambient temperature. These test were repeated twice as recommended of the European
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Standard [73].

In the test at elevated temperatures, the specimens were first heated to three prescribed
temperatures: 200 °C, 400 °C and 600 °C. The heating rate employed was 2 °C/min based
on the heat transfer analysis in Chapter 3. Once the required temperature was achieved, the
specimen was then heated constantly for a period of 2 hrs to achieve the chemo-physical uni-
formity in the material in accordance with the simulation result. The test at each temperature
was repeated once for reliability. The loading and heating process are shown in Fig. 4.5.

Load
Failure

Time

Temp
2 hours

x

Time

Fig. 4.5 The loading and heating process of stress-strain relations tests

4.5.2 Loading-then-heating tests

The LTH test was used to obtain LITS data. The main parameters in this series of tests were
load levels and temperatures. Three load levels, 20%, 30% and 45%, and three temperatures,
200 °C, 400 °C and 600 °C, were applied. However, the combination of 600 °C at the load
level of 45% was excluded as there was considerable reduction of compressive strength at
600 °C and there was a concern that the specimen may fail at this combination and damage

the equipment. Each combination of parameters is performed twice. Thus, a total of 16 LTH



4.5 Test procedures 65

tests were conducted.

In the LTH tests, load was applied at a displacement rate of 0.5 mm/min until the pre-
scribed load level was reached. Then, the test machine was changed to load control to
maintain constant load during the test. The temperature was applied under certain stabilized
load. After 2 hrs of heating at a constant temperature, the samples were unloaded at the same

displacement rate to evaluate their elastic recovery. The test procedure is shown in Fig. 4.6.

Load

Time

Temp
2 hours

|

Y

Time

Fig. 4.6 The loading and heating processes of LTH tests

4.5.3 Heating-then-loading tests

The HTL test were designed to compare results with LTH tests. Once again, three load levels,
20%, 30% and 45%, and three temperatures, 200 °C, 400 °C and 600 °C, were applied.
Also, in these tests, the combination of highest load level of 45% and temperature of 600
°C was not included. The HTL test also contained time-dependent creep tests at stabilized

temperature.

The specimens were subjected to temperature treatment to start with. The load was then
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applied with the displacement rate of 0.5 mm/min until the prescribed load level was reached.
Constant load was then sustained for 2 hrs and then the samples were unloaded. The loading

and heating processes are shown in Fig. 4.7.

Load

Time

Temp.
2 hours | |, 2 hours

Time

Fig. 4.7 The loading and heating processes of HTL tests

4.6 Summary

The cylindrical specimens were cast and cured in accordance with the European Standard.
Before the experiment, the specimen was capped with plaster. Two thermocouples were
installed on the surface of the specimen with high temperature resistant sealant. Also, a

texture was painted on the specimen surface with high temperature resistant paints.
All the experiments were conducted using Instron frame and oven. They were controlled by
the computer and the oven controller, respectively. An extra thermocouple was inserted in

the oven to record chamber temperature during the experiment.

The digital image correlation was used to measure strain data during the experiment. The
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camera was set to take photos during the experiment at different time intervals. Also, an exter-
nal illumination was set to reduce the influence of reflection. The method of post-processing

photos is discussed along with possible sources of errors.

Several tests and procedures are described in the chapter. The compressive strength tests and
stress strain relations tests were designed based on the European Standard. Loading then
heating tests and heating then loading tests were designed to evaluate strain components

under different load levels and temperatures.



Heating-then-loading (HTL)

experimental results and simulation

5.1 Introduction

This chapter presents the experimental data of compressive strength tests, stress-strain
relations at elevated temperatures, and heating then loading (HTL) tests. The design of
experiments was discussed in Chapter 4. The HTL tests comprise of free thermal strain,
instantaneous stress-related strain, and time-dependent creep, which are significant compo-
nents in LITS. Also, the temperature data is compared with heat transfer analysis to modify

thermal properties.

5.2 Temperatures

As mentioned in Chapter 4, the concrete surface temperatures were measured at two locations
on the surface of specimens during the tests. Also, the chamber temperature was measured by
employing an independent thermocouple inserted in the oven. Before the experiment, the heat

transfer analysis was conducted as discussed in Chapter 3. In this section, the experimental
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results were compared with the simulation results. Differences between experimental data

and heat transfer simulation results are discussed.

5.2.1 Chamber temperatures

The chamber temperature of each test was monitored by the thermocouple and recorded
through PicoLog (Pico Technology, UK). During heating, the heating programme was set to
increase chamber temperature from the ambient temperature to the reference temperature
(200 °C, 400 °C, 600 °C) at the heating rate of 2 °C/min. In the tests, ambient temperatures
varied from 16 °C to 23 °C. In the heat transfer analysis, the ambient temperature was set
to 20 °C. Figure 5.1 shows experimental data of chamber temperatures compared to the
simulation results. The solid lines and the dashed lines represent the experimental results and
the simulation results, respectively. The chamber temperature from the experimental data at

each temperature is the mean value from six tests.
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Fig. 5.1 Comparison of chamber temperatures between experimental data and simulation
results
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In general, the chamber temperatures during tests were as expected and compared well
with the simulation results. The slopes of temperature-time curves show that the actual
heating rate was slightly higher than 2 °C/min. For reference temperatures of 200 °C and
400 °C, the final chamber temperatures were slightly higher than settings. In the tests in
which the reference temperature was 600 °C, the chamber temperatures rose up to 590 °C.
Although the oven was rated to apply temperatures up to 600 °C, it was found to go up to
590 °C in reality.

5.2.2 Concrete surface temperatures

As discussed in Chapter 4, two thermocouples were attached to each specimen with the
high temperature resistant sealant. Averaged temperatures data at each position when the

reference temperature is 200 °C is shown in Fig. 5.2.
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Fig. 5.2 Comparison of averaged concrete surface temperatures at different positions

It can be seen from Fig. 5.2 that the temperature in the oven is not uniform. The con-
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crete surface temperatures were consistently higher at the higher position. The measured
chamber temperature was higher than the settings. The difference in the concrete surface

temperatures at different positions was around 10 °C.

The averaged concrete surface temperatures for different heating tests is shown in Fig.
5.3. The solid lines and the dashed lines represent experimental data and simulation results,
respectively. Although the chamber temperatures are slightly higher than those predicted by
the simulation, the concrete surface temperatures are slightly lower than simulation results.
The thermocouples need to be fixed with sealant as a tape cannot stick to the concrete surface
at high temperatures. The thickness of the sealant is a possible reason for slightly lower
concrete surface temperatures. In the tests in which reference temperatures are 200 °C and
600 °C, the differences between measured temperatures and simulation results are around 10
°C. In the tests in which reference temperature is 400 °C, the concrete surface reaches to the
expected temperature. The comparison shows that thermal properties used for heat transfer

analysis were appropriate.
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Fig. 5.3 Comparison of averaged concrete surface temperatures between experimental data
and simulation results

5.3 Stress-strain relations at elevated temperatures

Three compressive strength tests were done at the ambient temperature. The average concrete
compressive strength was found to be 45.5 MPa. The mean stress-strain curves at different
temperatures are shown in Fig. 5.4. All specimens were loaded at each temperature until
failure. To ensure that creep deformations did not occur, the load was applied at a relatively
fast rate of 0.5 mm/min. The descending branch of the stress-strain curves was not measured
as the specimen was crushed at the ultimate stress. Figures 5.4 and 5.5 show that the ultimate
stress decreases and the ultimate strain increases with temperatures, which is consistent with
Eurocode 2 [2]. Four parameters characterise the stress-strain curve. They are ultimate stress,

compressive strength coefficient, ultimate strain, and elastic modulus.

Figure 5.5 and 5.6 show the ultimate stress and the compressive strength coefficient as

a function of temperature. As discussed in Chapter 3, the reduction of compressive strength
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Fig. 5.4 Stress-strain relations at elevated temperatures

of concrete at elevated temperatures is given by the compressive strength coefficient. The
coefficient is the ratio of the compressive strength at elevated temperatures to the compressive
strength at the ambient temperature. The temperature has almost no influence on the com-
pressive strength for temperatures under 200 °C. The compressive strength decreases rapidly
above 400 °C. The specimens had been stored in a dry environment for five years before the
tests. The ultimate stress at the higher temperature is higher than expected, possibly due to

increased age-related strengthening in a dry environment.

The ultimate strain at each temperature is shown in Fig 5.7. The ultimate strain increased
with temperatures. The value of elastic modulus at each temperature is shown in Fig. 5.8.
The elastic modulus is evaluated from the stress-strain curves. It is calculated from the slope
of the stress-strain curves from the start of the loading to 30% of the ultimate stress at each
temperature. The elastic modulus decreases rapidly from the ambient temperature to 200 °C.

