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ABSTRACT

Study of concrete properties at high temperatures remained a focus of many
researchers since years. In this research, the impact of heating on concrete specimens was
studied while considering the toughness parameter, and then the outcomes were matched
with the unheated concrete specimens. For this purpose, experimental data from previous
studies was collected, analyzed and functions were proposed for various properties of

concrete.

The working was carried out on the after-peak portion of the stress strain curves
obtained from the compression testing of concrete specimens in a strain-controlled
environment. The stress-strain curves were imported in AutoCAD and scaled as required.
Several points were marked on the post-peak portion of each stress-strain curve and the
values were imported in an excel spreadsheet. Furthermore, the post-peaks were analyzed
by following a methodology and toughness parameter was computed for each available
stress-strain curve. After that, the toughness parameter was normalized with respect to room
temperature value. The trend of toughness parameter (Af) was analyzed by plotting

normalized Arversus temperature and a function was proposed for its variation.

Different types of concretes studied in this research include normal strength concrete,
concrete with polypropylene fibers, steel fibers, PET, rubber, Meta kaolin etc. The impact of
heating on other properties of concrete like compressive strength, elastic modulus and peak
strain was also studied at high temperatures and different functions were proposed for these
as well after analyzing the collected data. The post-peaks of the tentative stress-strain curves
were matched with the ones gained from the models to understand the variation. Two
additional post-peaks were also plotted including one using the minimum toughness
parameter (Af) and the second using the maximum toughness parameter (Af) at a specific
temperature. The trends were observed with respect to the maximum temperature attained

as well as considering the concrete constituents.
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CHAPTER 1: INTRODUCTION

The building industry plays an essential role in the monetary development and social
growth and is considered as a backbone of any country (Sohu et al., 2017). Nowadays,
concrete is one of the most important construction building material being used in the
building industry and due to this, the demand of concrete has been ascended to such a
particular level that currently it is perhaps one of the most used construction materials in the
world (Lakhiar et al., 2018). The popularity of concrete has increased due to its resilience and
accessibility. A wide range of construction projects utilize concrete ranging from residential
houses, skyscrapers, bridges, pavements, and dams (Behbahani et al., 2011). Concrete is quite
possibly the most adaptable structural materials (Ragavendra et.al., 2017). It is a composite
material that comprises of cement, sand, aggregate and water in a specific recommended
fraction (Ajagbe et.al., 2018). Concrete can be easily casted into any shape which can be a
circular water tank or a structural element like a standard beam or column. (Behbahani et al.,

2011).

The most used construction material on earth is concrete (Ragavendra et.al., 2017),
still concrete failures occur despite adequate design and mix ratio (Ajagbe et.al., 2018). The
upsides of utilizing concrete incorporate high compressive strength, great resistance to fire,
low maintenance costs, and longer structure life. While the disadvantages of concrete
incorporate poor elasticity, low failure strain and formwork necessity (Ragavendra et.al.,
2017). Gollu et al. (2016) mentioned unsuitable materials, and unsound, reactive, and
contaminated aggregates as part of the sources of concrete failure in buildings. Concrete will
only become a quality material for construction when its constituents are properly sourced.
The aggregate quality can vary considerably due to the location from which it was sourced
and the ecological conditions (Ajagbe et al., 2018). Fowler and Quiroga (2003) stated that the
coarse aggregates in concrete impact the properties of concrete to a great extent. They
constitute around 70% to 80% of concrete volume. The characteristics of cement, sand and
aggregate used for the concrete are the main components that affect the concrete strength

(Shetty, 2005). The aggregate strength significantly affect the resistance and mechanical
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performance of cement based materials. A low-quality weak gravel used for concrete cannot
produce strong concrete (Neville, 2011). However, the aggregate quality is not the only
parameter that will impact the strength of concrete and hence a benchmark of concrete

performance is used to determine the strength of concrete based on its constituents.

1.1 Compressive and Tensile Strength of Concrete

It's been known by early 1800’s that concrete has a very good compressive strength
while it is very weak in tension and hence it is not much capable to resist the cracks induced
by tensile stresses. (Agarwal et al., 2014). Amongst the concrete’s characteristics, its
compression strength is the most significant parameter for designing a structural member
like a beam or column and calculating its load-bearing capacity. On the other hand, tensile
strength can be used as a main parameter to calculate the limiting stress value at which
cracking occurs in concrete (Otter et. al., 1988). Nearly complete loss of loading ability can
happen once failure is initiated, which eventually bounds its usage and application. To
overcome this weakness, usage of steel bars for reinforcing concrete is done thus to improve

its tensile strength (Agarwal et al., 2014).

The compressive strength of concrete does not remain constant throughout the life
of building due to various effects. This primarily includes curing during the first week after
the initial concrete setting. Moreover, the development of cracks in concrete at later stages
also impacts the compressive strength. (S. Biondi et. al., 2008). Some of the aspects that
effect the concrete strength include gravel quality, sand quality, water to cement ratio, type

of cement used etc. (Noorzaei et al., 2007).

1.2 Ductility and Brittleness of Concrete

Ductility is the measure of plastic distortion of a particular material before the final
fracture. If a material is ductile then it will have a good energy absorption capacity as

compared to a brittle material which usually has higher strength, but the energy absorption
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capacity is low. The ductile materials are more useful for designing the structural elements

and steel is a good example of ductile material. (Mosaberpanah et. al., 2016).

Brittleness is another one of the disadvantages in high strength concretes. Earlier,
many researchers have researched on the brittle behavior of concrete structures and
proposed different solutions (Mohammad et.al., 2015). The use of ultra-high-performance
Concrete in the construction industry is quite common nowadays. It is one of the innovative
and progressed composite material with very good mechanical characteristics (Resplendino,
2013). The ultra-high-performance concrete can be obtained by using very fine sand to lower
the porosity of concrete. Moreover, proper curing and compaction should be carried out and
the water requirement can be lowered by the addition of plasticizers. Finally, fibers can also
be added in such concretes to further enhance the tensile strength of concrete. (Park et.al.,

2012).

Concrete is a brittle material when compared to other construction materials like
metals which include structural steel and hence it has a low tensile strength. Concrete can be
reinforced with steel fibers or bars to introduce ductility in its behavior which then allows it
to resist cracking caused by tensile stresses. Following are the points that should be

considered while reinforcing steel in concrete:

1. The steel fibers when used as reinforcement in concrete significantly reduces
its workability. The increase in steel fiber volume fraction will eventually
decrease the workability.

2. 3% s the optimum volume of steel fibers at which we can attain the maximum
compressive and flexural strength without impacting the workability of

concrete (Oad et al., 2018).

1.3 Toughness of Concrete

The toughness of concrete in compression can be obtained by measuring the area

below the stress-strain curve obtained by compression testing of concrete (Mindess et al.
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1994). Addition of fibers in concrete increase the strain at peak load and at the same time
improve the energy absorption capacity of concrete specifically in the post-peak region of the
stress-strain curve. The toughness parameter of concrete can be evaluated by calculating the
energy required to distort the sample or break it and it can be computed by measuring the
area under the stress-strain curve (Mindess et al. 1994). Th obtained value is known as

compression toughness of concrete and it has the same units as of work.

Toughness index is a useful parameter that can help in the evaluation of toughness
properties of cement-based materials. It is basically a relative term and can be computed by
taking a ratio of toughness of fiber reinforced concrete to that of plain cement concrete.
(Ahmed et.al., 2014). Based on fracture toughness parameters, the structural steel is dozens
of times better than concrete when it comes to resistance to crack development. Concrete is
very susceptible to crack development due to tensile stresses and hence it can be fractured
easily. These micro-cracks can allow the entrance of harmful agents inside concrete and result
in dangerous phenomenon’s like steel corrosion, freeze and thaw damages etc. (Ragavendra

et.al., 2017).

1.4 Role of Concrete’s Tensile Strength in Cracking

The cracking in concrete is a major issue faced in the construction and a number of
researches have been carried out to investigate it. Sometimes, concrete only gets micro-
cracks and the elements still take all the applicable design loads but there are some other
problems associated with the microcracks that need to be taken care of. Fractures in concrete
make a way for the harmful chemicals and reagents that causes destruction and reduces the
concrete strength. Several underlying reasons can cause cracking in concrete structures and
the major one is the increase of tensile stresses. This type of cracking is caused by the
shrinkage phenomenon and to avoid this, curing of concrete is carried out during the initial
strengthening stage of concrete. However, creep on the other hand is quite related to long
time-dependent cracking of concrete under a constant loading. The tensile stresses produced
in concrete by the shrinkage and are relieved by creep and this help in limiting the cracking

behavior. The magnitudes of corresponding values of shrinkage and creep in concrete
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determine the amount of tensile stress inside the concrete element. So, it can be deduced
that the possibility of cracking in concrete can be determined by comparing the induced

tensile stress with the tensile strength or the capacity of concrete. (Jiang, 1997).

It is very important to study the tensile properties and characteristics of concrete to
determine the cracking behavior, patterns, and possibilities due to shrinkage phenomenon.
Concrete cracking can be best understood by focusing on the nature of tensile stresses which
are induced in the concrete due to shrinkage. The existence of creep phenomenon in concrete
can greatly help in reducing the tensile stresses due to shrinkage. Moreover, it also allows to
determine the methods that can be applied to study the shrinkage behavior cracking in a

concrete structure. (Kristiawan, 2006).

1.5 Fibers Reinforced Concrete (FRC)

The addition of steel bars in concrete can enhance its tensile strength and at the same
time improves the crack resistance properties. However, this choice is not cost-effective due
to high price of reinforing steel. Concrete itself is a cheap material but the addition of
reinforcing bars significantly increases the cost of construction. Concrete is a highly dense
material because of the presence of coarse aggregates that have high specific weight. The
abundant self-weight of concrete elements is a major concern during the design of concrete
structures and the addition of heavy steel rebars further increases the self-weight of
concrete. This increases the amount of overall deadload on the building and creates certain
limitations. So, researchers started focusing on alternatives that can minimize these
drawbacks without compromising the tensile properties achieved due to the addition of steel.

(Agarwal et al., 2014).