This data is used to validate mechanical parameters in the simulation.
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5.4 Heating-then-loading (HTL) tests

The HTL test procedure was described in Chapter 4. Each specimen was heated to the
reference temperature at a heating rate of 2 °C/min. Then the temperature was kept as
constant for 2 hrs to achieve uniform temperatures in the concrete specimen. The specimen
was loaded to the reference load level and the constant load was maintained for another 2 hrs.
The load was removed at the end of the test. A typical strain against time curve is shown in
Fig. 5.9. There is free thermal strain during the heating process. The instantaneous elastic
strain is measured when the load is applied. Then, there is a time-dependent creep under
constant load and temperature. The free thermal strain and the other strain components are

discussed separately.
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Fig. 5.9 The typical strain against time curve in HTL test

5.4.1 Free thermal strain at elevated temperatures

During the heating process, the specimen was placed in the oven without any restraint.
Six specimens were heated from the ambient temperature to 200 °C and 400 °C and four
specimens were heated to 600 °C. The free thermal strain was monitored during the test
process without load. Free thermal strains at each temperature are shown in Figs. 5.10 - 5.12.
It can be seen that thermal strains increase nonlinearly with time. A comparison of Figs. 5.10

- 5.12 also shows that they increase with temperatures. The thermal strain curves for different
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samples match up reasonably well, though there were some which were a bit more off than
the others (e.g. the yellow line at 400 °C). The yellow line at 400 °C was neglected in the

calculation of the average thermal strains.
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Fig. 5.10 Free thermal strain against time at 200 °C

The averaged free thermal strain at each temperature is shown in Fig. 5.13 along with
the simulation results based on Eurocode 2 [2] parameters. It can be see that the time-
dependent curves have distinct change in slope at around 1.5 hrs for all temperatures (Figs.
5.10 - 5.12). Additionally, there is a change in slope between 3 hrs and 4 hrs for 400 °C and
between 3 hrs and 5 hrs for 600 °C. By comparing the experimental data with simulation
results, the Eurocode 2 [2] parameters result in higher prediction of thermal expansion.
However, it is interesting to note that the shape of curves is very similar. Free thermal
strain is known to be affected by aggregate type and moisture content. In the series of tests
conducted, all specimens were from the same batch and had the same aggregate properties.

It is likely that the thermal expansion suggested by Eurocode 2 [2] is based on different
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Fig. 5.11 Free thermal strain against time at 400 °C
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types of aggregate. In the simulations that follow in this study, thermal coefficients based on

experimental data were used.
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Fig. 5.13 Free thermal strain at elevated temperatures compared with Eurocode 2 [2]

5.4.2 Instantaneous stress-related strain and time-dependent creep at

elevated temperatures

Each specimen was loaded under constant temperature. The load was sustained for 2 hrs
before unloading. There are eight combinations of different temperatures and load levels as

discussed. Each case is repeated once for reliability.

Figures 5.14 - 5.16 illustrate total strain against time after initial heating. The instanta-
neous stress-related strain matched with elastic modulus at each corresponding temperature.
The specimens deformed slowly with time under constant temperature and at sustained
constant load level. This deformation is called creep. It can be seen that creep varies with

load level and temperature, and increases with time. When the applied load is released, an
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instantaneous stress-related strain recovery occurs. It is likely that this will be followed
by further reduction in strain (termed at relaxation at zero stress in this case). However,
measurements during the relaxation period were not included in the study. Only instantaneous

unloading strain was measured.
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Fig. 5.14 The total strain of heating-then-loading tests at 200 °C without initial heating

The measured mean strain responses for different load levels and temperatures are shown
in Fig. 5.17: instantaneous stress-related strain during loading (&), total creep strain after 2
hrs constant heating (€&..), and instantaneous unloading strain (€,;). As expected, all strain
responses were found to increase with load levels and temperatures. The instantaneous
unloading strain is lower than the instantaneous loading strain. Perhaps some of the loading

strain is irrecoverable.

Figures 5.18 and 5.19 compare 2-hr creep under different load levels and temperatures.
As mentioned above, the value of creep after 2 hrs of load maintenance increases with load

levels and temperatures. Figure 5.18 shows that the creep increase rapidly from 200 °C to
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Fig. 5.15 The total strain of heating-then-loading tests at 400 °C without initial heating
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Fig. 5.16 The total strain of heating-then-loading tests at 600 °C without initial heating
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tures after initial heating
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400 °C. The rate of increase decreases above 400 °C. It can be observed from Fig. 5.19 that

the creep increases almost linearly with increasing load levels.
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Fig. 5.18 The 2-hr creep under different load levels

Figure 5.20 shows the mean ratios of different strain components under different load
levels and temperatures. The ratio of €,,/€ remains around 80%. Majority of instantaneous
stress-related strain is recovered immediately when the specimen is unloaded. The unloading
strain will increase after sufficient time. However, the relaxation period is not considered
in this research. The ratios of €,,/€; at 30% and 45% load levels increase from 200 °C to
400 °C and decrease from 400 °C to 600 °C. With higher heating temperatures, the concrete
will yield and plastic deformation will occur. In the tests, the displacement rate applied to
the specimen is designed to reduce the plastic deformation. It should be noticed that the

instantaneous stress-related strain contains elastic plastic strain in this research.

The ratio of &../€ shows that the 2-hr creep is around 20% of the instantaneous load-
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Fig. 5.19 The 2-hr creep under different temperatures

ing strain. It is first found to change with load levels and then remain constant when the load

level is higher than 0.3.
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5.5 Free thermal strain simulations

As discussed earlier, the thermal strain between experimental data and simulation (based on
Eurocode 2 [2] parameters) are considerably different. Therefore, the thermal coefficient at
each temperature was calculated based on the experimental data. Simulations with constant

and variable (non-linear) thermal coefficients are considered.

5.5.1 Thermal coefficient

The free thermal strain data is available from HTL tests. The free thermal strain becomes
constant after 2 hrs of heating at a constant temperature. The mean value of free thermal
strain at each temperature is shown in Fig. 5.13. The mean thermal strain at the end of
heating varies from 0.0015 to 0.0055 at elevated temperatures. As discussed before, the

thermal coefficient is given by

€n=0(0—20) for® >20°C (5.1)

where &, and o are the free thermal strain and the thermal coefficient, respectively. From

the above equation, the thermal coefficient varies from 7.7x107° to 9.5x107°.

5.5.2 Simulation results

Thermal expansion behaviour of concrete at elevated temperatures can be categorised as
constant or variable. The study considered both constant and variable (non-linear temperature
dependent) thermal coefficients for simulations. The constant thermal coefficient was evalu-
ated from Eq. 5.1 by using the experimental thermal strain at peak temperature applied to the
specimen. The variable thermal coefficient was evaluated from experimental thermal strains
at 200 °C, 400 °C and 600 °C and assumed to vary linearly between these temperatures.
Figure 5.21 shows that the difference between constant and variable thermal coefficients
used in simulations. Although, the simulations of constant thermal expansion and variable

thermal expansion reach the same value of thermal strain at the end of the heating process
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(as the value used at the peak temperature in each case is the same), the free thermal strain

variations with time are dissimilar for the two types of simulations.
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Fig. 5.21 Comparison of free thermal strains with constant and variable thermal coefficients
at elevated temperatures

Figure 5.22 compares the free thermal strains at elevated temperatures obtained from ex-
perimental data and from simulation results with variable and constant thermal coefficients.
It can be observed that both simulations achieve same free thermal strain at the end of
the heating process as expected. The variable thermal expansion simulations give good
agreement with the measured values even though the values used are only at three distinct
temperatures. However, the difference between simulations with the constant and variable
thermal coefficients is not significant. The constant thermal coefficient can be used in the

simulation for convenience. This is further discussed later.

During the simulation of the heating process, there are two alternative outputs in ABAQUS.

One is the TS (Total Strain) and the other one is THE (Thermal Strain). Figure 5.23 shows
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Fig. 5.22 Comparisons of free thermal strain between experimental data and simulation
results with linear and non-linear thermal coefficients at elevated temperatures
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a comparison of these two different outputs. There is a slight difference between the two
variables. The main factor that causes the difference is temperature gradient within the
specimen during heating. As discussed in the previous chapter, the temperature gradient
causes mechanical strains during heating and these strains are included in the total strain.