In the past few years, a lot of studies have been carried out in the construction
industry to improve the strength of concrete by addition of cheap substitute materials.
Addition of plastic flakes, bamboo fibers, rubber crumbs, recycled aggregate and human hairs
in the concrete was studied by various researchers in the recent years. However, the addition

of plastic fibers (mainly polypropylene) in concrete proved to be the most-effective solution
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to cater for the low tensile strength. These fibers are usually added in a specific proportion
and they are randomly dispersed inside the concrete paste during the mixing. Such concrete
is called as Fiber Reinforced Concrete or FRC. Different types of fibers can be added in the
concrete mixture to improve its strength and these include steel fibers, plastic fibers, glass
and other synthetic fibers. Out of all these additives, the steel fiber addition proved to be the
most beneficial in term of strength gain and therefore, frequently used in concrete as well as

cement-based mixes like shotcrete. (Malagavelli et.al., 2011).

Once of the major disadvantage of concrete construction is that the elements get
microcracks soon after the concrete is poured or casted. If this cracking phenomenon is not
controlled with proper curing then these cracks spread-out very fast and become a cause for
the low tensile strength of concrete. Therefore, addition of fibers in concrete is the best idea
to eliminate this problem up to some extent. Steel or polypropylene fibers addition in
concrete increases its overall resistance to shrinkage cracking and imparts greater tensile
strength in the element. This is the reason of such a wide popularity of FRC concrete which
contains randomly dispersed thousands of fibers thus improving the overall tensile properties

of concrete. (Rana, 2013).

Nowadays, a vast variety of synthetic as well as natural fibers are utilized for the
preparation of FRC. The use of steel fibers is most common due to the tensile strength
benefits achieved by their addition. In the past twenty years, the popularity of SFRC in the
construction of concrete pavements, parking lots and runways has increased so much. The
SFRC is more effective because of high strength of steel fibers and their diffusion in concrete
mix helps in overall mechanical properties improvement. (Sorelli et al., 2006). The steel fibers
are introduced in the concrete mixes to improve the response of concrete after cracking. This
increases the energy absorbing capability and at the same time imparts ductility to it. In short,
steel fibers help in overall integrity and increase in tensile property of concrete element thus

improving its crack resistivity and control. (Ragavendra et.al., 2017).
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1.6 Applications of Fiber Reinforced Concrete (FRC)

FRC has been used commonly in a number of construction areas including commercial
buildings, retaining walls, heavy foundations, pre-stressed concrete and shotcrete.
(Malagavelli et.al., 2011). The major advantages of using FRC for construction is cracking
control. Moreover, with the use of FRC, the dimensions of concrete beams and columns can
be greatly reduced. The results of fiber additions can be enhanced by using a hybrid mix of
fibers. This can be a mixture of steel & glass fibers that can contribute to the overall increase
in mechanical characteristics. This includes improvement in ductility as well as load bearing
capacity of concrete structure. (Wenjun Qu, 2009). Fibers are also being used in the
construction of flexible pavements in road construction as investigated by Vasudevan et. al.,
(2007). The melted plastic fibers coverup the surface of stone aggregates and it also helps in
reducing the number of pores, thus improving the overall aggregate soundness. (Malagavelli

et.al., 2011).

1.7 Post-peak Behavior of Concrete in Compression

The concrete post-peak behavior under tension has been studied by some researchers
but there is only a limited data available regarding the study of after peak concrete behavior
in compression testing. Concrete is brittle in nature and it is not easy to get the post-peak
curve undress the compression testing using normal procedures. The behavior essentially
depends on the test setup used and it is important to carry out the testing in a strain-
controlled environment. The post-peak portion of concrete curves can be obtained by
performing a compression test in a strain-controlled environment. Various researchers have
proposed functions for the computation of pre-peak and post-peak curves of concrete under
compression. (Nematzadeh & Mousavimehr, 2019) had suggested models for the complete
stress-strain curve of concrete when heated. A single model cannot predict the complete
curve because, after the peak, micro-cracking occurs, and this changes the behavior of
concrete. Eurocode 2 suggests a model for an initial portion of the curve and recommends a
linear or non-linear model for the post-peak portion of the concrete under compression.

(Fantilli et al., 2008) also proposed a model for post-peak using stress-inelastic displacement



Chapter 1 Introduction

relationship for various types of cement-based materials under compression. This model is
used further in this research to analyze the toughness parameter of concrete at high

temperatures.

Jp; L - -

0 &y £40 £,

Figure 1.1 Stress-Strain Curve of Concrete (Lo et al., 2014)
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CHAPTER 2: EFFECTS OF FIRE ON CONCRETE

2.1 Concept of Fire

Fire has been used since early ancient times for cooking food however occasionally it
can be our enemy in various incidents. Different factors are responsible for setting fire, they
may be of wild source or unintentional or illegitimate reasons like using dry bushes, oil or
petrol as a fuel source (Onundi et. al., 2019). Approximately 8 in every 1,000,000 people are
subjected to death each year due to fire in Europe and more are being hospitalized because

of fire (Akhimien et.al., 2018).

Rapid oxidation of any flammable substance can set fire (“GUIDELINE 5", 2014). There
are FOUR basic elements for any fire to put on and those are Heat, Oxygen, Fuel and Chemical
Chain Reaction ("Guide & Fire", 2015). This makes a Fire Tetrahedron. Fire can be categorized

in 5 classes depending upon the type of fuel being used i.e.:

i.  Class A fires (ordinary combustible materials like wood, paper etc.)
ii.  Class B fires (flammable liquids)
iii.  Class Cfires (energized electrical equipment)
iv.  Class D fires (combustible metals)

v. Class K fires (combustible cooking appliances) (GUIDELINE 5, 2014).

2.2 Effects of Fire on Plain Concrete

Undesirable fires are one of the huge dangers for buildings (Jacob et al., 2013).
Research regarding fire effects on concrete and concrete structures mainly related to

buildings, have been conducted by various researchers. The central areas of studies were:

a) The consideration of intricate behavior of material
b) The overall safety perspective of building before, during & after fire event

(Khoury, 2000).
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Designing a building element with concrete requires a specified minimum cover for
structural reinforcements. This cover cannot be sufficient sometimes to protect the structural
elements of the building individually, that are being exposed to elevated temperatures for a
long time. This severely reduces the bearing capacity and properties of materials being used
in the buildings. Hence it is very essential to be aware of the performances of different
construction materials at high temperatures as if controlled improperly can subsequently
lead to the collapse of building (Onundi et. al., 2019). Although concrete show very good
behavior in fire because of its two important properties i.e., it is non-combustible, and it act

as a good insulating agent having low thermal conductivity.

Concrete act as a shielding insulating material towards steel reinforcement. Therefore
reinforced cement concrete behaves very well under high temperatures unless and until
spalling phenomenon occurs due to fire that may breakdown the concrete masses from the
surface of concrete (Jacob et al., 2013). There are two disadvantages of concrete under fire.
First is the weakening of mechanical properties during elevated temperature that may cause
due to physicochemical changes in the material itself and second is explosive spalling that can
result in corrosion of material, decrease in size of that element and may expose the

reinforcing steel to high temperatures.

Mechanical properties of concrete can be worsening on heating due to three
“material factors” i.e. (1) Physicochemical variations in the coarse aggregates (2) thermal
unsuitability between the coarse aggregates and the concrete paste and (3) physicochemical
changes in the concrete mix. However, there are some “environmental factors” as well i.e.
heating rate; outside sealing includes moisture loss from the surface; applied loading; and

temperature level (Onundi et. al., 2019).

2.3 Behavior of Concrete at Elevated Temperatures

The concrete properties are significantly impacted when it is heated at high

temperature which occurs in case of fire. At low temperature, the properties do not vary too

10
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much but as the temperature is increased further, the mechanical properties are severely

reduced.

Normal concrete does not rupture when heated at around 100°C and the properties
are greatly reduced at higher temperatures. The researchers worked to investigate the
reason behind this and performed various experiments. When concrete is heated, differential
strains are generated because the coarse aggregates expand, and cement sand paste shrinks
due to heat. This led to the answer of transient creep phenomenon which is closely related
to the thermal strains induced by applied loads (LITS). When the concrete is constantly
exposed to high temperatures of above 100°C then then mechanical properties are badly

impacted and it becomes quote difficult to the model the behavior. (Khoury, 2000).

It can be said that mechanical characterization of heated concrete without
considering the impact of LITS will not give accurate findings. (Fletcher et al., 2006) studied
the concrete physical properties at a microstructure level and inferred that the
microstructure changes significantly for the normal and high-performance concrete under
high temperature. Moreover, the behavior of ultra-high-performance concrete was not as

per the expectation which means that it is more impacted due to heating.

Another useful aspect of concrete at elevated temperature is the stacking which helps
in compaction and eventually helps in restraining the chipping-off and expansion of concrete.
Moreover, the behavior of sealed and unsealed concrete also varies a lot in the presence of
fire. When an unsealed concrete specimen is heated at high temperature, the moisture will
be totally lost, and pores will be created inside the concrete. Heat fumes when enter inside
the pores will develop such a significant pore pressure that it will rupture the concrete and
spalling phenomenon will follow. Whereas the principal method in moist sealed concrete is
related to hydrothermal chemical reactions that might bring more vulnerable or much

stronger gel relying on ratio of CaO/SiO; (C/S ratio) used.

Structural concrete failures occur in case of fire depending upon the type of fire,

applied loadings and the building type being subjected to fire. Failure of concrete could also

11
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happen because of reduction in tensile strength, bending strength, bond breakage, decrease
of shear strength, reduced compressive strength and chipping-off (also known as concrete
spalling). Hence, the concrete elements (beams, columns etc.) should be designed in such a
way as to meet the applicable loading requirements without any failure for the specified
timeframe during a given fire event. It should be ensured that the structural element
dimensions are sufficient to keep the heat passing through that specific structural part within
acceptable limits. Moreover, an adequate cover to the steel reinforcement should be

provided to protect the steel from thermal impacts. (Khoury, 2000).