However, the difference is not significant at the heating rate of 2 °C/min.
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Fig. 5.23 Comparison between TS and THE output variables from ABAQUS

Eurocode 2 [2] suggests that the thermal coefficient increases with temperatures. How-
ever, the experimental data (Fig. 5.22) illustrates that the thermal coefficient decreases at
400 °C. Generally, the free thermal strain is influenced by moisture content and thermal
gradient. The heat transfer analysis and mechanical analysis were conducted to evaluate
temperature distribution, vertical stress and vertical strain. The specimen was heated to 600
°C at a heating rate of 2 °C/min. Only elastic effect was considered. The elastic modulus and
thermal coefficient at different temperatures were evaluated from stress strain relation tests
and HTL tests, respectively. Three time points based on experimental data were considered

for examining detailed information: 6000 seconds, 11000 seconds and 15000 seconds. Over
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the period from 6000 seconds to 11000 seconds, the free thermal strain increased slowly.
After heating for 11000 seconds, the free thermal strain had a considerable increase. The

third time point (15000 seconds) was picked on the steep slope.

Figures 5.24 - 5.26 illustrates distributions of temperature, vertical stress and vertical strain at
the middle cross-section (radially from the central line to the outer surface) at different time
points. As can be seen from Fig. 5.24, the temperatures within the specimen were around
150 °C to 180 °C. At these temperatures, water loss is likely to reach its peak. Consequently,
increase in free thermal strain slows down at this time point. The vertical stresses remained
similar from 6000 seconds to 11000 seconds indicating that stresses due variable thermal
expansion in this temperature range are not affected. Then, the vertical stresses had a consid-
erable increase after 11000 seconds. It is interesting to notice that the concrete surface which
has higher temperatures is dominated by the compressive stresses and the concrete central

line which has lower temperatures is dominated by tensile stresses.
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Fig. 5.24 The temperature distribution, vertical stress and vertical strain along the axis and
contour plots after heating 6000 seconds



5.5 Free thermal strain simulations 92

400 {Avg. 75%
]

—_ 369
o
¢
3
‘é’ 350 A
-]
Q.
=
k)

300 T T T T

0 0.01 0.02 0.03 0.04 0.05
X distance (m)
(a) Temperature distribution (b) Temperature contour
5.E+06 (sivsgz:z'rsm
itevne

@ 0.E+00 S \ =
2
n

-5.E+06

0 0.01 0.02 0.03 0.04 0.05
X distance (m)

(c) Vertical stress
2.60E-03 thva: 75%)

n

2.50E-03 -

Stra

2.40E-03

0 0.01 0.02 0.03 0.04 0.05
X distance (m)

(e) Vertical strain (f) Vertical strain contour

Fig. 5.25 The temperature distribution, vertical stress and vertical strain along the axis and
contour plots after heating 11000 seconds



5.5 Free thermal strain simulations 93

500 ?:v::sx]
%
2 a
£ 450 #
2
£
K}
400 T T T T
0 0.01 0.02 0.03 0.04 0.05
X distance (m)
(a) Temperature distribution (b) Temperature contour
5.E+06 v 75%)
57 7ev0n
peyiert]
_ e
e i
# 0.E+00 T T T T 7t
g
0
-5.E+06
0 0.01 0.02 0.03 0.04 0.05
X distance (m)
(c) Vertical stress (d) Vertical stress contour
3.90E-03 v 75%)
pre e
04.;?:-03
brei v
08e.
c e
i aps
= 3.80E-03 - $37tea
3.70E-03 T T T T
0 0.01 0.02 0.03 0.04 0.05
X distance (m)
(e) Vertical strain (f) Vertical strain contour

Fig. 5.26 The temperature distribution, vertical stress and vertical strain along the axis and
contour plots after heating 15000 seconds



5.6 Creep under sustained load simulations 94

5.6 Creep under sustained load simulations

5.6.1 Viscoelastic model

The concrete deforms continuously when it is subjected to a constant load. In the HTL
tests, the instantaneous elastic strain is predicted by the instantaneous elastic modulus at
elevated temperatures. The concrete deforms slowly with time when the load is constant.
The strain curves in the HTL tests show that the deformation caused by constant load is
time dependent. This time dependent material behaviour is usually modelled using concepts
of viscoelasticity or viscoplasticity. If it is assumed that all strain can be recovered upon

unloading then viscoelasticity is the simplest way to model the time dependent creep.

Kelvin-Voigt model

One approach to model viscoelasticity is via the Kelvin-Voigt model, which includes a spring
and a dashpot, as shown in Fig. 5.27. The spring represents solid-like properties and the
dashpot represents liquid-like properties. For the spring, stress is linearly proportional to
strain. For the dashpot, the stress is proportional to the strain rate. The stress-strain relation
is given by

o(t)=FEe(t)+n——- (5.2)

where o (¢) and €(t) are time-dependent stress and strain, respectively. E and 1 are elastic

modulus and viscosity, respectively.

To evaluate creep due to sudden application of a step stress 0y, the boundary conditions are

c=0,e=0 fort=0 (5.3)

0 =0y fort >0 5.4
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Fig. 5.27 Schematic diagram of Kelvin-Voigt model

Substituting ¢ = 0y and dividing by 1 in Eq. 5.2 gives

oy E de
W_ ns+ 7 (5.5)

By solving the ordinary differential equation, the strain in Kelvin-Voigt model is obtained as

e(r)z%(l—e—f/f) with ©=n/E (5.6)

where 7 is referred to the retardation time.

The creep compliance is represented as the ratio of strain to stress at time t. It is a charac-
teristic of creep under temperatures and load levels. The compliance function is expressed

as

(5.7



5.6 Creep under sustained load simulations 96

where D(t) is the creep compliance. In the linear elasticity, the creep compliance is indepen-

dent of load levels. Substituting Eq. 5.7 in Eq. 5.6 gives

g(t) = D(t)op (5.8)

As stated earlier, the Kelvin-Voigt model is based on two parameters, E and 1, whose values

can be evaluated from experimental data by curve fitting.

Maxwell model

Another model used in viscoelastic simulation is the Maxwell model, shown in Fig. 5.28.

The spring and the dashpot are connected in series.

o—/

E n

——0

Fig. 5.28 Schematic diagram of Maxwell model

The stress-strain relation is given by

de(t)  ldo(t) N o(t)

dt —E dt n (59)

For stress relaxation, the strain applied is constant as €. The stress is calculated by integra-
tion

o(r) = gEe /P (5.10)

where p is the relaxation time.
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Superposition principle

The superposition principle states that responses to different load levels can be superimposed.
However, it is not valid for all conditions. For the concrete, the superposition principle is
only valid for the load levels below 40% - 50% of uniaxial strength. The damage law must

be applied at higher load levels.

The Boltzmann superposition principle provides the response of a material to varying loading
history. Consider Fig. 5.29 (a) in which the applied stress changes at times #1, f ... ,each
resulting in individual strains as shown in Fig. 5.29 (b). Using Eq. 5.8 and Boltzmann

superposition principle the total strain response is given by

e(t)=D(—1))o1+D(t—15) (02— 01)+...+ D(t —t])(0; — 0;—1)

—/Dt—t Ydo(t

(5.11)

g r 3 'E 3
Qo (1]
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bt L=
n o, 2
O3
04
] H ] >
ty tp t, Time
(a) Applied stress curves (b) Strain curves

Fig. 5.29 The creep curve by Boltzmann superposition principle

Prony series

The Kelvin-Voigt chain in Fig. 5.30 is significant in modelling the time dependent creep. To
achieve more accurate creep curve, the Kelvin-Voigt chain comprises of 1, Kelvin-Voigt

models and an initial elastic element Ej.
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Fig. 5.30 The Kelvin-Voigt chain

In the Kelvin-Voigt chain, the total strain is the sum of strains in each unit and each unit has

the same stress, i.e.

0=0g=0]=0,=..=0y, (5.12)

E=&teE+a+...+ &, (5.13)

Therefore, strain at any time t due to the application of a constant stress oy is given by

E(t) =g +e+e+...+e,
= oDy (1—e"/%) + oDy (1 —e /™) + GoDy (1 — e /%) + ... 4+ GoDi(1 — e/ or) (5.14)

MNpr
= 00Dy +0p Y. Dj(1—e7/7)
j=1

Dividing by oy gives

D(t) =Dy + Y Dj(1—e7"/%) (5.15)
j=1

where D, is instantaneous elastic compliance, D; are transient retardation strengths, 7; are
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retardation times, and 1), is number of terms in the Prony series. Also, 1,, is number of
Voigt models in the Kelvin chain. These parameters, including Dy, Djand 7; j=1, 2, ...,
npr), were determined by minimizing the error between experimental data. MATLAB was
used for the curve fitting. The non-linear least-squares fit method was used in the analysis.
This method improves the accuracy of parameters by minimizing the sum of squares of the
residuals between experimental data and the model. From the experimental results, it was

found that the number of Prony terms, 1, = 1, was sufficient to fit the creep data.

However, many users prefer to use Prony series in other format. Park and Schapery converted
the creep compliance into other formats with generalized Maxwell model, as shown in Fig.

5.31. In the generalized Maxwell model, the total stress is the sum of stresses in each unit

Fig. 5.31 The generalized Maxwell model

and each unit has the same strain, i.e.

0=0,+01+02+...+0p, (5.16)

E=¢g=€=6=..=§&, (5.17)
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Therefore, stress at any time t due to the application of a constant strain &, is given by
o(t)=0.+01+0+...+0p,
— &0E,+oEre P egEre /P2 4 4 eoEy e P (5.18)
npr
=&E,+ €& ZEie_’/p"
i=1
Deviding by & in Eq. 5.18 gives
Npr
E(t)=E,+Y Ee /P (5.19)

i=1

where E, is the equilibrium moduli, and E; and p;(i=1, 2, ...,

and relaxation times, respectively.

npr) are the relaxation strengths

The relationship between the relaxation modulus E(t) and creep compliance D(t) according

to Eq.5.11 is defined as

The known set Dg, Djand 7; =1, 2,...,

(t >0)

(5.20)

npr) in creep compliance function D(t) is used to

determine the constants in relaxation modulus by solving the following systems of linear

algebraic equations

AiE; = By

and

—u/pi oy PDi
B Dge +Zr 1 p,
Ay =

—1 . Npr tkD_/' —t .
Dge k/pl+zj:17j€ k/p’,

Npr
Bi=1—E,D
j=1

(e —lk/Pi_e—lk/Tj)7

o+ Y Di(1—e /7))

(5.21)
pi # 7T

(5.22)
pi=71j

(5.23)
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where k is the number of discrete sampling points and #; denotes a discrete time points.

As discussed before, the sets of constants, Dg, D; and 7; (j = 1, 2,..., n),) are determined
from time-dependent creep curves of experimental data. By solving the system of equations,

the equilibrium is determined

1
Ej=—— (5.24)
© Dg+X"\ D,

Park and Schapery proposed a root finding method to determine the relaxation time constants
pi. The relaxation strengths E; are determined by using the least-squares method, solving Eq.

5.21 with MATLAB.

5.6.2 Simulation results based on Prony series

The fitting curve used in MATLAB included the value of initial instantaneous stress-related
strain. Each test was repeated once. Theoretically, the instantaneous elastic modulus is
independent of the load level in linear viscoelasticity. However, the experimental data of
instantaneous elastic modulus was slightly different at each load level. Also, the creep data
should be independent on the load level for viscoelastic modelling. To decrease the influence
of limited number of experiments, the curve fitting was based on the mean value of creep at

each temperature.

Figure 5.32 shows a comparison of time-dependent creep between experimental data and
simulation results evaluated by MATLAB. Each time-dependent creep curve was the mean
value of experimental data at different load levels after normalisation. The curve fitting was
based on 1-term Prony series and 3-term Prony series. As can be seen from Fig. 5.32, the
simulation results (the red lines) were similar with different numbers of Prony terms. For this
study, the 1-term Prony series describes the creep curve well. However, the number of Prony
terms is dependent on specific conditions. More Prony terms may be necessary for longer

time. The time-dependent creep simulation was based on 3-term Prony series in this study.
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ABAQUS was used to conduct the finite element analysis in this study. To simulate time-
dependent creep, the viscoelastic material was used in the model. Without consideration of
the recovery, the viscoelastic material is an adequate method to model time-dependent creep.
The viscoelastic material model reproduces time-dependent creep behaviour at elevated
temperatures using Prony series. It requires the definition of the long-term elastic modulus
instead of the instantaneous elastic modulus. The thermal coefficient is not necessary in the
simulation as constant temperature is maintained. The unloading process is not considered in

this simulation.

In the simulation, the temperature of the model was constant and uniform. The refer-
ence temperatures were set to 200 °C, 400 °C and 600 °C, respectively. The load was kept
constant for 2 hrs. Figures 5.33 - 5.35 show simulation results of time-dependent creep with

the viscoelastic material model.

0 -ﬂﬁ T
ARl W
-~ Al Wil ¥ 1A AL L
-0.0001 - .‘ﬁhﬁ.—*l\f w1 X MSARALF [ vyl T R
AR S0 9 A b
N PR — -
-0.0002 - Pl .
£
g -0.0003 -
»n
-0.0004 -
-0.0005 -
-0.0006
0 3600 7200
Time (s)
0.2 - Experiment 0.3 - Experiment 0.45 - Experiment
— —0.2 - Simulation — —0.3 - Simulation — —0.45 - Simulation

Fig. 5.33 Comparison of time-dependent creeps between experimental data and simulation
results at 200 °C and different load levels



5.6 Creep under sustained load simulations 104

i

=1, ”“’*"Mw

=
g
w
-0.0004 -
\
~
~
~
~
-0.0005 - A AR AL ~a
' S~
-0.0006
0 3600 7200
Time (s)
———0.2 - Experiment —— 0.3 - Experiment 0.45 - Experiment
— —0.2 - Simulation — —0.3 - Simulation — —0.45 - Simulation
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Figures 5.33 and 5.35 show that the simulation results give good agreement with the experi-
mental data without consideration of the unloading process at 200 °C and 600 °C. For the
simulation results at 400 °C, the simulation results do not match the experimental results,
particularly at 45% load level. During the curve fitting, the Prony parameters at 400 °C
were based on the mean value of creep under 20% and 30% load levels. For higher load
levels, they may contain irrecoverable strains. This is discussed in the following section. The

viscoelastic material model provides a simple way to model time-dependent creep.

Prony parameters

The viscoelastic properties are independent of load levels. As can be seen from Fig. 5.19,
the 2-hr creep almost increase linearly with increasing load levels. However, the creep at
400 °C has a higher increase than that to be predicted by sealing up the load level. The
possible reason is irrecoverable strain developed during loading. Therefore, the curve fitting
results at 400 °C were based on experimental data under 20% and 30% load level. To get the
mean value of creep strain at each temperature, the creep was divided by the corresponding

load level. The time-dependent creep curves at different temperatures are shown in Fig. 5.36.

The viscoelastic material parameters Dy, D; and 7; were based on curve fitting results
in MATLAB. Then, the creep compliance was converted into the relaxation modulus. The pa-
rameters based on 1-term Prony series and 3-term Prony series at elevated temperatures were
evaluated using the formulation discussed earlier. The constants for different temperatures
with different numbers of terms in the Prony series are shown in Table 5.1. As can be seen
from Table 5.1, the main Prony parameters, D, and E,, are similar for different numbers of
terms in Prony series (1,,). For the parameters based on 3-term Prony series, the value of E»
and E3 are negligible. This is similar to the conclusion drawn from Fig. 5.32, the number of

terms has little influence on the simulation results in this study.
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Fig. 5.36 Mean values of time-dependent creep data at different temperatures
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To use the viscoelastic material in ABAQUS, the set of constants E,, E;, and p; in Prony
series were used. The long term or the equilibrium modulus is defined as a material property

instead of the instantaneous elastic modulus. The moduli ratio is defined by the E;/E,.

The glassy or instantaneous compliance (D,) is found to increase with increasing tem-
peratures. The corresponding creep compliance functions (D(t)) according to Eq. 5.15 are

shown in Fig. 5.37.
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Fig. 5.37 Time-dependent creep compliance functions at different temperatures with 3-term
Prony series

The creep compliance increases with time. The time dependent relaxation modulus functions
(E(t)) according to Eq. 5.19 are shown in Fig. 5.38. The relaxation modulus decreases with

time. Also, it decreases with temperatures as expected.

The instantaneous elastic modulus is achieved when the time is zero in Eq. 5.19. Those

values at elevated temperatures are compared with the results from the compressive strength
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Fig. 5.38 Time-dependent relaxation modulus functions at different temperatures with 3-term
Prony series

tests. Figure 5.39 indicates a comparisons of instantaneous elastic modulus at 200 °C, 400
°C and 600 °C. The differences of instantaneous elastic modulus at 200 °C and 600 °C are
relatively small. The instantaneous elastic modulus based on Prony series is lower than that

obtained from the experiments at 400 °C.