When exposed to heat, concrete reacts not simply in momentary physical changes,
for example enlargement, yet by going through different chemical changes. This reaction is
particularly unpredictable due to the non-consistency of the material. Concrete comprises of
both cement and aggregate components, and these may respond to high temperature in
different ways. Several of these are reversible after cooling, yet others are nonreversible and

may considerably deteriorate the solid structure after fire.

Most permeable concrete structures contain a specific quantity of water in them. This
will clearly turn into vapors if the temperature considerably goes beyond the level range of
100-140° C or somewhere in the vicinity, generally building up the pressure inside concrete
material. If the temperature comes to about 400° C, the calcium hydroxide content in cement
will start to get dried out, creating more water vapors and furthermore causing a critical
decrease in the physical quality of the material. Such chemical and physical variations in

concrete will significantly reduce the compressive strength of material (Fletcher et al., 2006).

2.4 Spalling Impacts on Strength of Concrete

Spalling is the process in which pieces of concrete get chipped off and are removed
from the surface of concrete frequently at genuinely high velocities. This is caused due to the
fire flames with high heating rates ranging between 20-30° C/min (Khoury, 2000). The
process is commonly accepted to happen at high temperature. Spalling may altogether

decrease or even dispose of the concrete layer off the reinforcement bars, hence subjecting

12
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the reinforcement material to relatively high temperatures. This decreases the strength and
quality of steel reinforcement and therefore reduces the mechanical properties of that
structure cumulatively. One more huge effect of spalling on the physical quality of structures
happens through decrease of the concrete cross-section available to keep up the applied

loading, while increases the pressure on rest of the concrete areas (Fletcher et al., 2006).

2.5 Cracking Impacts on strength of Concrete

Thermal expansion and desiccation of concrete because of heating can cause the
development of cracks or fissures in concrete as compared to, or in addition with explosive
spalling as well. These gaps may create passages for direct heat towards reinforcement bars,
potentially generating more heating pressure and further breaking. Compressive loads which
may emerge from thermal expansion can be extremely helpful in material compaction and
smothering the development of fissures; this may result in very minor reduction of elastic
modulus and compressive strength as compared to samples that bear less loading (Fletcher

et al., 2006).

The typical routine afterward fire, is to eliminate and substitute the 'overheated'
layer. However, if the concrete does not spall off in the period of fire, this layer will keep on
protecting the reinforcing bars and inner concrete while serving as a heat barrier. However,
the tendency of protection from dangerous reagents will be significantly reduced. (Khoury,

2000).

2.6 Improvements in Fire Resistance Property of Concrete

Different kinds of fibers can be mixed into concrete to alleviate the impacts of spalling.
Forinstance, bringing polypropylene fibers into the concrete mixture that is at the point when
the concrete is exposed to heat, the polypropylene fibers will melt down, making paths inside
the concrete for the expulsion of water vapors and whatever other vaporous gases, which

will subsequently decrease the development of pressure inside the concrete. There have
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been many discussions with respect to whether monofilament or multi-filament fibers are

well capable to reduce spalling phenomenon.

Besides, the melted down polypropylene strands can create an obstruction for the
movement of vapors deeper in concrete, avoiding the pressure development at greater
penetrations instead of compelling the vapors to emit. On the other hand, polypropylene
fibers can aid in the process of cracking at greater depths inside the concrete that can reduce
spalling issue at the surface, but can have unfavorable structural outcomes (Fletcher et al.,
2006). The concrete spalling phenomenon can be avoided by the introduction of
polypropylene fibers in the concrete blend while mixing. Another suitable option is to cover

the exposed concrete surface with a heat barrier by sealing it. (Khoury, 2000).

Researches have been conducted on the impacts of enclosing a concrete with an
assortment of fabrics so as to evaluate any improvement in spalling prevention. A metal
surface can function quite well in improving the spalling resistance in case of fire. Carbon fiber
or glass fiber surfaces can also be used but the benefits are lesser in case of these materials.
Steel fabric can be used to reduces spalling by providing horizontal controlled strain to the
concrete element that is more than the inner pore-pressure causing spalling. The reason why
carbon and glass fibers does not work quite well in this case is the poor bondage of these
elements as compared to steel fabric. These bonds break substantially at elevated
temperatures and thus causes comparative decrease in capacity of the fabric to provide
restriction. Nevertheless, it does not give the idea that the method stimulates breaking more

inside the structure (Bisby et al., 2005).

2.7 Effects of Fire on Reinforced Concrete (RC)

Typical fires effect reinforced concrete (RC) elements by rising the temperature of
concrete mass. This increase in temperature weakens the mechanical properties of concrete
and steel. Though, when it is exposed to persistent fire exposure or uncommonly elevated

temperatures, concrete can endure substantial distress. Yet, high temperatures can decrease
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the compressive strength of concrete to a certain extent that the material holds no helpful

structural strength (Khoury, 2000).

According to IS 456:2000 a structure or basic structural component needed to have
resistance for fire must be planned to have a suitable level of protection from fire
penetration, heat conduction and disaster (Jacob et al., 2013). Structural frameworks (like
columns and beams), floors, rooftop frames and load bearing walls, should be capable of
withholding stresses and strains applied to them because of huge fires. The beam-column
frame structure should also carry their own self-weight without failure for the specific time
interval as per the design. The International Building Code 2006 (IBC) comprises of
prescriptive necessities for concrete structures in section 720 of the code. This section covers
up various construction materials and assemblies that meet specified fire resistance

evaluations (Bilow et al., 2008).

2.8 Fire Test and Evaluation methods

Resistance of fire can be characterized as the capacity of a component (not a material)
of structure to satisfy its planned purpose for the design life in case of a fire (Khoury, 2000).
Various fire test methods are used nowadays to evaluate the fire resistance properties of
concrete building elements and sections. The test methods by ASTM (American Society of
Testing Materials) are generally adopted for evaluation. The particular ASTM standard is ASTM
E 119, Standard Methods of Fire Tests of Building Construction and Materials.

The fire tests are performed by following standard procedures of heating the
specimen in the blast furnace. The concrete samples or cores are taken and subjected to
controlled fire flames from underneath, top and sides. If beams are to be tested, then it’s
important to keep their sides and bottom open. The walls are tested by heating from both
sides and concrete columns are subjected to heat from all the sides. The temperature inside
the furnace is increased in each timeframe as per the standard time vs temperature curve

provided by ASTM E 119. The test is concluded when any of the recorded conditions are met.
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(Bilow et al., 2008). Furthermore, there are 3 basic evaluation methods of fire resistance that

is fire testing, prescriptive method and performance-based method (Khoury, 2000).

2.9 Factors Affecting Fire Resistance

Variables influencing resistance of fire for concrete components as per BS 8110 are:

W 0 N oo U B W N

Size

Shape of components

Properties and disposition of reinforcement or tendon

The applied loading.

The type of concrete, including cement, sand and aggregate.
Reinforcement cover.

Support conditions.

The thickness of section and its capability to retain heat. (floor/walls)

The establishment of surface insulation (Khoury, 2000).
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CHAPTER 3: EXPERIMENTAL STUDIES

The primary purpose of this research work was to study the post-peak behavior of
concrete at elevated temperatures under compression. Hence experimental data from
various research was collected and then analyzed. Many researchers have studied the post-
peak behavior of concrete by performing different experiments. The major focus here was to
collect the experimental data obtained from compression testing of cylindrical concrete
samples in a strain-controlled environment at various temperatures. Furthermore,
calculations were carried out to study the changes in toughness of concrete with the increase

in temperature.

For this purpose, experimental data from 8 different research papers was collected. It
contains total 83 stress-strain curves obtained from compression testing of concrete samples
at elevated temperatures. The experimental data was collected for various kinds of concrete
including plain, poly-propylene fiber reinforced and steel fiber reinforced concrete. The

experimental data used for this study is discussed below.

3.1 Experimental Study by Colombo (2010)

The research by (Colombo et al., 2010) was performed to study the mechanical
characterization of steel-fiber reinforced concrete used for the production of precast roof
elements. They carried out further investigation to study the toughness degradation in
bending, uniaxial tension and compression of concrete once exposed to elevated
temperatures. The tests performed were four point bending tests, uniaxial compression tests

and fixed-end uniaxial tension tests.

The cylindrical compressive strength of samples at room temperature was around 75
MPa. The samples contained steel fibers content of 50 kg/m3. The steel fibers were hooked-
end and made of low-carbon steel. The length of added steel fibers was 30mm and length to

diameter ratio was 45.

The samples were thermally treated in a furnace by applyinhg some thermal cycles up
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to several extreme temperatures; trying to decrease as much as possible the temperature
gradients inside the samples. The samples were then heated up to the maximum
temperatures of (200° C, 400° C and 600°C). A heating rate equal to 30° C/hour was used to
reach the specified extreme temperature. Afterward, the samples were stabilized for 2 hours
under a constant temperature to guarantee a uniform temperature inside the specimens.
Then the cooling process was carried out with a rate of 12°C/hour down to the minimum

temperature of 100°C. After this, the furnace was opened to bring the specimen temperature

down to room temperature.

The experiments were performed in three different parts. The first phase is the
mechanical characterization of the material which is carried out by performing four point
bending tests on notched specimen. After the test, two cylindrical samples with 150 mm
length and a diameter of 75 mm were cored from each specimen. One of those was tested in

uniaxial compression, whereas the other was used in a fixed end uniaxial tension test.

The results of uniaxial tests performed on the cored concrete samples by (Colombo et
al., 2010) are shown in the below figures 3.1 and 3.2. All the tests were displacement

controlled and the displacement rate was equal to 0.1 mm/min in the loading as well as

unloading phases.
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Figure 3.1 (Colombo et al., 2010)
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3.2 Experimental Study by Anupama Krishna (2019)

The experimental research carried out by (Anupama Krishna et al., 2019) to study
mechanical properties of concrete specimens at high temperatures was very helpful for the
current research. The mechanical properties of primary focus in the research carried out by
(Anupama Krishna et al., 2019) were compressive andtensile strength, young’s modulus, and
stress vs strain curves obtained from compression testing. So, specimens of standard sizes
were casted and tested after heating at temperatures ranging between 100°C to 1000°C in

an electrical furnace.