5.6.3 Prony series with different load levels

The viscoelasticity is a simple way to model time-dependent creep. Due to the plastic effects,
the instantaneous moduli vary with different load levels. However, if it is assumed that
all load levels are independently viscoelastic and curve fitting is undertaken separately for
all load levels, the experimental results can be simulated accurately using the Prony series.
Figures 5.40 - 5.42 show simulation results of time-dependent creep with the viscoelastic
material model. The experimental data are the mean values of strain obtained from HTL

tests. The Prony series used in each case is based on the corresponding experimental data.
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Fig. 5.39 Comparison of instantaneous elastic moduli between compressive strength tests
and Prony series
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Fig. 5.40 Comparison of time-dependent creeps between experimental data and simulation
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Fig. 5.41 Comparison of time-dependent creeps between experimental data and simulation
results at 400 °C, with different load levels
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Fig. 5.42 Comparison of time-dependent creeps between experimental data and simulation
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The experimental data includes the initial instantaneous stress-related strain during loading.
Figure 5.40 - 5.42 show that the simulation results give good agreement with the experimental

data without consideration of the unloading process.

Prony parameters at different load levels

The time dependent creep curves at different temperatures and load levels are shown in Fig.
5.43. The constants for different temperatures and load levels are shown in Table 5.2. The
constants are compared with the results in the previous section. The curve fitting is based on

3-term Prony series.
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Fig. 5.43 Experimental time-dependent creep data at different temperatures and load levels
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The corresponding creep compliance functions (D(t)) are plotted in Fig. 5.44. The relaxation

modulus functions (E(t)) are shown in Fig. 5.45.
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Fig. 5.44 Time-dependent creep compliance functions at different temperatures and load
levels

Free thermal strain with Prony series

To model time-dependent creep, the viscoelastic material is used in the finite element anal-
ysis. However, the viscoelastic material is not temperature-dependent in ABAQUS. For
the time-dependent elastic material, the instantaneous elastic modulus is defined at each
temperature and it changes linearly with increasing temperatures. Also, the thermal coef-
ficient at each temperature is defined and it changes linearly with increasing temperatures.
For the viscoelastic material, the elastic modulus is temperature independent, i.e. a single
value is used for the analysis. In addition, the thermal coefficient is a constant at different

temperatures.

As discussed before, the free thermal strain is not sensitive to the thermal coefficient. How-
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Fig. 5.45 Time-dependent relaxation modulus functions at different temperatures and load
levels

ever, the influence of elastic modulus is discussed here. The differences between elastic
moduli at different chamber temperatures between elastic material and viscoelastic material
are shown in Fig. 5.46. The solid lines show the elastic moduli for the elastic material. These
values are measured in the compressive strength tests. The elastic modulus changes linearly
between the instantaneous elastic moduli at the ambient temperature and the reference cham-
bergasmperature. The dashed lines show time dependent elastic moduli at the corresponding

temperatures predicted by Prony series.

For simulating free thermal strain, the heating rate is set to 2 °C/min. A comparison
between performances of the elastic material model and viscoelastic material model is made.
The specimen is heated to a reference temperature without restraints. For both models, the
thermal coefficient is a constant. In the elastic material model, the instantaneous elastic
modulus is defined at each temperature. In the viscoelastic material model, the long term

elastic modulus is defined. The instantaneous elastic modulus is dependent on Eq. 5.19 at
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Fig. 5.46 Differences of instantaneous elastic moduli against time between the elastic material
and the viscoelastic material, at the heat rate of 2 °C/min

t = 0. The instantaneous elastic modulus used in the elastic material model is same as the
viscoelastic material model. Comparison of free thermal strains is shown in Fig. 5.47. Solid
lines and dashed lines represent free thermal strains based on the elastic material models and
the viscoelastic material model, respectively. Dotted lines represent the experimental results
at elevated temperatures. It can be seen that the responses for two models is similar. The
differences of elastic moduli between the elastic material model and the viscoelastic model

make no influence on free thermal strain simulations.

However, the heating rate is set to 2 °C/min in experiments. For higher heating rate, the
influence of elastic modulus is discussed. The free thermal strains are compared between the
elastic material model and the viscoelastic material model at the heating rate of 10 °C/min.
The differences of instantaneous elastic moduli at each temperature are shown in Fig. 5.48.
Figure 5.49 shows the comparison of free thermal strains. The differences of elastic moduli

of two material models make no influence on the free thermal strain results with constant
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Fig. 5.47 Comparison of free thermal strains between elastic material models and viscoelastic
material models at elevated temperatures, at the heat rate of 2 °C/min

thermal coefficient even at the heating rate of 10 °C/min. This is implies that inclusion of
viscoelasticity does not alter the free thermal expansion response. The reason perhaps is that
differential thermal expansion due to the thermal gradient has a relatively smaller influence

on strain.

The difference between elastic material model and the viscoelastic material model is the
value of thermal coefficient. For the viscoelastic material model, the thermal coefficient
is a constant at different temperatures. On the contrary, thermal coefficients are defined at
each temperature and change linearly between each temperature. However, the free thermal
strain is not sensitive to the thermal coefficient from the previous analysis. To simplify the
simulation, the viscoelastic material model can be used in free thermal strain simulation as

well.
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Fig. 5.48 Differences of instantaneous elastic moduli against time between the elastic material
and the viscoelastic material, at the heat rate of 2 °C/min
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5.7 Summary

This chapter discussed the experimental results of the compressive strength tests, stress-strain
relations tests, and heating-then-loading tests. Also, simulations were conducted to model

free thermal strain and time-dependent creep.

For the heating process, the temperature is not uniform in the oven. The temperature
at the higher recording position was found to be higher. It is likely that the use of fire resistant
sealant affects the concrete surface temperatures. The temperature data of concrete surface is
slightly lower than the real temperature. Although, the oven applies temperatures up to 600
°C. The experimental data shows that the oven only applies temperatures up to 590 °C in
real tests. In general, the temperature data is in good agreement with the simulation results

of Chapter 3.

For the experimental data of free thermal strain, Eurocode 2 has a higher prediction of
thermal expansion. It is hard to say if the free thermal strain suggested by Eurocode 2
is correct or not as thermal expansion is affected by many factors. However, the thermal

coefficient is modified with the experimental data and is used in the following simulations.

There is a linear time-dependent creep under stabilized load and temperature. The method of
modelling linear creep is via the use of a viscoelastic material. The parameters are based on
the experimental data. The method to obtain the parameters was discussed. The simulations
show that the simulation results fit the experimental curves well. The viscoelastic material

with Prony series provides a simple way to model time-dependent creep.



Loading-then-heating (LTH)

experiments and analysis

6.1 Introduction

This chapter presents the experimental data of the loading-then-heating (LTH) tests. The
temperature data recorded in the LTH tests is discussed. The instantaneous stress related
strain at ambient temperature and the total strain during transient heating are measured. Also,
the instantaneous stress-related strain at elevated temperatures, the time dependent creep, and
the free thermal strain were measured as indicated in Chapter 5. Different strain components
during heating under load are compared and discussed in this chapter. LITS comprises of the
transient creep, the time-dependent creep and the stress-related strain due to the change of
the instantaneous elastic modulus. Different LITS components are compared and discussed

in this chapter. Also, the experimental data is compared with different constitutive equations.

6.2 Temperature

For the LTH tests, the specimens were heated to the target temperatures of 200 °C, 400 °C

and 600 °C, respectively. Figure 6.1 compares concrete surface temperatures between the
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LTH tests and the HTL tests. For evaluating different strain components under different loads
and temperatures, the HTL tests chose the same heating rate with the LTH tests. Comparing
the temperature data from two series of tests, the temperature curves are similar. Therefore,

the free thermal strain achieved in the HTL tests are used for the LITS calculations.
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Fig. 6.1 Comparison of concrete surface temperatures between LTH tests and HTL tests

6.3 Loading-then-heating (LTH) tests

The procedure of the LTH tests was described in Chapter 4. A concrete specimen was loaded
at the beginning of the test. Then, the specimen was heated to the reference temperature at
the heating rate of 2 °C/min. After the chamber temperature reached the test temperature, the
temperature and load were maintained constant for 2 hrs. The load was removed at the end
of the test. The typical strain against time curve is shown in Fig. 6.2. The strain dropped
(becomes compressive) during the application of the compressive load. The instantaneous
stress-related strain at ambient temperature was measured immediately. Then, the strain curve

rose due to the thermal expansion during heating. However, the expansion was restrained by
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the load during heating. This load resulted in the transient strain. The strain again dropped
due to the transient strain. The total strain was measured before unloading. The compressive

strain decreased with unloading at the end of the test.

Strain 4

>

load

v

2 hours

heat

Fig. 6.2 The typical strain against time curve in LTH test

6.3.1 Instantaneous stress-related strain

The specimen was loaded at the beginning of the test. The instantaneous stress-related strain
was measured immediately after loading. The instantaneous stress-related strain in LTH tests

was measured at ambient temperature.

The mean instantaneous stress-related strains at different load levels are shown in Fig.
6.3. The dashed line was obtained from linear regression. The mean instantaneous stress-
related modulus was evaluated as 19000 MPa. Similar instantaneous modulus at ambient

temperature was measured in the compressive strength tests.

The measured mean instantaneous stress-related strains for different load levels at am-
bient temperature are compared with the instantaneous elastic strains at elevated temperatures

from the HTL tests and are shown in Fig. 6.4. Moreover, it is apparent that the instantaneous
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Fig. 6.3 Instantaneous stress-related strain at different load levels measured in the LTH tests

strains increased with temperature due to the decrease in the instantaneous elastic modulus.
The load was kept constant during the test. Therefore, considering the results of the last
chapter, it is fair to assume that the instantaneous stress-related strains would have increased

with temperatures.

Figure 6.5 shows the mean ratio of the instantaneous stress-related strain at ambient tem-
perature to the instantaneous stress-related strain at elevated temperatures. The ratio was
in the range of 40% to 60% for temperatures over 400 °C and load levels over 30 %. The
instantaneous stress-related strain at elevated temperatures was almost two times greater than

the strain at ambient temperature.

6.3.2 Load induced thermal strain

The specimens were heated under constant load during the LTH tests. Figures 6.6 - 6.8

show the mean axial strain response (obtained from two specimens in each case) during the
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heating phase on the outer surface of the specimens. The strain response is measured from
the initiation of heating, i.e. after the application of the load. It can be seen that the strain
increases at the beginning of heating phase due to thermal expansion. Thereafter, the thermal
expansion is counteracted by the load. The influence of load causes compressive strains. In
the last chapter, it was seen that the instantaneous elastic modulus decreased with increasing
temperatures. The difference in elastic moduli results in extra stress-related strain. Also,
the time-dependent creep will develop under sustained load. These three factors cause the

observed compressive strain response.
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Fig. 6.6 Total strains of LTH tests during heating at 200 °C after initial loading for different
loading levels

It is interesting to note that the post-loading strain fluctuates during the heating tests at
600 °C (Fig. 6.8). It can be seen from Fig. 6.8 that the strain increases and then decreases,
the same as in Figs. 6.6 and 6.7. Thereafter it starts to increase again at around 11000
seconds. Examining the temperature data of the LTH tests (Fig. 6.1), the temperature of
concrete surface reached 400 °C at around 11000 seconds. Experiments conducted in Chapter

5 showed that starting from 400 °C, there is an increase of thermal expansion and reduction
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in the rate of elastic modulus decrease (Fig. 6.9). These reasons explain the second rise in
the strain curves. Also, the total strain at around 400 °C in Fig. 6.8 is similar to strain at the

end of heating test of 400 °C (Fig. 6.7).
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Fig. 6.9 Comparison of free thermal strains at different temperatures

LITS is represented as the difference of between the free thermal strain of an unloaded
concrete specimen and the strain measured under load after subtracting the initial elastic
strain. LITS is calculated as

LITS = &, — &, — € (6.1)

where &, is the total strain measured before unloading, &, is the free thermal strain (as
measured in the HTL tests) and &,; is the instantaneous elastic strain measured at ambient

temperature.

Figure 6.10 illustrates the total strains of the LTH tests for different load levels subtracting

the initial elastic strains. The total strain at a temperature was measured before unloading.
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The total strain at 0% load level is the free thermal strain measured in the HTL tests. The
differences between the total strain at 0% load level and the total strains at other load levels

where the values of LITS at different load levels.

0.006

0.005 H

0.004 -

0.003 -

Strain

0.002

0.001 H

-0.001

-0.002

0 200 400 600
Temperature (°C)

45%

0%

20%

30%

Fig. 6.10 Total strains of LTH tests during heating for different load levels, subtracting initial
elastic strains

The values of LITS evaluated from Fig. 6.10 are shown in Fig. 6.11. As can be seen
from Fig. 6.11, LITS varies nonlinearly with temperature. It can be observed from Fig. 6.11
that the slopes of LITS between the ambient temperature and 200 °C are larger than the slopes
of LITS between 200 °C and 400 °C. Loss of moisture from concrete at around 180 °C is one
possible cause for this. For temperatures above 400 °C, the magnitude of LITS had a consid-

erable increase. The values of LITS are compared with other models in the following section.

Figure 6.12 shows LITS as a function of load level. Previously LITS has been linearly
related to load levels. It has been shown through the experiments [11] that the LITS curve is

more linear when the heating rate is slower and the specimen is pre-dried before the test.
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Figure 6.13 illustrates different strain components at elevated temperatures. The main
strain components under sustained load at elevated temperatures were free thermal strain (&;,)
and LITS. Comparing free thermal strain and LITS, the proportion of the initial stress-related
strain (&) is small. The magnitude of LITS is similar to free thermal strain. It is the largest

strain component under higher load levels.
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Fig. 6.13 Comparison of different strain components at different temperatures
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6.4 LITS components and models

6.4.1 LITS components

As discussed in Chapter 2, LITS includes the variations of the instantaneous stress-related
strain due to the reduction of the instantaneous elastic modulus at elevated temperatures, the
time-dependent creep, and the transient creep during first heating under load. LITS is given
by

LITS = A&, 0+ €r + & (6.2)

where Ag,; ¢ represents the variation of the instantaneous stress-related strain, & is the

time-dependent creep, and &, is the transient creep.

The variations of the instantaneous stress-related strain were discussed in the previous
section. The time-dependent creep was discussed in Chapter 5. Figures 6.14 - 6.16 illustrate
different components of LITS at different load levels. It can be seen that transient creep is the
largest component of LITS. Figure 6.17 compares the values of different LITS components
at different temperatures. Time-dependent creep is the smallest component at all load levels
and at all temperatures. It is, however, not negligible, particularly at higher load levels. Also,
the transient strain developed during the heating phase in these LTH tests, increased with
increasing temperatures. The transient creep remained constant when the temperature was
constant. There was no extra instantaneous stress-related strain due to the change of the
instantaneous elastic modulus. The time-dependent creep developed under the sustained load
with time. In this research, the time-dependent creep was measured after 2 hrs. For the tests

with longer heating time, the proportion of time-dependent creep increased.

6.4.2 Instantaneous unloading strain

As discussed earlier, LITS is evaluated by excluding the instantaneous stress-related strain at

ambient temperature. However, the instantaneous unloading strain measured after unloading
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is larger than the excluded value, which means LITS contains recoverable strain. The
recoverable strain is calculated as the difference between the instantaneous stress-related
strain at ambient temperature and the instantaneous unloading strain at elevated temperatures.
The ratios of the recoverable strain to LITS are shown in Fig. 6.18. The ratios are in the

range 5% to 15%.

6.4.3 Transient models

The models used to describe transient creep and transient strain were discussed in Chapter 2.
The models were based on uniaxial loading. The experimental data were compared with the

constitutive models.
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Transient creep
Anderberg [10] generated the equation for the transient creep based on experimental data.

The transient creep was calculated as

&r = LITS — A&, 9 — &cr (6.3)

By analyzing the experimental results, the transient creep was found to be approximately

proportional to the load level and free thermal strain. The transient creep was represented as

o
&r =k Eeth (6.4)

where o/ f. is the load level and k; is the constant based on experimental data. Figure 6.19
illustrates the relationship of &,/(o/f.) and the free thermal strain from this study. The
dashed line is the best fit line for the values at 200 °C and 400°C obtained from linear
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regression. It can be seen that the relationship expresses by Eq. 6.4 is not entirely valid for
higher temperatures. The estimated k, value from linear regression was 2.5. It has been

agreed by Anderberg that the transient creep equation is not fit for temperatures above 550 °C.
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Fig. 6.19 Ratio of transient creep to load level against free thermal strain for different load
levels

Nielsen [65] modified Anderberg’s equation by assuming a linear relation with the tem-

perature instead of the free thermal strain. The transient creep was represented as

(e

ar=Py

(6 —20) (6.5)

where 3 is a coefficient based on experimental data. Figure 6.20 shows the relationship of
&r/(0/fc) and the temperature. The dashed line was again obtained from linear regression.
Similar to Anderberg’s equation, B was assumed to be constant for temperatures under 400
°C. For simulating the curve above 400 °C, 3 varied with temperatures as LITS increased

rapidly after 450 °C. It is clearly possible to develop a nonlinear empirical equation based on
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the three temperatures considered in this study. However, to be really representative more

transient strain data over 400 °C needs to be generated.
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Fig. 6.20 Ratio of transient creep to load level against temperature for different load levels

Load Induced thermal strain

Terro [46] developed the LITS model for concrete with different types of aggregate up to
450 °C. LITS was considered as the linear function of load level. The value of LITS under

30 % load level was expressed as

LITS(6,0.3) =Ag+A10+A20% +A36° +A,0* (6.6)

where LITS(6,0.3) is calculated by parameters (Ao, A1, Ay, A3, Ag) = (-43.87,2.73, 6.35x1072,
-2.19x107%, 2.77x1077). LITS value at other load levels was evaluated as

LITS(6,0/f.) = LITS(6,0.3)(0.032 + 3.226%) 6.7)

c
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Figure 6.21 shows a comparison between experimental data from this study and Terro’s
model. Comparing experimental data with the equation, it can be seen that the transient creep

is smaller than that suggested by Terro.
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Fig. 6.21 Comparison of LITS between experimental data and Terro’s constitutive model

6.5 Summary

The experimental data analyse from the LTH tests were discussed in this chapter. In the LTH
tests, the instantaneous stress-related strain was measured at ambient temperature. The total
strain during transient heating was also measured. LITS was calculated with the total strain

and free thermal strain measured in the HTL tests.