Ordinary Portland cement (OPC) was utilized in this experimentation and sieve
analysis was performed for the coarse and fine grains. The testing of concrete mix was
performed according to IS 81421976 and mix design for M20 concrete was performed as per
IS 10262-2009. While the water to cement ratio was maintained at 0.45. Then the slump value
of 60mm with a target mean strength of 28 MPa was used for the design purpose. Thus, the

achieved compressive strength was 32.4 MPa.

Tests were performed on standard 150x150mm cubes and 150x300mm cylinders to
study the compression strength and tensile strength. The relationships between stresses and

strains were also obtained by compression testing of concrete specimens at elevated
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temperatures. The curing of concrete samples was carried out for twenty-eight days and then
the samples were dried at room temperature in the laboratory for twenty-four hours. After
that, the specimens were placed in oven at 105° C for twenty-four hours. Then the samples
were heated at high temperature from 100°C to 1000°C. Finally, the samples were air cooled

and tests were performed as per the standards.

In total, there were 30 concrete cylinders tested to study the stress-strain correlation
of concrete at elevated temperatures. These stress vs strain curves are shown in the below
figure 3.3 and have been used in this study to further research the toughness of concrete at

high temperatures.
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Figure 3.3 (Anupama Krishna et al., 2019)

3.3 Experimental Study by Chang (2006)

Some other experiments carried out by (Chang et al., 2006) were also referenced for
this research analysis of post-peak behavior of concrete at high temperatures. Chang (2006)
performed a study on the whole stress-strain correlation of concrete specimens once heated
to a temperature of 100°C to 800° C. The concrete samples were casted in a standard mold

of 150mm diameter and 300mm height. The samples were heated and then cooled at room
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temperature before final testing which was performed after 1 month. Regression analysis
was carried out to formulate the relations of the mechanical properties with temperature.
The testing results include the compression strength, strain at peak value of stress and the
young’s modulus. A total of 108 samples were tested by Chang (2006) to achieve the
comprehensive stress-strain curves at elevated temperatures. The heating rate was chosen
from 1°C to 4.5 °C per minute with an increase of 0.5 °C per minute respectively in consistent

to the testing temperatures ranging from 100 to 800 °C with an increase of 100 °C.

The stress-strain curves gained from the experimental study of Chang (2006) are

shown in the below figure 3.4:
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Figure 3.4 (Chang et al., 2006)

It is observed from the above curves that with the increase in temperature, the
variance between initial tangent elastic modulus and the secant modulus at peak stress
decreases. As the temperature is increased to more than 600° C, the initial tangent modulus
becomes lesser than the secant modulus of concrete. It is obvious from the above graphs that
the stress-strain curves for the unheated concrete samples vary a lot from the ones produced

for heated concrete samples. These shapes strictly depend on the maximum attained
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temperature of the specimens. Moreover, it is also observed that as the temperature further

increases, the post peak curves become flatter.

3.4 Experimental Study by Fu (2005)

Another research was carried out by (Fu et al.,, 2005) to study the stress-strain
relationships of ordinary concrete and high-strength concrete at increased temperatures. In
that research steel molds of 7.5 cm diameter and 15 cm in length, were utilized for molding
the concrete specimen. The samples were de-molded twenty-four hours after casting and
were poured in a water container for a duration of twenty-eight days. For each of the defined
set of experiments 2 samples from the similar category were utilized to find out the
mechanical characteristics at various temperatures levels (20°C, 100° C, 200° C, 400° C and

600° C).

For each type of concrete, the specimens were tested at room temperature and then
at higher temperatures of 100° C, 200° C, 400° C and 600° C. The specimens were heated in
the furnace with a heating rate of 28° C per minute. The heating of samples was carried out
up to the target temperature and then the temperature was maintained in the furnace for 60

minutes to thermally stabilize the samples.

In the unstressed tests, the samples were heated up to the preferred temperatures
and kept at that temperature for 60 min to obtain thermal stability. Finally, the specimens
were tested under compression loading. To attain a comprehensive relation of load in
contrast to deflection, the concrete samples were tested under a strain-controlled

environment in order to calculate the post-peak portion of the stress-strain curves.
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A distinctive pattern of strength deviation was noted in every single stage. The
strength stayed comparatively unaffected up to 100° C. Similarly, a difference in strengths
was observed in the concrete with fly ash and metakaolin. The normal strength concrete
displayed a small increase in compressive strength at a temperature of 100°C. Up to 400°C,
all the high strength concrete mixes had greater strength than the normal strength concretes
except for the temperature of 100° C to 200° C. When temperature was increased more than
400° C, the compression strength of high strength concrete and normal strength concrete

decreased faster to around 60% of the compressive strength at room temperature.
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3.5 Experimental Study by (Nematzadeh & Mousavimehr, 2019)

In this study, the compressive stress strain curves of concrete comprising various
waste materials was studied. These materials include PET and crumb rubber which were
added in concrete specimens which were then tested at elevated temperatures. These
materials were then added together in specific proportion as a natural sand substitute and
the specimens were then tested once exposed to higher temperatures of 200°C, 400°C,
600°C, and 800°C. The physico-mechanical properties of concrete samples like compression
strength, young’s modulus, strain at peak value of stress, ultimate strain etc. were measured
after exposing the specimens to high temperatures. At that point, they proposed several
formulas to compute the mechanical properties. Moreover, a comparison was carried out
between the results obtained from experiments and the ones produced by using
international codes. (Nematzadeh & Mousavimehr, 2019) also did a comparison between
their proposed relationships and the experimental results obtained by other researchers.
Finally, they used the empirical equations for estimating the mechanical properties of

concrete and proposed a stress vs strain model for concrete containing waste materials.

For the preparation of specimen, type Il Portland cement was utilized in present
research. Crushed dolomite rock was employed as a coarse aggregate. In addition, fine
aggregate with fineness modulus of (2.6%), specific gravity of (2.63%), and water absorbency

of (1.73%) was used as the fine aggregate.

Polyethylene terephthalate (PET) flakes were used in this research and added to the
concrete mix. These were taken from a plastic waste obtained from a recycling factory,
washed, and shredded in the form of PET flakes and then added to the concrete as fine

aggregate.

Another recycled material additive used by (Nematzadeh & Mousavimehr, 2019) in
their research was crumb tire rubber. This crumb rubber was provided by a tire recycling plant

based in Iran. The material was washed and cleaned before finally adding it into the concrete.

24



Chapter 3 Experimental Studies

Figure 3.7 (Nematzadeh & Mousavimehr, 2019)

Thermal gravimetric analysis experimentations were performed in accordance with
ISO 11357 (ISO 1997) by means of an electric furnace starting from room temperature to a
maximum temperature of around 600°C and the heating rate was 10°C per minute. The
specimens were then heated in the presence of argon gas (inert) gas to limit the chemical

activity.

In this study, a total of 96 cylindrical shaped samples with dimensions of
100mmx200mm were utilized. The main aim of their research was to measure the concrete
mechanical properties with and without the addition of recycled concrete materials. The
major properties of interest in this research were compressive strength and elastic modulus
of concrete and they studied how these properties vary with the addition of recycled plastic
fibers and waste rubber material when specimens are heated at high temperatures. Three
similar samples were made for every experimental group and the results are stated as an

average of three specimens.

The concrete specimens were labeled for easy identification of the constituents. R
samples are the reference specimens without the addition of recycled materials. P15 denotes
a sample comprising plastic flakes substituting 15% of the sand by volume. T15 denotes a

sample comprising waste rubber substituting 15% of the sand by volume. Lastly, P7.5 T7.5
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represents a sample comprising a mixture of plastic flakes and waste rubber substituting 7.5%

of the volume of sand.

Five different sets were prepared for the testing of concrete samples at various
temperatures which are 23°C, 200°C, 400°C, 600°C, and 800°C. The samples were first pre-
heated at a temperature of 110°C for 24hrs to remove the moisture. After that, they were
exposed to a temperature ranging between 200°C-800°C. During the testing, the room
temperature was around 23°C and the testing was carried out at higher temperatures in order
to compare the results with those obtained from room temperature testing of specimens.
The specimens were heated in an electric furnace and the target temperature was
maintained for at least 1 hour after its achieved inside the furnace. Finally, the samples were
removed from the furnace and allowed to be cooled at room temperature. Various
thermocouples installed inside the furnace enabled the correct measurement of temperature

inside the furnace.

The results show that a significant reduction in the concrete properties was observed
with the increase in temperature. Furthermore, the provided codes accurately evaluate the
tentative results of compression strength at elevated temperatures and the young’s modulus
at all the high temperatures. On the other hand, it was observed that the values of strain at

peak stress were over-estimated by the proposed relations.

The stress vs strain curves for different sets of concrete samples obtained by (Nematzadeh &

Mousavimehr, 2019) are presented in the next figures:
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3.6 Experimental Study by (Shi et al., 2002)

A research carried out by (Shi et al., 2002) focused on the changes in mechanical
properties of concrete based on various stress-temperature paths. They considered constant
temperature and increased stress path vs constant stress and increased temperature path of
concrete. The concrete strain for the first case could be obtained easily by experimentation
while for the second case, it is quite difficult to compute the strains because the temperature
inside the concrete specimen varies alot. So (Shi et al., 2002) proposed a new model for the
temperature-flow mapping that allows one to obtain the mechanical properties and relate

them with either of the cases mentioned earlier.

For studying the performance of concrete under the first case, (Shi et al., 2002)
prepared 40 specimens of concrete. The mixed proportion was 1: 0.617: 2.083: 4.4 for
cement, water, sand and aggregate, respectively. OPC with river sand as fine aggregate and
limestone as coarse aggregate was used for the preparation of specimens. The average
compressive strength achieved for the specimens was around 33 MPa. The dimensions of

concrete samples were 100mm x300mm.

The stress-strain curves obtained at various temperature’s by (Shi et al., 2002) are

shown in the figure below:
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3.7 Experimental Study by (Lo Monte et al., 2015)

A research was performed by (Lo Monte et al., 2015) in which they studied the
mechanical properties of heat-damaged concrete comprising of stretched polystyrene
synthesized particles. Three different types of concrete mixes were used namely MO, M1 and
M2. The mix type MO was used as a reference, M1 mix was a typical was and the M2 mix

contained high cement content.