Different LITS components, including the transient creep, the time-dependent creep, and the

instantaneous stress-related strain due to the change of instantaneous elastic modulus, were
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compared for different temperatures and load levels. As expected, the transient creep was
the largest component of LITS. However, the transient creep developed during the transient
heating. There was no additional transient creep during constant heating. Although the
time-dependent creep only accounted for a small proportion of LITS, it was not negligible.
The time-dependent creep increased with longer heating time. The ratio of the recoverable

strain to LITS is around 5% to 15%.

The transient strain and transient creep were compared by using available empirical equations.
Most equations are applicable to the temperature under 450 °C; there is considerable increase
in transient strain after 450 °C. Comparing constitutive models, the transient creep and the
transient strain gave a reasonably good agreement with the experimental data under 450
°C. More tests above 450 °C are required to obtain more accurate curves of LITS at high

temperatures.



Validation of Prony series

7.1 Introduction

In Chapter 5, the method of simulating time-dependent creep was developed. The simulation
was based on Prony series. The Prony parameters were based on curve fitting of experimental
results. The time-dependent finite element analysis to evaluate time-dependent creep strain

was conducted in ABAQUS.

To explore the strengths and limitations of the viscoelastic model using the Prony series, the

simulation is compared to previously developed models and experimental data.

7.2 Simulation with the constitutive model

Anderberg [10] explored time-dependent creep through experiments. An empirical con-
stitutive model was developed from the data. The simulation in this section is based on

constitutive model.
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7.2.1 Constitutive model

The specimens used in the experiment conducted by Anderberg [10] were a concrete cylin-
ders with a diameter of 75 mm and a height of 150 mm. The average compressive strength
at ambient temperature was around 50 MPa. During the test, test temperatures varied from
20 °C to 650 °C. Specimens were subjected to different load levels, i.e. 11%, 22.5%, 45%,
67.5% and 90%. The specimens were heated to the test temperature at the beginning. A

constant load was applied to the specimen and sustained for 3 hrs.

Anderberg [10] derived the equation for the creep under sustained temperature and stress,

which is

£ — —0.00053;’(;)0-%0400304(9—20) (7.1)
c,0 lr

where €, is the time-dependent creep, t is the time, #, is the sustained time, ﬁ is the load
level, and O is the temperature. As can be seen from the equation, the creep increases linearly
with load level at any given temperature. Therefore, the creep is simulated based on the theory
of viscoelasticity. Figure 7.1 shows the creep strain curve based on different temperatures at

22.5 % load level.

It is important to note that the creep strain in Fig. 7.1 cannot be used in the curve fit-
ting directly. The creep strain must include initial instantaneous stress-related strain for
curve fitting. Figure 7.2 shows the stress-strain relations for different temperatures based
on Anderberg’s experimental data [10]. As time-dependent creep is independent of the load
level, the Prony series employed was based on the creep strain at 22.5 % load level and

different temperatures. Figure 7.3 shows the creep strain curves used for curve fitting.

7.2.2 Simulation results

Figure 7.4 shows a comparison of time-dependent creeps from experimental data and simula-
tion results evaluated by MATLAB. Each time-dependent creep curve contained the value of

initial instantaneous stress-related strain. The curve fitting was based on 1-term Prony series
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and 3-term Prony series. As can be seen from Fig. 7.4, the simulation results with 3-term
Prony series fit the experimental data better than the simulation results with 1-term Prony se-

ries. With the increase in the number of Prony terms, the simulation results are more accurate.

The Prony series based on curve fitting was used to conduct time-dependent finite ele-
ment analysis in ABAQUS. In the simulation, the temperature of the model was constant and
uniform. The reference temperatures were set to 265 °C, 400 °C, and 500 °C, respectively.
The load was kept constant for two hours. Figures 7.5 and 7.6 show simulation results of

time-dependent creep with the viscoelastic material model.

As can be seen from Figs. 7.5 and 7.6, the simulation with more numbers of Prony terms
gives more accurate simulation results. The simulations with 3-term Prony series describe
the creep strain curves better at the beginning with more accurate initial instantaneous elastic

modulus. There is a considerable difference between experimental data and simulation results
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at 500 °C and 45% load level shown in Fig. 7.6. The main reason is that the plasticity and
damage are not included into the simulation. As shown in Fig. 7.2, the plasticity exists from

20% load level at 500 °C.

7.2.3 Prony parameters

As creep strain is independent of load levels as discussed earlier, the curve fitting in MATLAB
was based on the creep strain at 22.5% load level and different temperatures. Table 7.1 shows

the constants for different temperatures with different numbers of terms in the Prony series.
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The corresponding creep compliance functions (D(t)) with different numbers of Prony terms
are shown in Fig. 7.7. The time-dependent relaxation modulus functions (E(t)) with different
numbers of Prony terms are shown in Fig. 7.8. The creep compliances and the time-dependent
relaxation moduli with different numbers of Prony terms are slightly different. As can be
seen from Fig. 7.7, the initial time-dependent creep compliances are slightly lower with
3-term Prony series. With higher initial instantaneous elastic modulus, the creep curve is

simulated more accurately.
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Fig. 7.7 Time-dependent creep compliance functions at different heating temperatures with
I-term Prony series and 3-term Prony series
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Fig. 7.8 Time-dependent relaxation modulus functions at different heating temperatures with
I-term Prony series and 3-term Prony series

7.3 Simulation with experimental data

Gillen [8] conducted experimental work of short-term creep of calcareous concrete at elevated

temperatures. The simulation in this section is based on their experimental data.

7.3.1 Experimental data

The specimens used in the experiment were concrete cylinders with a diameter of 51 mm
and a height of 102 mm. The average compressive strength was 23.2 MPa at 28 days. During
the tests, test temperatures varied from 22 °C to 649 °C. Specimens were subjected to load
levels of 30%, 45% and 60%. At the beginning of the test, specimens were heated to the test
temperatures without load. Thereafter, all specimens were subjected to a constant load level
and temperature for 5 hrs. Each test was repeated twice for reliability. Figure 7.9 shows the
average creep strains of calcareous concrete cylinders under sustained temperatures and load

levels for 5 hrs.
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Fig. 7.9 Average creep strains of calcareous aggregate concrete under different sustained
temperatures and load levels for 5 hrs

As can be seen from Fig. 7.9, the creep strains increase linearly with load level at 22
°C, 93 °C, 204 °C and 316 °C. At 427 °C and 538 °C, the creep strain at 60% load level
is slightly lower than that estimated from linear extrapolation. However, the difference is
small. At 649 °C, the creep strain has a considerable increase under 60% load level. The pos-

sible reason is post-elastic behaviour under the high temperature and large compressive stress.

For viscoelastic material, the creep strain is independent of load level at same tempera-
ture. As discussed before, the creep strain increases linearly with load level, excluding the
creep strain under the 60% load level at 649 °C. The simulation was based on experimental
data at 204 °C, 316 °C and 538 °C. The curve fitting is based on the creep strain at 30% load

level and different temperatures.

There is no specific experimental data of initial instantaneous stress-related strain in the
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reference [8]. For simplification, the initial stress-related strain is assumed to increase linearly.