For each type of concrete mix, 11 cylinders were casted out of which 10 were used in
compression testing while the 11™ one was used in indirect tension test. The compression
tests were performed at temperatures of 20°C, 150°C, 300°C, 500°C and 700°C. (Two samples
were tested at each temperature for each mix type). The diameter and height of samples
tested at room temperature were 150mm and 300mm, respectively. While the diameter and
height of samples tested at elevated temperatures were 100mm and 200mm, respectively.

All the compression tests were displacement controlled in this research.

In our research, we used the stress-strain curves for MO concrete, and these are

displayed in the figure below:
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3.8 Experimental Study by (Poon et al., 2004)

A research was performed by (Poon et al., 2004) to characterize the compressive
behavior of high performance fiber reinforced concrete when heated at very high
temperatures. High performance concrete was used in this study with different cement
constituents. Ordinary Portland cement concrete was used with some additions of
metakaolin (MK), silica fumes (SF), steel fibers and polypropylene fibers in different
proportions. The specimens with different proportions of aforementioned elements were

heated at temperatures of 600°C and 800°C and the mechanical properties were studied.

Various concrete mixes was prepared in a small mixer and for each mix, a total of
twelve samples, comprising three 10x10cm cubes and nine cylinders with 10cm diameter and
20 cm height were casted in steel molds. The samples were treated in water bath at 27°C for
28 days after removing from the molds at day one. The specimens were then treated at a
temperature of 20°C and a humidity of 75% for another 28 days. Testing of the 3 cubes and 3
of the 9 cylindrical samples was carried out soon after the treatment under aforementioned

conditions.

The remaining six cylinders were heated in an electric furnace at two different
temperatures of 600°C and 800°C (three samples at each temperature). The specimens were
heated at a constant rate of 2.5°C per minute to reach the target temperatures. Afterwards,
the heat was provided for an extra hour and then the specimens were cooled down naturally

to reach the ambient temperature.
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The results of the stress-strain relationships as studied by (Poon et al., 2004) are

shown in the figures below:
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Figure 3. 14 (Poon et al., 2004)

strain curves of unheated concrete cylinders.
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Figure 3.15 (Poon et al., 2004)
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Fig. 4. Stress— strain curves of concrete cylinders after exposure to 800 “C.

Figure 3.16 (Poon et al., 2004)

In our research, we have used the stress-strain curves for the samples P-0, OPC-1, MK-

0, MK-1, SF-0, and SF-1 at room temperature, 600°C and 800°C.
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CHAPTER 4: ANALYSIS OF RESULTS & DISCUSSION

Several researchers have worked on the behavior of concrete and studied its
mechanical characteristics at high temperatures. However, there are only limited researchers
who have researched on the toughness of concrete by calculating post-peak stress-strain
curves at high temperatures. (Nematzadeh et al., 2019) in their research proposed unique
functions to predict the pre-peak as well as post-peak portion of concrete stress-strain curve
under compression. The reason behind this is the change in post-peak behavior due to cracks

propagation. This is also true when concrete specimens are heated at high temperature.

The experiments performed by different researchers that are described earlier in
chapter 3 have been used as a base to analyze the post-peak behavior of concrete. The
characterization of concrete toughness at elevated temperatures has been carried out in this
research by following the procedures described by (Fantilli et al., 2008). The post-peak
behavior of concrete based materials in compression is characterized by stress-inelastic
displacement relations. Fantilli (2008) introduced a function to express such relations in their
research. While in this present study that function has been validated with the experimental
data presented in chapter 3 respectively and then a comparison is made between the
experimental post-peak curves and those produced by that function. The pre-peak portion of
the experimental curves are also validated by comparing them with the mathematical model

proposed in UNI EN 1992-1-2_ 2005 (Euro Code 2) for concrete at elevated temperatures.

4.1 Fracture Toughness of Concrete

The presence of strain localization in the post-peak portion of stress-strain curve of
concrete in tension is generally acceptable. However, strains that exceed the tensile strength
are localized in the process zone and the unloading happens in the remaining part of the
sample that is in tension. Here the stress-strain relationship is utilized for the ascending
branch. The softening stage can be modeled by means of stress-crack opening displacement
relationships as per the fictitious crack model proposed by (Hillerborg et al., 1976). The area

under the stress-COD curve constitutes the fracture toughness Ar of the concrete.
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The below equation can be used for the computation of inelastic displacements in

concrete specimen as proposed by (Fantilli et al., 2008).
w = (sc — €4 T ﬂ) * H Equation. 1

The value of the function F (w) can be computed simply by dividing the value of post-

peak stress at a particular step with the compressive strength of concrete (f'¢).

A graph between the function F (w) and the inelastic displacements (w) can be plotted
and the area under the curve gives us the fracture toughness Ar of the concrete. The graphs

obtained for various experiments are attached in the Annex-Il of this report.

4.2 Procedure

For various types of concrete specimens, we extracted the stress-strain curves from
various research papers that have been discussed earlier in chapter 3. The geometrical and
mechanical properties of concrete specimens that include height (H), compressive strength
(<), Youngs modulus (Ec) and strain at peak stress (€c.1) were also calculated. The stress-strain
graphs were imported in AutoCAD, scaled, and marked to get the values of stresses at
uniform increments of strain. The points on the curve were then imported to MS Excel to get
the complete stress-strain curve. Then the equation 1 was used to compute the inelastic
displacements (w) of concrete specimens for the post-peak portion of the stress-strain curve.
Furthermore, the value of function F (w) is also computed as for the various points that were
marked in AutoCAD on the stress-strain curve. Finally, the area under the curve plotted
between F (w) and w was computed up to a limiting value of w=1mm to get the fracture
toughness Ar of the specimen. The same steps were repeated to compute the Ar of concrete

samples at elevated temperatures. The results are shown in the table attached in Annex-I.

The impact of elevated temperature on the characteristics of concrete was calculated by

plotting the following four relations based on the data provided in Annex-Il.

1. Compressive strength (f'c) vs Temperature.
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2. Elastic Modulus (E) vs Temperature.
3. Fracture Toughness (Af) vs Temperature.

4. Strain at Peak (€c1) vs Temperature.

The results are shown in the following graphs:

Normalized Compressive Strength (f.) vs Temperature
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Figure 4.1
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Normalized A; vs Temperature
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Normalized Strain (g) vs Temperature
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A complete database containing the data for all the stress-strain curve used in this research
was prepared and the summary is attached in the Annex-I of this report. It includes the
experimental mechanical properties at room temperature as well as at elevated
temperatures. It also includes the mechanical properties obtained from the proposed
function at room temperature and elevated temperature. Moreover, the graphs obtained
for various stress-strain curves are provided in Annex-ll of this report. These graphs show a
comparison between the experimental post-peak curve and the post-peak curve obtained by

the model for various types of concretes at elevated temperature.
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CHAPTER 5: CONCLUSION

This research intended to compute the toughness of concrete when exposed to
elevated temperatures while working on the post-peak portion of stress strain curves. Based

on this research, we have reached the following conclusions:

1. There are no major deviations in compressive strength, elastic modulus, strain, and
toughness parameter (As) when the specimens are heated up to 100°C. The variation
in mechanical properties becomes more significant when concrete is heated at high
temperatures (above 600°C).

2. The compressive strength of concrete specimen decreases with the increase in
temperature. At very high temperature (around 800°C), the strength reduces to
around 20% of the total strength at room temperature.

3. The elastic modulus also tends to decline with the rise in temperature of concrete.
The elastic modulus reduces to half at a temperature ranging between (400°C to
500°C).

4. The strain-at-peak-stress increases as the temperature is increased. The stress-
strain curves become flatter at high temperatures and the peak shifts forward in
most of the cases. At high temperature of around 800°C, the strain-at-peak-stress
becomes approximately three times of the strain-at-peak-stress at room
temperature.

5. The tough parameter (Af) remains almost constant up to 100°C and then increases
with the increase in temperature. However, the results deviate a lot at higher
temperatures ranging between 600°C to 800°C.

6. The projected model for the deviation of Ar with temperature works quite well with
in a temperature range of 100°C to 600°C. A further temperature increase
significantly impacts the properties of concrete and it becomes tough to calculate
the toughness behavior of concrete at temperatures above 600°C. There is a huge
standard deviation in the statistics at temperatures of 600°C and 800°C, so the

model is deviating from the experimental results.
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Sr #

Type of concrete

Room Temperature Parameters

Additive Details

Parameters at Elevated Temperature

Parameters Obtained From Model

w/c

f'* (Mpa)

*

A

E*
(Mpa)

*
€a

Type of
Additive

Additive
Quantity

Max.
temperature

attained (°C)

f.' (Mpa)

A

E
(Mpa)

€a

f/f

Ae/Ac*

E/E*

ecl/ecl*

fCt/ fC

fcT

ecl/scl*

€qT

E/E*

ET

Ae/Ae*

AT
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Steel Fiber
Reinforced
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0.43

25015

0.004

Hooked End
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50 kg/m3

200

62

0.44
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0.003

0.83

1.02

0.82

0.86

0.92

69.22

0.96

0.0033

0.82

20612

1.01

0.44

Colombo, M., Di Prisco, M., & Felicetti, R. (2010). Mechanical
properties of steel fibre reinforced concrete exposed at high
temperatures. Materials and Structures/Materiaux et Constructions,
43(4), 475-491. https://doi.org/10.1617/s11527-009-9504-0
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0.43
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0.004
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50 kg/m3

400

59

0.52
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0.0035

0.78

1.19

0.65

1.00

0.70

52.73

1.66
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Post-peak analysis of experimental data by (Colombo et al., 2010)
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600°C
Properties
Ec 12331.8 Mpa
f' 46.92 Mpa
€ 0.004
H 150 mm
Fvsw
1.20
1.00
_ 080
o+
? 0.60
* 0.0
0.20
0.00
o o N <t o o [22] 0 (o) N < o
o — (o] < (Vo] ™~ e} o)) o - (o] o™
o ©o o o o o o o - = - —
w (mm)
— /S W
Experimental Model with min. Af with max. Af
60
50
= 40
2
«n 30
[%2]
w
E 20
10
0
0.004 0.005 0.006 0.007 0.008 0.009 0.01 0.011 0.012
STRAIN



Annex |l

Post-peak analysis of experimental data by (Anumapa et al., 2019)
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700°C
Properties
Ec 9640 Mpa
f' 18.86 Mpa
€a 0.0045
H 300 mm
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800°C
Properties
Ec 2160 Mpa
f' 10.92 Mpa
€ 0.0055
H 300 mm
Fvsw
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Post-peak analysis of experimental data by (Chang et al., 2006)

20°C
Properties
E. 31500 Mpa
f' 39.98 Mpa
€1 0.00200
H 300 mm
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103°C
Properties
E. 25120 Mpa
f' 38.35 Mpa
€a 0.00225
H 300 mm
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203°C
Properties
E. 24800 Mpa
f' 36.76 Mpa
€ 0.00250
H 300 mm
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308°C
Properties
Ec 14360 Mpa
f' 30.97 Mpa
€a 0.00250
H 300 mm
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406°C
Properties
E. 10100 Mpa
f' 26.66 Mpa
€a 0.00300
H 300 mm
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503°C
Properties
Ec 5960 Mpa
f' 20.15 Mpa
€a 0.00400
H 300 mm
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603°C
Properties
Ec 1640 Mpa
f' 15.69 Mpa
€a 0.00700
H 300 mm
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702°C
Properties
Ec 900 Mpa
f' 9.45 Mpa
€a 0.00800
H 300 mm
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796°C
Properties
Slope/E. 740 Mpa
f' 7.35 Mpa
€a 0.00900
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Post-peak analysis of experimental data by (Fu et al., 2005)
600°C (High Strength Concrete)

Properties
Ec 6120 Mpa
f' 34.31 Mpa
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H 150 mm
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600°C (MK Concrete)
Properties
Ec 3600 Mpa
f' 34.56 Mpa
€a 0.00875
H 150 mm
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600°C (PFA Concrete)
Properties
Ec 5744 Mpa
f' 39.54 Mpa
€a 0.00875
H 150 mm
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100°C (Normal Strength Concrete)

Properties
E. 13824 Mpa
f' 36.17 Mpa
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200°C (Normal Strength Concrete)

Properties
E. 14560 Mpa
f' 30.72 Mpa
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400°C (Normal Strength Concrete)

Properties7
Ec 6832 Mpa
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600°C (Normal Strength Concrete)

Properties
Ec 5200 Mpa
f' 17.21 Mpa
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H 150 mm
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Post-peak analysis of experimental data by (Nematzadeh et al., 2019)

23°C (Normal Strength Concrete-R)

Properties
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200°C (Normal Strength Concrete-R)

Properties
E. 19808 Mpa
f' 42 Mpa
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400°C (Normal Strength Concrete-R)

Properties
Ec 17840 Mpa
f' 34.26 Mpa
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600°C (Normal Strength Concrete-R)

Properties
Ec 8112 Mpa
f' 21 Mpa
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800°C (Normal Strength Concrete-R)

Properties
Ec 7344 Mpa
f' 13.11 Mpa
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23°C (Normal Strength Concrete-P15)

Properties
Ec 32400 Mpa
f' 34.6 Mpa
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H 200 mm
Fvsw
1.20
1.00
_0.80
<
? 0.60
“ 040
0.20
0.00
o LN o (o)) Yo < — ~ o ()]
S +H & © o 8 1n N O 9«
o o o o o — — — (o] o~
w (mm)
e /S W
NEMATZADEH-PET (23 DEGREES)
Experimental Model with min. Af with max. Af
40
35 &
. 30
S 25
=
& 20
o
; 15
10
5
0
0.00187 0.00387 0.00587 0.00787 0.00987 0.01187 0.01387
STRAIN

XXXV



Annex |l

200°C (Normal Strength Concrete-P15)

Properties
[ 28192 Mpa
f' 26.63 Mpa
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400°C (Normal Strength Concrete-P15)

Properties
E. 12624 Mpa
f' 21.69 Mpa
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600°C (Normal Strength Concrete-P15)

Properties
Ec 4736 Mpa
f' 13.32 Mpa
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800°C (Normal Strength Concrete-P15)

Properties
Ec 3792 Mpa
f' 8.63 Mpa
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Fvsw
1.20
1.00
_ 080
<
? 0.60
“ 040 —
0.20
0.00
o [e2] LN o o (o] Vo] < i 0 n — o] < o Yo} (o] N~
S O m v o =@ & N O N 1 K O ®Mm W 0 «H o
o o o o o — — — (g\] o~ o~ (g\] m [e2] o o < <
w (mm)
e [ /S W
NEMATZADEH-PET (800 DEGREES)
Experimental Model with min. Af with max. Af
12
10
< 8
2
Q2 6
w
E o4
(%]
2
0
0.0059 0.0109 0.0159 0.0209 0.0259 0.0309
STRAIN

XXXiX



Annex |l

23°C (Normal Strength Concrete-T15)

Properties
Slope/E. 33000 Mpa
f' 33.2 Mpa
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200°C (Normal Strength Concrete-T15)

Properties
Slope/E. 28240 Mpa
f' 25.98 Mpa
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400°C (Normal Strength Concrete-T15)

Properties
E. 15856 Mpa
f' 22.27 Mpa
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600°C (Normal Strength Concrete-T15)

Properties
Ec 3156.8 Mpa
f' 9.98 Mpa
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800°C (Normal Strength Concrete-T15)

Properties
Ec 2560 Mpa
f' 6.51 Mpa
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23°C (Normal Strength Concrete-P7.5T77.5)

Properties
E. 31630 Mpa
f' 30.93 Mpa
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o o ~ n i [oe] < — ~ o o0 < [(o]
o - m O o -G N o N < N
o o o o o i i — i o [a\] o o
w (mm)

NEMATZADEH-PET&RUB (23 DEGREES)

Experimental

Model with min. Af with max. Af

STRESS (MPA)
= = N N w w
U O Uun O Lt O un

0
0.0025 0.0045 0.0065 0.0085 0.0105 0.0125 0.0145 0.0165 0.0185
STRAIN

xlv
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200°C (Normal Strength Concrete-P7.5T7.5)

Properties
E. 23648 Mpa
f' 23.97 Mpa
€a 0.00220
H 200 mm
Fvsw
1.20
1.00
_ 080
K
S~
§0.60
* 040
0.20
0.00
o (o] <t — o] <t i N~ o [e)] n o N~ (o]
S © m v & = ¥ L o + ¥ K o o
o o o o o i i i i o o o o~ o
w (mm)

30

25

20

STRESS (MPA)
=
(9]

0
0.0022

NEMATZADEH-PET&RUB (200 DEGREES)

Model with min. Af

0.0042

Experimental

0.0062

0.0082

0.0102 0.0122
STRAIN

xlvi

0.0142

with max. Af

0.0162

0.0182

0.0202
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400°C (Normal Strength Concrete-P7.5T7.5)

Properties
E. 12064 Mpa
f' 21.6 Mpa
€a 0.00242
H 200 mm
Fvsw
1.20
1.00
_ 080
? 0.60
“ 0.0
0.20
0.00
o — (o] ()] ™~ n — ~ o
S ™M G} )] ~ n Q o N
o o o o i i — (o] o
w (mm)

NEMATZADEH-PET&RUB (400 DEGREES)

= Experimental Model with min. Af with max. Af

25

20

15

10

STRESS (MPA)

0
0.00242 0.00342 0.00442 0.00542 0.00642 0.00742 0.00842 0.00942 0.01042 0.01142 0.01242

STRAIN

xlvii
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600°C (Normal Strength Concrete-P7.5T7.5)

Properties
Ec 2736 Mpa
f' 8.48 Mpa
€a 0.004063
H 200 mm
Fvsw
1.20
1.00
_ 080
L
~
:?, 0.60
* 040
0.20
0.00
o o [e)] 0 ~ O N o — o0 N o (o)) n o [0 < o
Q ~ < N o ) © )} ~ < ~ o N Ln Q Q ™ ©
o o o o i i i i o o o ™ o on m < < <
w (mm)

STRESS (MPA)

9
8
7
6
5
4
3
2
1
0

NEMATZADEH-PET&RUB (600 DEGREES)

0.00406

Experimental Model with min. Af with max. Af
0.00906 0.01406 0.01906 0.02406 0.02906 0.03406
STRAIN

xlviii
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800°C (Normal Strength Concrete-P7.5T7.5)

Properties
Ec 1446.4 Mpa
f' 5.63 Mpa
€a 0.005625
H 200 mm
Fvsw
1.20
1.00
_0.80
?0.60
* 040 ——
0.20
0.00
o n O 0 [e)] [0} (s} [a2] — [e)] o o N~ < o~
S < ¥ KN @ o © a & % o ® 1 & o
o o o o i i i i o o ™M o [e0] m <
w (mm)

NEMATZADEH-PET&RUB (800 DEGREES)

Model

Experimental

with min. Af

STRESS (MPA)
O B N W » U1 O N

o

STRAIN

xlix

with max. Af

.00563 0.00763 0.00963 0.01163 0.01363 0.01563 0.01763 0.01963 0.02163 0.02363 0.02563



Annex |l

Post-peak analysis of experimental data by (Shi et al., 2002)
20°C (Normal Strength Concrete)

Properties
Ec 22440 Mpa
f' 32.6 Mpa
€a 0.002450
H 300 mm
Fvsw
1.20
1.00
_ 080
<
? 0.60
“ 040
0.20
0.00
o (o] LN o (o)) ~ < — o]
o — [22] n (o] [ee] o (o] (a2}
o ©o o o ©o o «H€ « o«
w (mm)
e [ /S W
SHI (20 DEGREES)
Experimental Model with min. Af with max. Af
35
30
< 25
o
=20
8 15
o
£ 10
5
0
0.0025 0.003 0.0035 0.004 0.0045 0.005 0.0055 0.006 0.0065 0.007

STRAIN

0.0075
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200°C (Normal Strength Concrete)