Figure 7.10 shows the creep strain curves used in the curve fitting.
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Fig. 7.10 The creep strain curves used for curve fitting, at 30% load level

7.3.2 Simulation results

Figure 7.11 shows a comparison of time-dependent creeps from experimental data and simu-
lation results evaluated by MATLAB. The curve fitting was based on 1-term Prony series and
3-term Prony series. As can be seen from Figs. 7.11 (a) and 7.11 (b), the simulation results
with 3-term Prony series fit the experimental data better than the simulation results with
I-term Prony series at 204 °C. For higher temperatures, the simulation results with 1-term
Prony series and 3-term Prony series are similar. The creep strain has a considerable increase
at the beginning compared to data at 204 °C. By increasing the numbers of Prony terms, the

accuracy of simulation can be improved.

The Prony series based on curve fitting was used to conduct time-dependent finite ele-
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Fig. 7.11 Comparison of time-dependent creeps from experimental data and simulation
results evaluated by MATLAB for different heating temperatures
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ment analysis in ABAQUS. Figure 7.12 shows simulation results of time-dependent creep
with the viscoelastic material model. For time-dependent creep strain at 204 °C, the simula-
tion results with different numbers of Prony terms are similar as the creep strain is relatively
low at low temperature. For simulation results at 316 °C, the increase in numbers of Prony
terms improves the performance of simulation results. With more Prony terms, more accurate
initial instantaneous elastic modulus is achieved. For simulation results at 538 °C, there is
a significant difference between experimental data and simulation results. As can be seen
from Fig. 7.12, the creep strain has a rapid growth at the beginning compared with other
strain curves. To achieve more accurate simulation results, more numbers of Prony terms are

necessary to describe the curves.
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Fig. 7.12 Comparison of time-dependent creeps from experimental data and simulation
results at different temperatures, at 30% load level

7.3.3 Prony parameters

As the creep strain is independent of load levels as discussed earlier, the curve fitting in

MATLAB is based on the creep strain at 30% load level and different temperatures. Table 7.2
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shows the constants for different temperatures with different number of terms in the Prony

series terms employed.
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The corresponding creep compliance functions (D(t)) with different numbers of Prony terms
are plotted in Fig. 7.13. The time-dependent relaxation modulus functions (E(t)) with
different numbers of Prony terms are shown in Fig. 7.14. The creep compliance and the
time-dependent relaxation modulus with different numbers of Prony terms are almost the
same. Therefore, the total time-dependent creep strain developed under sustained load and

temperature is similar with different numbers of Prony terms.
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Fig. 7.13 Time-dependent creep compliance functions at different temperatures with 1-term
Prony series and 3-term Prony series
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Fig. 7.14 Time-dependent relaxation modulus functions at different temperatures with 1-term
Prony series and 3-term Prony series

7.4 Summary

In this chapter, the simulation with Prony series was validated with a previously developed

constitutive model and the experimental data.

During the simulation of the constitutive model, the accuracy of the simulation results
was improved by increasing numbers of Prony terms. With more numbers of Prony terms,
the initial instantaneous elastic modulus was more accurate. The simulation results fit the
creep strain curves better than these with 1-term Prony series. Also, the limitation of vis-
coelasticity was exposed. Plasticity and damage cannot be included in a viscoelastic model.

The viscoelastic model is unable to represent post-elastic response at higher load levels.

During the simulation of the experimental data, 3-term Prony series was not sufficient
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with a sharp slope of the creep strain curve. More numbers of Prony terms are necessary for

describing the time-dependent creep more accurately.



Conclusions and suggestions for

future work

8.1 Introduction

This thesis has evaluated the behaviour of concrete at elevated temperatures through experi-
ments and numerical simulations. Main conclusions are based on mechanical behaviour of
concrete at elevated temperatures, simulations of time-dependent creep, heat transfer analysis,

and digital image correlations. Some suggestions for future work are given at the end.

8.2 Mechanical behaviour of concrete at elevated tempera-

tures

Two series of tests were conducted to evaluate different material behaviours of concrete
at elevated temperatures: those in which heated samples are subjected to loading, load
holding, unloading and recovery; and those in which load samples were subjected to heating,
maintenance of constant temperature, unloading and recovery. All tests were conducted

under different load levels and temperatures.
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The heating-then-loading tests were used to measure free thermal strain, instantaneous
stress-related strain, time-dependent creep, and instantaneous unloading strain. It was found
that the thermal expansion is lower than the prediction from Eurocode 2. It is difficult to
conclude if the free thermal strain suggested by Eurocode is incorrect as thermal expansion is
affected by many factors. In this study, the thermal coefficient is modified with experimental

data and is used in the simulations.

Comparing the instantaneous stress-related strain with the corresponding instantaneous
unloading strain, the recovery of instantaneous stress-related strain after unloading is around
80%. The time-dependent creep strain is evaluated under various sustained temperatures and
load levels for 2 hrs. It increases almost linearly with load levels, which indicates that it is

independent of load levels.

The loading-then-heating tests were conducted to evaluate instantaneous stress-related strain,
load induced thermal strain and instantaneous unloading strain. The difference between free
thermal strain and the strain due to heating under sustained load excluding initial stress-
related strain at ambient temperature is evaluated as load induced thermal strain. At high
temperatures, the LITS is the largest strain component from mechanical response. In some
cases, the time-dependent strain is accounted over 10% of load induced thermal strain which

is not negligible.

It is found that the increment of instantaneous stress-related strain at elevated temperatures is
included in load induced thermal strain. The difference is due to variation of instantaneous
elastic strain at elevated temperature. After unloading, around 80% instantaneous stress-
related strain at elevated temperature is recovered. Although the instantaneous stress-related
strain at ambient temperature is extracted from load induced thermal strain, the load induced

thermal strain still contains recoverable strain of around 5% to 15%.
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8.3 Modelling time-dependent creep

There is a linear time-dependent creep under sustained temperature and load conducted by
work. The method of modelling linear creep is via the use of a viscoelastic material. To

meet the requirement of viscoelasticity, the time-dependent creep is independent of load level.

The Prony series introduced and discussed in Chapter 5 are used to simulate time-dependent
creep. The parameters are evaluated through curve fitting in MATLAB. Then, the parame-
ters are used in finite element analysis for defining viscoelastic material in ABAQUS. The
simulation results fit the experimental data well. The viscoelastic material with Prony series

provides a simple way to model time-dependent creep.

Through the validation of Prony series, the simulations are based on a previously developed
constitutive model and the experimental data. The accuracy of the simulation results is
improved by increasing numbers of Prony terms. It has to be emphasized that the creep
strain used in curve fitting includes initial stress-related strain. By improving numbers of
Prony terms, the initial instantaneous elastic modulus will be more accurate, which means

the simulation results fit the creep strain curves better.

There is a limitation of viscoelasticity, as the concrete plasticity is not considered in the
viscoelastic model. The viscoelastic model is unable to represent post-elastic response at
higher load levels. In some cases, 3-term Prony series may not be sufficient with sharp slopes

for the creep strain curves.

8.4 Heat transfer analysis

The heat transfer analysis is conducted to find the most efficient and reasonable heating rates

for the experiment in order to prevent damage due to differential thermal expansions.

For the heating rate of 10 °C/min, the temperature difference between the central line
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and the surface exceeds 300 °C when the chamber temperature reaches 600 °C. Also, the

heating process with the heating rate of 1 °C/min takes over 10 hrs, which is not efficient.

The concrete has a considerable thermal gradient due to low conductivity. With variable ex-
pansion within concrete, stresses arise during transient heating. Thermomechanical analysis
is conducted with the heating rates of 2 °C/min and 5 °C/min. In these analyses, stresses
caused by temperature gradients during the heating process are evaluated. Through the heat
transfer and mechanical analysis, the heating rate is set to 2 °C/min for the experiments. This
heating rate can avoid dangerous stresses due to temperature gradient while taking less time

in comparison to the rate of 1 °C/min.

The study also shows that the chamber temperature needs to be maintained constant for 2 hrs

to achieve uniform temperature in the concrete

8.5 Methodology of strain measurement

The digital image correlation technique is used to measure strain data during the experiment.
The camera is set to take photos of unique painted pattern on the concrete surface during the
test. By analyzing the movement of pixels with continuous photos by MATLAB, the value of
strain is evaluated. The method of post-processing photos is a simple and inexpensive way to

evaluate strain data during tests.

8.6 Suggestions for future work

Suggestions for future work are:

* To consider post-elastic behaviour of concrete in the simulation of time-dependent

creep, combining the linear time-dependent creep with post-elastic response at higher
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load levels should be considered.

* To evaluate accurate thermal gradients during heating, insertion of thermocouples
along the radius of the concrete specimen during casting should be undertaken. This
will permit measurement of accurate temperature distributions during transient heating

and comparison with simulation results.

* To simulate transient strain, which is one of the largest strain components, routines
that can incorporate variation of viscoelastic properties with temperatures should be

developed.
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