Properties
Ec 19440 Mpa
f' 31.07 Mpa
€a 0.002690
H 300 mm
Fvsw
1.20
1.00
_0.80
<
:OIJ 0.60
“ 0.0
0.20
0.00
g S € 2 23R 3 %8 ¢ 3
O ©o o ©o o ©o o «H < « <
w (mm)
e [ /S W
SHI (200 DEGREES)
Experimental Model with min. Af with max. Af
35
30
=z 25
o
=20
(%]
o 15
o
% 10
5
0

0.0027 0.0032 0.0037 0.0042 0.0047 0.0052 0.0057 0.0062 0.0067 0.0072 0.0077
STRAIN
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300°C (Normal Strength Concrete)

Properties
E. 11440 Mpa
f' 28.58 Mpa
€a 0.002950
H 300 mm
Fvsw
1.20
1.00
_ 080 \
? 0.60
* 0.40
0.20
0.00
8 ¥ & 13 8 & 3 3 & & R B
o o O o o O =S «=H +H +« +« 4
w (mm)
e [ /S W
SHI (300 DEGREES)
Experimental Model with min. Af with max. Af
35
30

STRESS (MPA)

25
20 \
15
10

5

0
0.00295 0.00395 0.00495 0.00595 0.00695 0.00795 0.00895

STRAIN

0.00995



Annex |l

350°C (Normal Strength Concrete)

Properties
Ec 9700 Mpa
f' 27.92 Mpa
€a 0.003820
H 300 mm
Fvsw
1.20
1.00 \
_0.80
£ —
e 0.60
1
* 0.40
0.20
0.00
o ~N (o8] n o o o] LN o™ o (o] n (42}
S N ®m 1n N O O & < © N o @«
O © © ©o © o «H = «H « « « «
w (mm)
e [ /S W
SHI (350 DEGREES)
Experimental Model with min. Af with max. Af
30
\
25
o
2
»n 15
(%]
w
o
K 10
5
0
0.0038 0.0048 0.0058 0.0068 0.0078 0.0088 0.0098 0.0108

STRAIN
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400°C (Normal Strength Concrete)

Properties
Ec 6600 Mpa
f' 21.67 Mpa
€a 0.005030
H 300 mm
Fvsw
1.20
1.00
_ 080
<
S~
:OIJ 0.60
“ 0.0
0.20
0.00
o < — o] N~ [\o} < o — o o] ~ \e] < o™
S =@« m & ©W W O N S © N o dA o @«
o o o o o o — — — — i — (a\] o~ (a\]
w (mm)
e /S W
Experimental Model with min. Af with max. Af
25
20
g
é 15
A
2 10
'_
(%]
5
0
0.00503 0.00603 0.00703 0.00803 0.00903 0.01003 0.01103 0.01203 0.01303 0.01403

STRAIN

liv
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500°C (Normal Strength Concrete)

Properties
Ec 5452 Mpa
f' 19.13 Mpa
€a 0.005380
H 300 mm
Fvsw
1.20
1.00
_ 080
&
?0.60
* 040
0.20
0.00
o [e)] Vo] [22] o~ o [ee] (e} < < < o [22] o —
S < @m ’n N & © & ¥ © ® O o ¢ O
o o o o o o — i i — i o (o] o o
w (mm)
e /S W
SHI (500 DEGREES)
Experimental Model with min. Af with max.Af
25
20 —
§
E 15
A
& 10
5
5
0
0.00538 0.00638 0.00738 0.00838 0.00938 0.01038 0.01138 0.01238 0.01338

STRAIN
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600°C (Normal Strength Concrete)

Properties
Ec 3526 Mpa
f' 17.92 Mpa
€a 0.006670
H 300 mm
Fvsw
1.20
_0.80
£
'I-OIJ 0.60
“ 0.0
0.20
0.00
o 0 N~ [o0] ~ Y] < < [32] o~ —
=] ~ < © (S} =} ~N < © Q o
© ©o ©o © ©o « «=H «H +« +« «
w (mm)
e [ /S W
SHI (600 DEGREES)
Experimental Model with min. Af with max. Af
25
20
g e —
é 15
]
o)
'_
(%]
5
0
0.00667 0.00767 0.00867 0.00967 0.01067 0.01167 0.01267
STRAIN

Ivi



Annex |l

700°C (Normal Strength Concrete)

Properties
Ec 1692 Mpa
f' 10.36 Mpa
€a 0.008510
H 300 mm
Fvsw
1.20
1.00
_0.80
-«
? 0.60
* 0.40
0.20
0.00
o [e)] [ee] N~ [¢)] o o™ ~ ~ o — (32] Vo]
S +4 MM ;W N O & < v O «H m
o o o o o — — — — — o o o
w (mm)
e [ /S W
SHI (700 DEGREES)
Experimental Model with min. Af with max. Af
12
I B
10
< 8
o
2
Q 6
w
o
5 4
2
0
0.00851 0.00951 0.01051 0.01151 0.01251 0.01351 0.01451 0.01551
STRAIN

Ivii
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800°C (Normal Strength Concrete)

Properties

E

650 Mpa

fcl

3.26 Mpa

€1

0.011500

300 mm

oc/fc'

F=

STRESS (MPA)

1.20
1.00
0.80
0.60
0.40
0.20
0.00

4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

0.0115

Fvsw

L=

0.00

= Experimental

0.19
0.37
0.57
0.76
0.96
1.17
1.43

w (mm)

a—  \/S W

SHI (800 DEGREES)

Model with min. Af with max. Af

0.012 0.0125 0.013 0.0135 0.014 0.0145 0.015 0.0155
STRAIN

Iviii

0.016
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Post-peak analysis of experimental data by (Lo Monte et al., 2015)

20°C (MO Concrete)
Properties
E. 22680 Mpa
f' 25.71 Mpa
€a 0.002500
H 300 mm
Fvsw
1.20
1.00
_0.80
©
S~
:‘? 0.60
* 0.0
0.20
0.00
o [(o] <t < n L < [20] [e)] [¥p] L [(e) o ™~ o 0 o 0]
o o o o o o i i i i i i o o o o o o
w (mm)

LO MONTE-MO (20 DEGREES)

Experimental

Model with min. Af with max. Af

w
o

|

N
o

STRESS (MPA)
T
o (6,1

(%]

0
0.0025 0.003 0.0035 0.004 0.0045 0.005 0.0055 0.006 0.0065 0.007 0.0075
STRAIN
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150°C (MO Concrete)
Properties
E. 18240 Mpa
f' 19.71 Mpa
€a 0.002000
H 200 mm
Fvsw
1.20
1.00
_ 080
?0.60
“ 0.0
0.20
0.00
8 = 8 8 2 © X &
o o o o o o o o
w (mm)

o F \/S W

LO MONTE-MO (150 DEGREES)

Model with min. Af with max. Af

Experimental

25

20

15

10

STRESS (MPA)

0
0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005 0.0055 0.006 0.0065 0.007

STRAIN
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300°C (MO Concrete)
Properties
Slope/E. 9600 Mpa
f' 19.46 Mpa
€a 0.003500
H 200 mm
Fvsw
1.20
1.00
_0.80
?0.60
“ 0.0
0.20
0.00
8 9 & § ¥ R &% 8 38 8 8 & h & R
o o o o o o o — — — — — i — i
w (mm)

LO MONTE-MO (300 DEGREES)

Experimental Model with min. Af with max. Af

25

20

15

10

STRESS (MPA)

0
0.0035 0.0045 0.0055 0.0065 0.0075 0.0085 0.0095 0.0105 0.0115 0.0125 0.0135

STRAIN
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500°C (MO Concrete)
Properties
Slope/E. 2404.4 Mpa
f' 11 Mpa
€a 0.005500
H 200 mm
Fvsw
1.20
1.00
_0.80
?0.60
“ 0.0
0.20
0.00
8 2 & % ¥ ¥ 5§ 8 % § v R 8 3
o o o o o o o — — — — — — o]
w (mm)

LO MONTE-MO (500 DEGREES)

= Experimental Model with min. Af with max. Af
12

10

STRESS (MPA)
[e)]

2

0
0.0055 0.0065 0.0075 0.0085 0.0095 0.0105 0.0115 0.0125 0.0135

STRAIN

Ixii
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700°C (MO Concrete)
Properties
E 1072 Mpa
f' 6.03 Mpa
€a 0.008000
H 200 mm
Fvsw
1.20
1.00
_ 0.0 \
<
Eo.eo
0.40
0.20
0.00
8 &2 &3 5§ 3 8 & 8 §
o o o o o o o — —
w (mm)

LO MONTE-MO (700 DEGREES)

Experimental

Model with min. Af with max. Af

i Teee—

STRESS (MPA)

0.008 0.009 0.01 0.011 0.012 0.013 0.014
STRAIN

Ixiii
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Post-peak analysis of experimental data by (Poon et al., 2004)

20°C (PCO Concrete)
Properties
[ 23456 Mpa
f' 69.1 Mpa
€a 0.003740
H 200 mm
Fvsw
1.20
1.00
_ 080
?0.60
“ 0.0
0.20
0.00
& h ® &« ¥ 8 8 8 h & & 8 &
o o o i i i o o o o on ™ o on
w (mm)

STRESS (MPA)
RN W D U1 O N
O O O O O O O o

0

\

\

POON-PCO (20 DEGREES)

Experimental Model with min. Af

with max. Af

0.00374 0.00574 0.00774 0.00974 0.01174 0.01374 0.01574 0.01774 0.01974 0.02174 0.02374

STRAIN

Ixiv
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600°C (PCO Concrete)
Properties
Ec 4864 Mpa
f' 32.79 Mpa
€a 0.008380
H 200 mm
Fvsw
1.20
1.00
_0.80
I\glo.so
* 0.0
0.20
0.00
8 ¥4 1 &8 B & m & 8 &8 8
o o o o — — o o (] (901 o
w (mm)

POON-PCO (600 DEGREES)

Experimental Model with min. Af with max. Af

40
35
30
25
20
15
10

5

0
0.00838 0.00938 0.01038 0.01138 0.01238 0.01338 0.01438 0.01538 0.01638 0.01738

STRAIN

STRESS (MPA)

Ixv
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800°C (PCO Concrete)
Properties
Ec 3184 Mpa
f' 17.64 Mpa
€a 0.009310
H 200 mm
Fvsw
1.20
1.00
_ 080
?0.60
“ 0.0
0.20
0.00
8 8§ B 8 &§ 8 8 »n & 9
o o o o — i (o] o o o
w (mm)

POON-PCO (800 DEGREES)

Experimental Model with min. Af with max. Af

25

20

v

15

10

STRESS (MPA)

0
0.00931 0.01131 0.01331 0.01531 0.01731 0.01931 0.02131

STRAIN

Ixvi
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20°C (MKO Concrete)
Properties
Ec 22160 Mpa
f' 86.1 Mpa
€a 0.003970
H 200 mm
Fvsw
1.20
1.00
_ 080
?0.60
“ 0.0
0.20
0.00
8 B 83 M 8 8 & ¥ K § 8 ¢ R
o o — — — — o o o o [20] on ™
w (mm)

POON-MKO (20 DEGREES)

Experimental Model with min. Af with max. Af

100
9
80 \
70\
60
50
40
30
20
10
0
000397 0.00597 0.00797 0.00997 001197 001397 001597 0.01797  0.01997
STRAIN

STRESS (MPA)

Ixvii
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600°C (MKO Concrete)
Properties
Ec 5184 Mpa
f' 33.28 Mpa
€a 0.008320
H 200 mm
Fvsw
1.20
1.00
_0.80
?0.60
“ 0.40
0.20
0.00
8 8 8 1 8 & R & & 17
o o i i o o o on [ep] o
w (mm)

POON-MKO (600 DEGREES)

Model with min. Af with max. Af

Experimental

40
35
30
25
20
15
10

STRESS (MPA)

5

0
0.00832 0.01032 0.01232 0.01432 0.01632 0.01832 0.02032 0.02232

STRAIN

Ixviii
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800°C (MKO Concrete)
Properties
Ec 2688 Mpa
f' 15.76 Mpa
€a 0.010490
H 200 mm
Fvsw
1.20
1.00
_0.80
=
Eo.eo
0.40
0.20
0.00
8 2 8B & &8 & I R &
o o o o i i o o o
w (mm)

STRESS (MPA)

20
18
16
14
12
10

8
6
4
2
0

POON-MKO (800 DEGREES)

Model with min. Af with max. Af

Experimental

0.01049 0.01149 0.01249 0.01349 0.01449 0.01549 0.01649 0.01749 0.01849 0.01949 0.02049

STRAIN

Ixix
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20°C (SFO Concrete)
Properties
Ec 21664 Mpa
f' 82.8 Mpa
€a 0.003880
H 200 mm
Fvsw
1.20
1.00
080
I\;Igo.so
* 040
0.20
0.00
8 8 &8 ®» ¥ &8 5 & ® &§ & 9¥
o o — — i — (o] (o] [a\] (o] on ™M
w (mm)

POON-SFO (20 DEGREES)

Experimental Model with min. Af with max. Af

100
90
80
70
60
50
40
30
20
10

0
0.00388 0.00588 0.00788 0.00988 0.01188 0.01388 0.01588 0.01788
STRAIN

STRESS (MPA)

\

Ixx
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600°C (SFO Concrete)
Properties
Slope/E. 5048 Mpa
f' 37.84 Mpa
€a 0.008250
H 200 mm
Fvsw
1.20
1.00
080
£
Eo.eo
0.40
0.20
0.00
8 5 R ¥ 3 8 8 &§ & ¢ R
o o o i i o o o [20] o™ o™
w (mm)

s /S \W

POON-SFO (600 DEGREES)

Experimental

Model with min. Af with max. Af

STRESS (MPA)
= - N N w
o U O U1 O

(53]

0
0.00825 0.01025 0.01225 0.01425 0.01625 0.01825 0.02025 0.02225
STRAIN

Ixxi
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800°C (SFO Concrete)
Properties
Ec 4960 Mpa
f' 20.55 Mpa
€a 0.010000
H 200 mm
Fvsw
1.20
1.00
_ 080
?0.60
* 040
0.20
0.00
8 8 R ¥ &% 8 & §
o o o i i i o~ (o] o
w (mm)

POON-SFO (800 DEGREES)

Experimental

Model with min. Af with max. Af

0.01 0.012 0.014 0.016 0.018 0.02 0.022
STRAIN

Ixxii
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20°C (OPC1 Concrete)
Properties
E. 19542.4 Mpa
f' 71.4 Mpa
€a 0.004100
H 200 mm
Fvsw
1.20
1.00
_ 080
?0.60
* 040
0.20
0.00
8 & 8 8§ & B &§ &8 ¥ 8 & g § R
o o o o — — — ~ ~ ~ ~ %) o0 o0
w (mm)

POON-OPC1 (20 DEGREES)

Experimental Model with min. Af with max. Af

80
70 \
60
50
40
30

20 —_——

STRESS (MPA)

10

0
0.0041 0.0061 0.0081 0.0101 0.0121 0.0141 0.0161 0.0181 0.0201 0.0221

STRAIN

Ixxiii
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600°C (OPC1 Concrete)
Properties
Ec 5920 Mpa
f' 38.95 Mpa
€a 0.010490
H 200 mm
Fvsw
1.20
1.00
- 0.80
? 0.60
* 040
0.20
0.00
8 8§ 1B & N h & ¥ &
o o o o — — — o o~
w (mm)
e /S W
POON-OPC1 (600 DEGREES)
Experimental Model with min. Af with max. Af
45
40 m——
35
< 30
a
= 25
A 20
o
5 15
10
5
0

0.01049 0.01149 0.01249 0.01349 0.01449 0.01549 0.01649 0.01749 0.01849 0.01949 0.02049

STRAIN

Ixxiv
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800°C (OPC1 Concrete)
Properties
Slope/E. 4240 Mpa
f' 23.8 Mpa
€a 0.012340
H 200 mm
Fvsw
1.20
1.00
_0.80
?0.60
“ 0.0
0.20
0.00
8 § ¥ 28 8 3 &
o o o — — — (aV]
w (mm)

e F \/S W

POON-OPC1 (800 DEGREES)

Experimental Model with min. Af with max. Af
30
25
20
15

10

STRESS (MPA)

5

0
0.01234 0.01434 0.01634 0.01834 0.02034 0.02234

STRAIN

Ixxv

0.02434
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20°C (MK1 Concrete)
Properties
E. 23280 Mpa
f' 87.5 Mpa
€a 0.004200
H 200 mm
Fvsw
1.20
1.00
_ 080
?0.60
“ 040
0.20 -
0.00
8 2 B & ¥ 38 & I ¢ 8 § & ¢ R
o o o o i i i (o] o o (o] ™M on [20]
w (mm)

POON-MK1 (20 DEGREES)

Experimental Model with min. Af with max. Af

100
90 —
80
70
60
50
40
30
20 —
10
0
0.0042 0.0062 0.0082 0.0102 0.0122 0.0142 0.0162 0.0182 0.0202 0.0222

STRAIN

STRESS (MPA)

Ixxvi
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600°C (MK1 Concrete)
Properties
Ec 4456 Mpa
f' 38.72 Mpa
€a 0.010270
H 200 mm
Fvsw
1.20
1.00
_ 080
<
Eo.eo
0.40
0.20
0.00
8 ¥ R 3 2 &8 & R 3
o o o i i i o~ o o
w (mm)

o \/S W

POON-MK1 (600 DEGREES)

Experimental

Model with min. Af with max. Af

STRESS (MPA)
= - N N w
o U O U1 O

(2]

0
0.01027 0.01227 0.01427 0.01627 0.01827 0.02027 0.02227 0.02427 0.02627
STRAIN

Ixxvii
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800°C (MK1 Concrete)
Properties
Ec 3520 Mpa
f' 21.41 Mpa
€a 0.013340
H 200 mm
Fvsw
1.20
1.00
_ 0.80
? 0.60
* 040
0.20
0.00
S 2 2 R 8 3% 7
o o o o — — —
w (mm)
e /S W
POON-MK1 (800 DEGREES)
= Experimental Model with min. Af with max. Af

STRESS (MPA)

0

0.01334 0.01434 0.01534 0.01634 0.01734 0.01834 0.01934 0.02034 0.02134 0.02234 0.02334

STRAIN

Ixxviii
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20°C (SF1 Concrete)
Properties
[ 23152 Mpa
f' 83.7 Mpa
€a 0.003900
H 200 mm
Fvsw
1.20
1.00
_ 080
?0.60
“ 0.0
0.20
0.00
8 ¥ 8 & 8§ 8 &8 8 § ¥ 8 & 4§ R
o o o i i i i o o o ™M [20] [20] [20]
w (mm)

POON-SF1 (20 DEGREES)

Experimental

Model with min. Af with max. Af

0.0039 0.0059 0.0079 0.0099 0.0119 0.0139 0.0159 0.0179 0.0199
STRAIN

Ixxix
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600°C (SF1 Concrete)
Properties
Ec 5558.4 Mpa
f' 39.19 Mpa
€a 0.008380
H 200 mm
Fvsw
1.20
1.00
_ 080
?0.60
“ 0.0
0.20
0.00
8 8 §T 8 ¥ R o 2 R 8 8
o o o i i i (o] (o] o o ™M
w (mm)

POON-SF1 (600 DEGREES)

Model with min. Af

Experimental

45
40
35
30
25
20
15
10

5

0
0.00838 0.01038 0.01238

STRESS (MPA)

0.01438 0.01638

STRAIN

Ixxx

with max. Af

0.02038

0.02238
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800°C (SF1 Concrete)
Properties
E. 3955.2 Mpa
f' 23.46 Mpa
€a 0.011700
H 200 mm
Fvsw
1.20
1.00
_0.80
?0.60
“ 0.0
0.20
0.00
8 3 3 3§ & 8 & &
o o o o — — o~ o~
w (mm)

s /S \W

POON-SF1 (800 DEGREES)

Model with min. Af with max. Af

Experimental

30

25

20

15

10

STRESS (MPA)

5

0
0.0117 0.0137 0.0157 0.0177 0.0197 0.0217 0.0237

STRAIN

Ixxxi



